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Preface

Carbon nanotubes are rolled up graphene sheets with a quasi-one-dimensional structure of
nanometer-scale diameters. More than twenty years have passed since the pioneering work
on carbon nanotubes by Prof. Iijima in 1991. During that time, carbon nanotubes have at‐
tracted much attention from physicists, chemists, material scientists, and electronic device
engineers, because of their excellent structural, electronic, optical, chemical, and mechanical
properties. Most of these unique properties mainly originate in the parent material, gra‐
phene, which has also been very intensively studied as a Dirac Fermion system. More re‐
cently, demand for innovative industrial applications of carbon nanotubes is increasing.

This book contains recent research topics covering syntheses techniques of carbon nano‐
tubes and nanotube-based composites, and their applications. All of the chapters were writ‐
ten by researchers who are active on the front lines. This book consists of three parts. Part 1
mainly focuses on novel syntheses techniques for single- and multi-wall carbon nanotubes,
nanocoils, and their composites. Some chapters in Part 1 describe theoretical aspects of
nanotube composite formation. In Part 2, electrical and medical applications of carbon nano‐
tubes are described. This part covers applications for gas sensors, transparent electrodes,
and interconnects. Nanotube-based therapeutics and biological detection techniques are also
reviewed. Part 3 mainly focuses on applications for green technologies, with much attention
paid to energy storage and decontamination technologies. However, note that the above cat‐
egorization is not rigorous: Some chapters are quite broad in scope and cover topics in more
than one category.

I believe that this book will be of interest to physicists, chemists, material scientists, engi‐
neers, and students who are working on carbon nanotubes both in the academic and indus‐
trial domains

Satoru Suzuki
Senior Research Scientist

Low-Dimensional Nanomaterials Research Group
Materials Science Laboratory

NTT Basic Research Laboratories, Japan

I express my deepest appreciation to all of the authors for their excellent contributions and endeavors
in the publication of this book.
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Chapter 1

Production of Carbon Nanotubes
and Carbon Nanoclusters by the
JxB Arc-Jet Discharge Method

Tetsu  Mieno and Naoki  Matsumoto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51964

1. Introduction

Since the discovery of methods for the mass production of single-walled carbon nanotubes
(SWNTs) [1, 2], applications of SWNTs such as transistor devices, biosensing devices, dou‐
ble-layer-type capacitors, transparent electrode films, radio wave absorbents and material
hardeners have been studied [3-5]. Large-scale production and improvement of purity of
SWNTs by the electric-arc techniques have been developed [6, 7]. However, the efficient
production of high-quality and defect-free SWNTs, and metal/semiconductor selected or di‐
ameter-controlled production of SWNTs have not yet been achieved. Therefore, basic study
of the various methods of producing SWNTs is still important, by which new high-perform‐
ance routes to producing desired SWNTs are expected to be found.

Here, the production of SWNTs and carbon nanoclusters by the arc discharge method utiliz‐
ing a magnetic field, known as the JxB arc-jet discharge method, has been studied [8-10]. Al‐
though the application of a steady-state magnetic field to arc discharge is not such a popular
method, electromagnetic force can change the flow of hot gas in the arc region and thus con‐
trol the production process of carbon clusters. To realize the large-scale production of car‐
bon clusters by the arc discharge method, a revolver-injection-type JxB arc-jet producer was
successfully developed by our group, by which the continuous mass production of SWNTs
and other carbon clusters can be carried out.

As a result, the more efficient production of SWNTs and other carbon clusters compared
with conventional arc discharge methods has been achieved. Here, the development of the
JxB arc-jet discharge method and results obtained using the method are described.

© 2013 Mieno and Matsumoto; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Mieno and Matsumoto; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Theoretical model of the JxB arc jet discharge method

By applying a steady-state weak magnetic field (B 0= 1 – 5 mT) perpendicular to the dis‐
charge current in the arc discharge, the Lorentz force (JxB force) causes the ejection of the arc
plasma and surrounding gas in the JxB direction as shown in Fig. 1 [8, 11]. In the 1960s, this
force in a pulsed discharge was actively studied in relation to the electric propulsion engine
of rockets [12].

Figure 1. Schematic diagram of the JxB arc-jet discharge.

Here, this effect is used to eject sublimated carbon atoms in a selected direction. By control‐
ling the magnetic field, control of the hot gas including the carbon material is possible, and
suitable conditions to do hot gas reactions for the production of SWNTs and other carbon
clusters can be selected. This method can also reduce the influence of the electrode direction
and chamber configuration.

When the discharge current density and applied magnetic field are 50 A/cm2 and 5 mT, re‐
spectively, the Lorentz force causing acceleration of electrons and ions is 0.25 N/cm3. When
the gas pressure and the gas temperature around the arc are 30 kPa and 5000 K, respectively,
the mean free path and collision frequency of electrons are about 0.01 mm and 10 GHz, re‐
spectively. Because of this high collision frequency, electrons frequently collide with neutral
gas atoms and accelerate them in the JxB direction, resulting in the ejection of hot gas from
the arc region. The acceleration time is related to the electron lifetime in the plasma.

3. Production of carbon clusters by the JxB arc-jet discharge method

3.1. Heat flux

To investigate the JxB arc-jet discharge reaction, several types of arc reactors are used. Fig‐
ure 2 shows a schematic of the reactor used to measure the heat flux of the arc plasma [11].
The reactor is made of stainless steel (18 cm diameter, 20 cm height) and has a carbon anode

Syntheses and Applications of Carbon Nanotubes and Their Composites4

(8.0 mm), a carbon cathode (15 mm), a viewing port and a movable calorimetric probe. The
reactor is evacuated by a rotary pump to a pressure of less than 10 Pa and then closed. After
introducing He gas with p(He) = 10 – 80 kPa, discharge starts, where the discharge current is
I d= 20 – 80 A and voltage between the electrodes is V rod= 20 - 35 V. At the front and back of
the reactor, solenoid coils (20 cm inner diameter) are installed to produce a steady state
magnetic field of B 0= 0 - 5 mT.

When a magnetic field is applied during the discharge, the shape of the arc flame dramati‐
cally changes, and a strong plasma flow in the JxB direction can be observed. Figures 3(a)
and (b) respectively show side views of the arc flames for B 0= 0 and B 0= 2.0 mT, where
p(He)= 40 kPa and I d= 80 A. The upper direction is the JxB direction. By applying a magnetic
field, the plasma and the hot gas are ejected in the vertically upward direction. The upward
flow of carbon particles can sometimes be clearly observed. By developing a calorimeter [11]
in which flowing water absorbs the heat flux, the local heat flux is measured and the results
are shown in Figs. 4 (a) and (b) [11]. By increasing the magnetic field, the heat flux is local‐
ized in the upper part of the arc plasma (FWHM value of about 50 mm). Above the arc plas‐
ma, the heat flux monotonically increases.

Figure 2. Schematic side view of the arc reactor with a calorimetric probe installed.

Production of Carbon Nanotubes and Carbon Nanoclusters by the JxB Arc-Jet Discharge Method
http://dx.doi.org/10.5772/51964
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Figure 3. Arc flames for B0= 0 (a) and B0= 2.0 mT (b) (side views), where p(He)= 40 kPa and Id= 80 A.

(a)  (b)                                 
(b) 

Figure 4. Radial profiles (a) and vertical profiles (b) of heat flux above the arc plasma for B0= 0, 1.0, 2.0 and 3.0 mT.
p(He)= 40 kPa and Id= 60 A.

The heat flux above the arc plasma as a function of He gas pressure is measured and shown
in Fig. 5(a), where I d= 60 A, d G= 5 mm, and the distance from the arc center is 40 mm. The
heat flux increases monotonically with the pressure, which is particularly in the case of B 0=
2.0 mT. Figure 5(b) shows the heat flux above the arc plasma as a function of the gap dis‐
tance between the two electrodes d G, where p= 40 kPa, I d= 60 A and z= 40 mm. By changing
d G, the effect of the arc jet changes, which can be observed from the viewing port. The heat
flux gradually increases with the gap distance, and this effect is greatly enhanced when B 0=
2.0 mT.

To summarize these results, that the JxB arc jet is enhanced by increasing the applied mag‐
netic field (B 0= 0 - 3.0 mT), the He pressure and the gap distance. However, under a stronger
magnetic field of B 0> 4 mT, the discharge tends to be extinguished easily by fluctuation in
the discharge.
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Figure 5. (a) He pressure dependence of the heat flux, where Id= 60 A, dG= 5 mm and z= 40 mm from the arc center.
(b) Gap distance dependence of the heat flux, where p= 40 kPa, Id= 60 A and z= 40 mm.

3.2. Relations among directions of the discharge current, magnetic field and gravity

In the case of gas arc discharge, gravity induces strong heat convection. Therefore, by chang‐
ing the current direction relative to that of gravity, different production characteristics of
carbon can be expected [13]. Direction of the JxB force compared with that of gravity should
also be an important parameter. To examine the relations among the directions of the dis‐
charge current, magnetic field and gravity for the production of fullerenes, five experimen‐
tal configurations are prepared and a discharge experiment is carried out. The 5
configurations are shown in Fig. 6. Here, the carbon anode is 6.5 mm in diameter and the
carbon cathode is 15 mm in diameter.

Figure 6. Schematic of five experimental configurations. The directions of the discharge current J and magnetic field B
relative to that of gravity G 0 are changed.
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The production rates of carbon soot W soot (g/h) as a function of B 0 for configurations (types A –
E) are obtained and the results are shown in Fig. 7, where p(He) = 40 kPa, I d= 70 A and d G~ 5 mm
[13]. Generally, the soot production rate increases steadily with the magnetic field. However,
for type A, W soot is very low for B 0 =0 and it rapidly increases with increasing magnetic field.
When B 0= 4.0 mT, the differences in W soot are very small among the five configurations.

Figure 7. Production rate of carbon soot versus B0 for the five configurations. p= 40 kPa, I d= 70 A and discharge time T
d= 60 min

Figure 8. Production rate of C60 versus B 0 for the five configurations. p= 40 kPa, I d= 70 A and discharge time T d= 60
min.
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The production  rate  of  C60  as  a  function  of  B  0  for  configurations  (types  A –  E)  is  ob‐
tained and the results are shown in Fig. 8, where the conditions are the same us those of
Fig. 7. Similarly to in Fig. 7, the C60 production rate generally increases with B 0, except for
type A. C60 production rate of type A is very low at B 0= 0. Moreover, for type E, the C60

production rate does not increase monotonically with B 0 and the magnetic field does not
have a positive effect on the production rate.

From these results, it can be concluded that the directions of the discharge current and mag‐
netic field compared with that of gravity affect the production of carbon soot and fullerenes.
The JxB force tends to reduce the effect of gravity when B 0 is sufficiently large. The type A
and the Type E are less suitable for the production of fullerenes.

3.3. Production of SWNTs

The production of high-quality SWNTs is one of the most important targets in advancing
nanomaterial development. The growth model of SWNTs in the arc-discharge reactors has
not been confirmed. Several models show importance of catalyst particles in the hot gas, car‐
bon density and catalyst temperature. [14, 15] Here, the production of SWNTs is examined
using the JxB arc-jet method, which could modify the growth reactions in the hot gas. In this
case, a Ni/Y catalyst is included in the carbon material rods (6.0 x 6.0 mm, rectangular type,
4.2 W% of Ni and 0.9 W% of Y included), and p(He)= 60 kPa and I d= 50 A. The soot produc‐
tion rate as a function of applied magnetic field is shown in Fig. 9(a) [16, 17]. By increasing
the magnetic field, the production rate monotonically increases. However, further increasing
B 0 to above 3.5 mT makes the discharge unstable. Figure 9(b) shows the pressure depend‐
ence of the soot production rate for B 0= 0 and B 0= 2.2 mT. As the pressure increases and the
collisional effect of He gas increases, the JxB force clearly affects soot production.

Figure 9. Production rate of soot including SWNTs versus B0 (a), where p(He)= 60 kPa and I d= 50 A, and pressure de‐
pendence (b), where I d = 50 A.
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Using this JxB arc-jet method, a large amount of SWNTs is produced from carbon rods in‐
cluding a Ni/Y catalyst. Figure 10 shows a typical TEM image of the produced soot, in which
many bundles of SWNTs are included. There are also carbon nanoparticles and catalyst
nanoparticles in the soot, which should be removed during the purification of the SWNT
products. The quality of the products is measured by a Raman spectrometer (Jasco Co.,
NR-1800. An Ar ion laser of λ= 488.0 nm is used.), and the results are shown in Figs. 11 (a)
and 11(b) for B 0= 0 and B 0= 3.2 mT. In both cases, there are very small D(disorder) band
peaks and large G (graphite) band peaks, from which we can estimate the content and quali‐
ty of SWNTs in the produced carbon soot. These figures show that the JxB arc discharge
does not degrade the quality of the SWNTs. From the signals of the radial breathing mode in
Fig. 11(a), we can evaluate the SWNT diameters [18]. The major diameter is 1.40 nm, and
SWNTs with a diameter of 1.26 nm also exist in the case of B 0= 3.2 mT. SWNTs with diame‐
ters of 1.70 nm, 1.16 nm and 1.0 nm also exist in the case of B 0= 0.

Figure 10. Typical TEM image of SWNTs produced by the JxB arc-jet discharge method.
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Figure 11. Raman spectra of the produced samples for magnetic fields of B0= 3.2 mT and 0 T. p(He)= 60 kPa and Id= 50
A. λ = 488.0 nm.

Figure 12. Photograph of SWNTs dispersed in pure water.

In the arc production of SWNTs, effect of gas species is examined. Ar, Ne or N2 gas is used
instead of He gas, all of which degrade production of SWNTs. When amount of H2 gas is
included in He gas, the SWNT production rate considerably decreases, which is not consis‐
tent with the previous report [19]. It is conjectured that He atom has high ionization poten‐
tial, and it causes almost no chemical reactions and less emission loss. When Co or Fe
particles are used as catalyst material instead of Ni/Y particles, the SWNT production rate
considerably decreases. However, in case of of Co catalyst, a little amount of very long bun‐
dles of SWNTs is obtained, which is about 5 cm long. Improvement of the long-SWNT yield
by this method is one of our study targets.
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Usually SWNTs have poor dispersibility in water, which limits their potential applications.
Therefore, the development of water-dispersible SWNTs is very important. Here we attempt
to dissolve a SWNT sample in pure water. First, a small amount of SWNTs is placed in 20
mL of pure water, which is then mixed using a supersonic homogenizer (Sonics Co., VC-130,
25 W) for about 40 min. Then, a small amount of surfactant is added, which is one of bio-
polymers [20, 21]. And it is mixed by sonication again for about 40 min. As a result, the
SWNTs are well dispersed in water, and the dispersion remains very stable for more than 1
month. Figure 12 shows a photograph of SWNTs dispersed in water after 50 times dilution.
The study of SWNTs dispersed in water is continuing with the aim of realizing biological
applications.

3.4. Production of endohedral metallofullerenes

Using the above arc-jet discharge methods, endohedral metallofullerenes (such as Gd@C82

and La@C82) [22] and carbon nanocapsules are efficiently produced. Applications of these
materials are expected.

By performing arc discharge using a Gd2O3-containing carbon rod (6.0 x 6.0 mm, rectangular),
metallofullerenes are produced, where p(He)= 50 kPa and I d= 58 A. The production rate of soot
is about 2.5 g/h. Figure 13(a) shows a typical TEM image of the sample obtained, in which gado‐
linium nanoparticles with a diameter on the order of 10 nm are covered with carbon atoms, re‐
sulting in the formation of carbon capsules with a size of 10 – 50 nm, which are very stable in air.
By refluxing the sample with toluene, fullerenes can be extracted from the soot. After 4 h of re‐
flux, the liquid is filtered and a reddish liquid is obtained. A mass spectrum of this sample ob‐
tained using a laser-desorption time-of-flight mass spectrometer (LD-TOF-MS) (Bruker Co.,
Autoflex, + ion mode, 50 shots averaged) is shown in Fig. 13(b). We can confirm the existence of
not only C60 and higher fullerenes but also endohedral metallofullerenes Gd@C82. Although the
peak intensities are not quantitative, the relative yield of Gd@C82 compared with that of C60 is
several mol%. The Gd@C82 is expected to be used as a contrast agent in MRI [23].

        (a)                                          (b) 

Figure 13. (a) TEM image of gadolinium-continuing carbon nanoparticles produced by the arc-jet discharge method.
(b) LD-TOF-MS spectrum of a carbon sample extracted from soot using toluene.
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3.5. Production of magnetic nanoparticles

Using the JxB arc-jet discharge method, many types of metal-particle-encapsulated carbon
nanoparticles [24, 25] can be easily produced. As examples, iron-encapsulated carbon nano‐
particles and cobalt-encapsulated carbon nanoparticles have been produced. Both are ferro‐
magnetic nanoparticles with a size of 10 - 100 nm, and are very stable.

Using iron-containing carbon rods (6.0 x 6.0 mm, rectangular), iron-encapsulated carbon
nanoparticles are produced, where p(He)= 50 kPa and I d= 50 A. The soot production rate is
about 0.43 g/h. Figure 14 (a) shows a photograph of the produced soot suspended by a mag‐
net, demonstrating the good ferromagnetic property. A typical TEM image of the sample is
shown in Fig. 14 (b). Iron particles with a size of 1 nm to 20 nm are covered with carbon
atoms, resulting in the formation of carbon particles with a size of 10 – 100 nm. These parti‐
cles are very stable in air and inactive in hydrochloric acid.

Figure 14. (a) Photograph of iron-containing carbon nanoparticles suspended by a magnet. (b) TEM image of iron-
containing carbon nanoparticles.

Figure 15. Photograph of iron-containing carbon nanoparticles dispersed in water.
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Cobalt-encapsulated carbon nanoparticles, which also have ferromagnetic properties, are
produced by the arc-jet discharge method. They are dispersed in pure water with a small
amount of surfactant (gelatin etc.) and mixed using a supersonic homogenizer (Sonic Co.,
VX-130) for 1 h. Finally, a black inklike liquid is obtained. The dispersion is homogeneous
and stable, and most of the particles do not precipitate even after one month. These water-
soluble magnetic nanoparticles potentially have many applications in the fields of liquid
sealing, medical diagnostics and medical treatment [26]. Figure 15 shows a photograph of
the stable iron-containing carbon nanoparticles dispersed in water.

4. Development of automatic JxB arc-jet producer

To produce SWNTs and carbon nanoclusters at a commercial scale by the JxB arc-jet dis‐
charge method, a revolver-injection-type arc jet producer (RIT-AJP) has been developed by
collaboration with Daiavac Ltd. (Japan) [9].

A schematic and photograph of RIT-AJP are shown in Fig. 16. The left side of the machine is
an arc discharge chamber, which consists of a vacuum vessel made of stainless steel 25 cm in
diameter and 70 cm high that is uniformly cooled by water jackets. About 5 L of water is
stored in the jackets and cooling water is slowly supplied to the jackets. In the central part of
the chamber, a cathode electrode (30 mm in diameter), an anode electrode, an exhaust port,
a viewing port and an electrode-cleaning hand are mounted. The top and bottom parts of
the chamber are soot collectors, with an inner diameter of about 25 cm and a height of 24
cm, in which produced soot is deposited. Using these collectors, as much as 25 L of soot can
be easily collected after a single operation.

The right side of the apparatus is a revolver-type carbon rod magazine. In the cylindrical
metal vacuum vessel, which is 34 cm in diameter and 49 cm long, there is a rotatable cylin‐
drical magazine, in which as many as 50 carbon rods of 6 - 10 mm diameter and 300 mm
length can be loaded. A schematic figure of the material-feeding mechanism of the magazine
is shown in Fig. 17(a), and a photograph of a rotatable carbon rod magazine (for 50 carbon
rods) is shown in Fig. 17(b). Under the vacuum chamber, there is a vacuum pump, an elec‐
trical controller and a microcomputer. Discharge power is supplied by an inverter-type DC
power supply (Daihen Co., ARGO-300P).

The production sequence is as follows. First, up to 50 carbon rods are loaded in the maga‐
zine, and the chamber is evacuated by the vacuum pump. After evacuation to a pressure of
less than 10 Pa, pure helium gas is introduced and the chamber is closed. Upon turning on
the electrical controller, a metal striker pushes one of the carbon rods towards the cathode,
and the discharge starts upon electrical contact. As the discharge conditions are determined
by the discharge voltage and discharge current, the carbon rod is automatically moved until
both parameters match the set values. Once the carbon rod is consumed, the cylindrical car‐
bon magazine rotates 1/50 of a turn and the next carbon rod is inserted by the striker. A
magnetic field can be applied by a block-type ferrite magnet located outside the chamber, by
which a magnetic field of about 2 mT is applied horizontally to the discharge space. Carbon
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deposited on the cathode is removed by a cathode-cleaning hand. After the discharge, pro‐
duced soot that has been deposited is carefully collected.

As an example of the continuous production of carbon clusters, fullerenes are produced. Us‐
ing 134 carbon rods of 8 mm diameter, continuous JxB arc-jet discharge is carried out, where
p(He)= 40 kPa, the discharge current is I d= 120 A, the voltage between electrodes is V rod~ 33
V and the gap distance is d G~ 5 mm. The insertion speed of the carbon rods is about 30
cm/h. After the discharge, carbon soot from three parts (the top collector, central chamber
and bottom collector) is collected separately and their masses are measured. The amount of
soot deposited on the top wall is considerably increased by applying the magnetic field, be‐
cause the carbon molecules are blown upward onto the top wall. After sufficient mixing, the
C60 content in the soot is measured by a UV/visible spectrometer (Shimadzu Co. UV-1200).
At the top collector, the C60 content is the highest and about 14 W% of C60 is present, where‐
as, 4.2 W% is present on the center wall and 2.9 W% is present on the bottom wall. In total,
about 105 g of soot containing about 7 g of C60 is produced in 12 h.

The contents of higher fullerenes in the soot are measured using a high-pressure liquid chro‐
matograph (HPLC) (Jasco Co., Gulliver Series, PU980) [27]. The collection rates of C60, C70,
C76, C78 and C84 for two different magnetic fields are shown in Fig. 18. White rectangules in
the graphs show the measurement errors. By applying a magnetic field, the collection rates
of these fullerenes considerably increase.

Figure 18. Collection rates of C60 and C70 (a), and C76, C78 and C84 (b) for two different magnetic fields.

5. Summary

1. By applying a steady state magnetic field perpendicular to the discharge current, JxB
arc-jet discharge is successfully produced. The flow of hot gas and the heat flux are con‐
centrated in the JxB direction.

2. Carbon atoms sublimated from the anode are continuously ejected from the arc plasma
in the JxB direction. As a result of the JxB force, the effect of gravity (heat convection)
can be reduced.
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charge method, a revolver-injection-type arc jet producer (RIT-AJP) has been developed by
collaboration with Daiavac Ltd. (Japan) [9].

A schematic and photograph of RIT-AJP are shown in Fig. 16. The left side of the machine is
an arc discharge chamber, which consists of a vacuum vessel made of stainless steel 25 cm in
diameter and 70 cm high that is uniformly cooled by water jackets. About 5 L of water is
stored in the jackets and cooling water is slowly supplied to the jackets. In the central part of
the chamber, a cathode electrode (30 mm in diameter), an anode electrode, an exhaust port,
a viewing port and an electrode-cleaning hand are mounted. The top and bottom parts of
the chamber are soot collectors, with an inner diameter of about 25 cm and a height of 24
cm, in which produced soot is deposited. Using these collectors, as much as 25 L of soot can
be easily collected after a single operation.

The right side of the apparatus is a revolver-type carbon rod magazine. In the cylindrical
metal vacuum vessel, which is 34 cm in diameter and 49 cm long, there is a rotatable cylin‐
drical magazine, in which as many as 50 carbon rods of 6 - 10 mm diameter and 300 mm
length can be loaded. A schematic figure of the material-feeding mechanism of the magazine
is shown in Fig. 17(a), and a photograph of a rotatable carbon rod magazine (for 50 carbon
rods) is shown in Fig. 17(b). Under the vacuum chamber, there is a vacuum pump, an elec‐
trical controller and a microcomputer. Discharge power is supplied by an inverter-type DC
power supply (Daihen Co., ARGO-300P).

The production sequence is as follows. First, up to 50 carbon rods are loaded in the maga‐
zine, and the chamber is evacuated by the vacuum pump. After evacuation to a pressure of
less than 10 Pa, pure helium gas is introduced and the chamber is closed. Upon turning on
the electrical controller, a metal striker pushes one of the carbon rods towards the cathode,
and the discharge starts upon electrical contact. As the discharge conditions are determined
by the discharge voltage and discharge current, the carbon rod is automatically moved until
both parameters match the set values. Once the carbon rod is consumed, the cylindrical car‐
bon magazine rotates 1/50 of a turn and the next carbon rod is inserted by the striker. A
magnetic field can be applied by a block-type ferrite magnet located outside the chamber, by
which a magnetic field of about 2 mT is applied horizontally to the discharge space. Carbon
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deposited on the cathode is removed by a cathode-cleaning hand. After the discharge, pro‐
duced soot that has been deposited is carefully collected.

As an example of the continuous production of carbon clusters, fullerenes are produced. Us‐
ing 134 carbon rods of 8 mm diameter, continuous JxB arc-jet discharge is carried out, where
p(He)= 40 kPa, the discharge current is I d= 120 A, the voltage between electrodes is V rod~ 33
V and the gap distance is d G~ 5 mm. The insertion speed of the carbon rods is about 30
cm/h. After the discharge, carbon soot from three parts (the top collector, central chamber
and bottom collector) is collected separately and their masses are measured. The amount of
soot deposited on the top wall is considerably increased by applying the magnetic field, be‐
cause the carbon molecules are blown upward onto the top wall. After sufficient mixing, the
C60 content in the soot is measured by a UV/visible spectrometer (Shimadzu Co. UV-1200).
At the top collector, the C60 content is the highest and about 14 W% of C60 is present, where‐
as, 4.2 W% is present on the center wall and 2.9 W% is present on the bottom wall. In total,
about 105 g of soot containing about 7 g of C60 is produced in 12 h.

The contents of higher fullerenes in the soot are measured using a high-pressure liquid chro‐
matograph (HPLC) (Jasco Co., Gulliver Series, PU980) [27]. The collection rates of C60, C70,
C76, C78 and C84 for two different magnetic fields are shown in Fig. 18. White rectangules in
the graphs show the measurement errors. By applying a magnetic field, the collection rates
of these fullerenes considerably increase.

Figure 18. Collection rates of C60 and C70 (a), and C76, C78 and C84 (b) for two different magnetic fields.

5. Summary

1. By applying a steady state magnetic field perpendicular to the discharge current, JxB
arc-jet discharge is successfully produced. The flow of hot gas and the heat flux are con‐
centrated in the JxB direction.

2. Carbon atoms sublimated from the anode are continuously ejected from the arc plasma
in the JxB direction. As a result of the JxB force, the effect of gravity (heat convection)
can be reduced.
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3. By increasing the magnetic field, the production rate of carbon soot including SWNTs
considerably increases, in which the quality of the SWNTs remains high. Water-soluble
SWNTs can be obtained by additional processing.

4. Using the JxB arc-jet discharge, endohedral metallofullerenes, Gd@C82 and magnetic
nano-particles (iron-encapsulateted carbon nanoparticles and cobalt-encapsulated car‐
bon nano-particles) are sucessfully produced.

5. For the continuous and large-scale production of carbon clusters, a revolver-injection-
type arc-jet producer (RIT-AJP) has been developed. Using this machine, the automatic
mass production of SWNTs and carbon clusters is realized. We are currently attempting
to fabricate many new types of carbon clusters using this machine.
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1. Introduction

Large arrays and networks of carbon nanotubes, both single- and multi-walled, feature many
superior properties which offer excellent opportunities for various modern applications rang‐
ing from nanoelectronics, supercapacitors, photovoltaic cells, energy storage and conversation
devices, to gas- and biosensors, nanomechanical and biomedical devices etc. At present, arrays
and networks of carbon nanotubes are mainly fabricated from the pre-fabricated separated
nanotubes by solution-based techniques. However, the intrinsic structure of the nanotubes
(mainly, the level of the structural defects) which are required for the best performance in the
nanotube-based applications, are often damaged during the array/network fabrication by sur‐
factants, chemicals, and sonication involved in the process. As a result, the performance of the
functional devices may be significantly degraded. In contrast, directly synthesized nanotube
arrays/networks can preclude the adverse effects of the solution-based process and largely pre‐
serve the excellent properties of the pristine nanotubes. Owing to its advantages of scale-up
production and precise positioning of the grown nanotubes, catalytic and catalyst-free chemi‐
cal vapor depositions (CVD), as well as plasma-enhanced chemical vapor deposition (PECVD)
are the methods most promising for the direct synthesis of the nanotubes.

On the other hand, these methods demonstrate poor controllability, which results in the unpre‐
dictable properties, structure and morphology of the resultant arrays. In our paper we will dis‐
cuss our recent results obtained by the application of CVD and PECVD methods. Specifically,
we will discuss carbon nanotube arrays and networks of very different morphology. The fabri‐
cation of the arrays of vertically aligned and entangled nanotubes, as well as arrays of arbitrary
shapes grown directly on the pre-patterned substrates will be considered with a special atten‐
tion paid to the fabrication methods and the influence of the process parameters on the array
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growth morphology (see Figure 1). Besides, the possibility of creating the 3D structures of car‐
bon nanotubes through post-processing of the arrays by liquids will be discussed.

The fabrication methods involved are the conventional CVD utilizing various gases such as
methane, ethane, acetylene, argon, and hydrogen; plasma-enhanced CVD based on induc‐
tively-coupled low-temperature plasma reactor; microwave PECVD. The advantages of the
plasma-based CVD process will be shown and discussed with a special attention. We will also
discuss the influence of the process parameters such as process temperature, pressure, gas
composition, discharge power etc. on the morphology of the nanotube arrays and networks,
and demonstrate that the proper selection of the parameters ensures very high level of the
process controllability and as a result, sophisticated control and tailoring of the growth
structure and morphology of the carbon nanotube arrays.

Characterization technologies used are scanning and transmission electron microscopy (SEM
and TEM), as well as atomic force microscopy (AFM), Raman and X-ray photoelectron
spectroscopy techniques. The results of the numerical simulations will also be used to support
the growth models and proposed growth mechanisms.

Figure 1. Morphologies of the representative CNT arrays grown by CVD (a) and PECVD (b).

2. CVD versus PECVD: Morphology control issues

2.1. CVD and PECVD: General

The term ‘chemical vapor deposition‘, or 'CVD‘, is commonly used for describing the processes
and chemical reactions which occur in a solid material deposited onto a heated substrate using a
gaseous precursor. However, more complicated process than the 'common' CVD takes place
[1,2] during the growth of CNTs. In this case, the carbon-containing gaseous precursors (e.g.,
CH4, C2H4, C2H2, CO) firstly dissociate into atomic or molecular carbon species on the surface of
catalyst nanoparticles, and then the nucleation occurs as these carbon species diffuse into the cat‐
alyst nanoparticles, reach a supersaturated state, and then segregate from the surface of nano‐
particles to form a nanotube cap. Subsequently, the growth of nanotubes is sustained by the
continuous incorporation of carbon atoms via bulk and/or surface diffusion. Figure 2 shows the
SEM image of randomly-oriented SWCNTs with a unique 'bridging' morphology in catalytic
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CVD. This array was grown by using Ar/H2/CH4 gas mixture on Fe/Al2O3 catalyst. By tuning the
growth condition (e.g., temperature and pressure), it was demonstrated that the SWCNTs could
be of a high quality (a high IG/ID in the Raman spectra) and could contain a significantly higher
content of metallic nanotubes as compared to the 'standard' metallic nanotube content of 33%
(1/3 metallic and 2/3 semiconducting) produced in many CVD processes [3].

On the other hand, PECVD refers to the CVD process that uses plasma environment as an extra
dimension to control the growth of CNTs. Plasma by definition contains ionized species and is
generally considered as the fourth state of matter along with solid, liquid and gas. Recent advan‐
ces in the plasma-based nanofabrication offer unprecedented control over the structure and sur‐
face functionalities of a range of nanomaterials [4]. One of the major advantages, as compared to
the conventional CVD processes, is that nanostructures can grow vertically-aligned due to the
electrical field in the vicinity of surface [5]. Another benefit of using plasma is that the tempera‐
ture required to dissociate carbon feedstock could be greatly reduced [6]. Figure 3 illustrates the
isolated CNTs grown in a PECVD system using Ni/SiO2 as the catalyst, C2H2/NH3 as the gas pre‐
cursors, and a DC glow discharge. It can be seen clearly that these nanotubes are aligned vertical‐
ly to the substrate surface, due to the plasma sheath-directed growth. These freestanding
nanotubes could give many opportunities to custom-design novel functional devices.

Figure 2. Typical randomly-oriented SWCNT networks with a unique “bridging” morphology grown in catalytic CVD [3].

Figure 3. Low- and high-resolution SEM images of the typical arrays of vertically-aligned CNTs grown in PECVD proc‐
ess with a glow discharge. The growth followed the 'tip-growth' mode as the catalyst nanoparticles are noticeable on
the top of each nanotube [4].
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CVD. This array was grown by using Ar/H2/CH4 gas mixture on Fe/Al2O3 catalyst. By tuning the
growth condition (e.g., temperature and pressure), it was demonstrated that the SWCNTs could
be of a high quality (a high IG/ID in the Raman spectra) and could contain a significantly higher
content of metallic nanotubes as compared to the 'standard' metallic nanotube content of 33%
(1/3 metallic and 2/3 semiconducting) produced in many CVD processes [3].

On the other hand, PECVD refers to the CVD process that uses plasma environment as an extra
dimension to control the growth of CNTs. Plasma by definition contains ionized species and is
generally considered as the fourth state of matter along with solid, liquid and gas. Recent advan‐
ces in the plasma-based nanofabrication offer unprecedented control over the structure and sur‐
face functionalities of a range of nanomaterials [4]. One of the major advantages, as compared to
the conventional CVD processes, is that nanostructures can grow vertically-aligned due to the
electrical field in the vicinity of surface [5]. Another benefit of using plasma is that the tempera‐
ture required to dissociate carbon feedstock could be greatly reduced [6]. Figure 3 illustrates the
isolated CNTs grown in a PECVD system using Ni/SiO2 as the catalyst, C2H2/NH3 as the gas pre‐
cursors, and a DC glow discharge. It can be seen clearly that these nanotubes are aligned vertical‐
ly to the substrate surface, due to the plasma sheath-directed growth. These freestanding
nanotubes could give many opportunities to custom-design novel functional devices.

Figure 2. Typical randomly-oriented SWCNT networks with a unique “bridging” morphology grown in catalytic CVD [3].

Figure 3. Low- and high-resolution SEM images of the typical arrays of vertically-aligned CNTs grown in PECVD proc‐
ess with a glow discharge. The growth followed the 'tip-growth' mode as the catalyst nanoparticles are noticeable on
the top of each nanotube [4].
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2.2. Morphologies of nanotube arrays

In general, there are three types of morphologies observed in the directly-grown nanotube
arrays: entangled, horizontally aligned, and vertically aligned. Each of these morphologies
has their specific functionalities and can be desirable for different applications. In this work,
we will briefly describe the first two morphologies and then pay the most attention to the
arrays of vertically aligned nanotubes.

The horizontally-aligned CNT arrays were usually grown on the quartz wafers using CVD.
The alignment could in such arrays be controlled by two factors: gas flow direction and sub‐
strate lattice. These arrays could have a very high density (up to 50 SWNT/µm) over large
area. These nanotubes have also a large diameter and good electrical properties desirable for
the nanoelectronic applications [7].

On the other hand, the vertically aligned CNTs could be grown using both CVD and
PECVD. Hata et al. demonstrated that by using Fe/Al2O3 as the catalysts, C2H4 as the feed‐
stock and a trace amount of water vapor (100 – 300 ppm) as the growth enhancer, high-
yield, milli-meter long vertically aligned SWCNTs could be produced [8]. Water in this
process was used to etch the possible amorphous carbon phase deposited onto the catalyst
during the growth, therefore enhancing the lifetime and activity of the catalyst. The vertical
alignment was supported by the collective van der Waals’ interactions among the nanotubes
[9]. In contrast, the CNTs grown in PECVD process do not require such growth enhancer to
align them vertically, since the electrical field in the plasma-surface sheath at the vicinity of
the substrate could easily direct the growth.

The third type of CNT arrays is the entangled network consisting of interconnected random‐
ly-oriented nanotubes. In some cases, these networks are not entirely 'random'; instead, they
may form certain unique features such as the 'Y-junctions', as well as 'knotted' and 'bridging'
structures. Sun et al. demonstrated that by using a porous membrane filter to collect the
nanotubes at room temperature, a unique 'Y-junction' with high electronic performance
could be induced in an aerosol CVD process [10]. Similar to VACNTs, they can be produced
in both CVD and PECVD processes. Figure 4 illustrates both the horizontally and vertically
aligned morphologies obtained by our group.

Figure 4. Highly uniform, dense array of vertically aligned single-walled carbon nanotubes (SWCNTs) grown on trilay‐
ered Fe/Al2O3/SiO2 catalyst (a). Horizontally-aligned nanotubes (b).
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2.3. Vertically-aligned arrays of carbon nanotubes

Vertically-aligned CNTs not only preserve the excellent intrinsic properties of individual
nanotubes, but also show a high surface-to-mass ratio owing to their three-dimensional
microstructure. Moreover, the surface of the vertically-aligned CNTs could be easily function‐
alized. These advantageous features have placed the vertically-aligned CNT arrays among the
most promising materials for a variety of applications ranging from field emitters, heat sinks,
nanoelectrochemical systems, gas- and bio-sensors, drug delivery systems, to molecular/
particular membranes. For example, Wu et al. used the functionalized vertically-aligned CNTs
to deliver nicotine for therapeutic purposes [11]; Han et al. studied the release behaviors of
bone morphogenetic protein-2 (BMP-2; a growth factor for human mesenchymal stem cells)
on the vertically-aligned CNTs with different surface wettability, in attempting to control the
differentiation and proliferation of these stem cells [12].

Growth of the vertically-aligned CNTs can be easily obtained in PECVD. Figure 5 shows SEM
images (high and low magnification) of the vertically-aligned nanotubes grown in the low-
temperature plasma [13]. These CNTs have a diameter of 50-200 nm, a height of several
micrometers, and followed a “tip-growth” mechanism. Interesting, they collapse upon liquid
wetting (this will be discussed in more detail in the next section).

Figure 5. Dense array of vertically aligned single-walled carbon nanotubes.

The the vertically-aligned CNTs grown using CVD process are much denser and longer, and
have more uniform distribution of diameters. In such arrays, very strong Van der Waals forces
are present. The CVD process is therefore suitable for mass production of CNTs, and may
contribute to lowering the price of CNTs. We have recently demonstrated that highly uniform
and dense arrays of SWCNTs with more than 90% population of thick nanotubes (>3 nm in
diameter) could be obtained by tailoring the thickness and microstructure of the catalyst
supporting SiO2 layer [14].

2.4. Entangled arrays of carbon nanotubes

Networks of entangled nanotubes consist of randomly-oriented nanostructures. The thickness
of the entangled array may vary from sum-monolayer to a few monolayers. Advantages of
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such morphology, as compared to individual nanotubes, are scalability, stability, reproduci‐
bility, and low cost of the CNT-based devices. They are therefore widely used as thin film
transistors, transparent conductive coatings, solar cells, gas and biosensors. The electrical
resistivity in entangled SWCNTs is determined by the nanotube-nanotube junctions in the
network, and the nanotube-metal junctions at the electrodes (so-called Schottky barrier). The
intrinsic resistance of the nanotubes usually plays a minor role if the array density is not far
away from the percolation threshold [15]. In addition, it is generally perceived that for the
CNT-based device to deliver outstanding performance, chirality-selected growth of CNT is a
pre-requisite. However, for entangled SWCNTs, this stringent requirement may be avoided if
the density is within a certain range (usually 1–3 nanotubes/µm2) [16,17,18].

There are many parameters of the CVD process that should be controlled to grow entangled
CNTs with some special patterns. For example, the length of the nanotubes could be deter‐
mined by the exposure time of the carbon feedstocks. Recently, we have demonstrated that
the density of entangled SWCNTs, which is a critical factor in device performance, could be
controlled over 3-order-of-magnitude in acetylene-modulated CVD processes (Figure 6a) [2].
In addition, we also obtained a special 'knotted' morphology of the CNT network by using
porous silica as the catalyst-supporting layer (Figure 6b) [19]. In contrast to this morphology,
a much lower density of nanotubes was observed on flat silica surface.

Figure 6. Representative arrays of entangled carbon nanotubes [2,19].

3. Complex catalyst-free arrays by mechanical writing

Plasma-based techniques yet being capable of producing high-quality nanotube arrays, still
require metal catalyst to initialize the control the nanotube growth process. However, there is
a strong demand in metal-free CNTs, i.e. the CNTs not containing a catalyst metal which is
usually incorporated in the nanotube structure (from the nanotube top or bottom, depending
on the process used). Removal of metal catalyst from CNTs implies a complex post-processing
[20] which results in significant disadvantages, such as essential change in electronic properties
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or degradation of the nanotube ordering or orientation (in particular, post-processing deteri‐
orates the vertical orientation of the nanotubes), damages the substrate structure in high
temperature annealing process, etc. Thus, removal of the metallic catalyst by after-growth post-
processing is feasible only for limited small-scale experimental production [21]. Hence, the
development of the catalyst-free methods for growing arrays of high quality, dense vertically
aligned nanotubes is a pressing demand now. The metal-free nucleation and growth of carbon
nanotubes is possible, yet with the use of other catalytic material, and with a low quality
outcome. For example, the nucleation and growth on semiconductor nanoparticles in CVD
process was recently reported [22,23,24]. In these works, the nanotubes were catalyzed and
grown without metal catalyst, but those nanotubes are not vertically aligned but highly
tangled, tousled, and the surface density is quite low. Therefore, obtaining high quality arrays
of CNTs on a catalyst-free silicon substrate still remains elusive.

Figure 7. a) Three typical process configurations: localized plasma, remote plasma, gas environment; (b) nanotubes
growth on Si substrate contacting with plasma: dense nanotubes as-grown on a doted spot; (c) photo of the plasma
above substrate and (d) photo of the microwave reactor; (e) complete experiment matrix, which indicates the sub‐
strate condition (for scratched or non-scratched surface), and the process environment condition; remote gas/plasma
and contacting gas/plasma. Among all possible 6 variants tested, only localized plasma process have produced nano‐
tubes on substrate [25].

Large Arrays and Networks of Carbon Nanotubes: Morphology Control by Process Parameters
http://dx.doi.org/10.5772/52674

25



such morphology, as compared to individual nanotubes, are scalability, stability, reproduci‐
bility, and low cost of the CNT-based devices. They are therefore widely used as thin film
transistors, transparent conductive coatings, solar cells, gas and biosensors. The electrical
resistivity in entangled SWCNTs is determined by the nanotube-nanotube junctions in the
network, and the nanotube-metal junctions at the electrodes (so-called Schottky barrier). The
intrinsic resistance of the nanotubes usually plays a minor role if the array density is not far
away from the percolation threshold [15]. In addition, it is generally perceived that for the
CNT-based device to deliver outstanding performance, chirality-selected growth of CNT is a
pre-requisite. However, for entangled SWCNTs, this stringent requirement may be avoided if
the density is within a certain range (usually 1–3 nanotubes/µm2) [16,17,18].

There are many parameters of the CVD process that should be controlled to grow entangled
CNTs with some special patterns. For example, the length of the nanotubes could be deter‐
mined by the exposure time of the carbon feedstocks. Recently, we have demonstrated that
the density of entangled SWCNTs, which is a critical factor in device performance, could be
controlled over 3-order-of-magnitude in acetylene-modulated CVD processes (Figure 6a) [2].
In addition, we also obtained a special 'knotted' morphology of the CNT network by using
porous silica as the catalyst-supporting layer (Figure 6b) [19]. In contrast to this morphology,
a much lower density of nanotubes was observed on flat silica surface.

Figure 6. Representative arrays of entangled carbon nanotubes [2,19].

3. Complex catalyst-free arrays by mechanical writing

Plasma-based techniques yet being capable of producing high-quality nanotube arrays, still
require metal catalyst to initialize the control the nanotube growth process. However, there is
a strong demand in metal-free CNTs, i.e. the CNTs not containing a catalyst metal which is
usually incorporated in the nanotube structure (from the nanotube top or bottom, depending
on the process used). Removal of metal catalyst from CNTs implies a complex post-processing
[20] which results in significant disadvantages, such as essential change in electronic properties

Syntheses and Applications of Carbon Nanotubes and Their Composites24

or degradation of the nanotube ordering or orientation (in particular, post-processing deteri‐
orates the vertical orientation of the nanotubes), damages the substrate structure in high
temperature annealing process, etc. Thus, removal of the metallic catalyst by after-growth post-
processing is feasible only for limited small-scale experimental production [21]. Hence, the
development of the catalyst-free methods for growing arrays of high quality, dense vertically
aligned nanotubes is a pressing demand now. The metal-free nucleation and growth of carbon
nanotubes is possible, yet with the use of other catalytic material, and with a low quality
outcome. For example, the nucleation and growth on semiconductor nanoparticles in CVD
process was recently reported [22,23,24]. In these works, the nanotubes were catalyzed and
grown without metal catalyst, but those nanotubes are not vertically aligned but highly
tangled, tousled, and the surface density is quite low. Therefore, obtaining high quality arrays
of CNTs on a catalyst-free silicon substrate still remains elusive.

Figure 7. a) Three typical process configurations: localized plasma, remote plasma, gas environment; (b) nanotubes
growth on Si substrate contacting with plasma: dense nanotubes as-grown on a doted spot; (c) photo of the plasma
above substrate and (d) photo of the microwave reactor; (e) complete experiment matrix, which indicates the sub‐
strate condition (for scratched or non-scratched surface), and the process environment condition; remote gas/plasma
and contacting gas/plasma. Among all possible 6 variants tested, only localized plasma process have produced nano‐
tubes on substrate [25].

Large Arrays and Networks of Carbon Nanotubes: Morphology Control by Process Parameters
http://dx.doi.org/10.5772/52674

25



Figure 8. a,b) Top-view of CNTs on doted spots (SEM images); (c) microwave reactor; (d, e) tilted SEM image of CNT
arrays showing a high number density of CNTs. Insets illustrate the process of making pattern and TEM image of the
carbon nanotube [25].

Here we describe a novel plasma-based catalyst-free growth technique that is capable of
producing very dense, strongly aligned arrays of extremely long (up to several hundred µm)
CNTs on Si wafer surface in very fast process (with growth rate achieving 50 µm/sec), with
experimentally proven possibility to arrange the nanotubes into complex arrays of various
shapes such as separate nests and linear strands.

The six different experimental variations were used, with respect to the plasma/gas environ‐
ments and plasma location relative to the substrate, as shown in Figure 7. We did not observe
the nanotube nucleation in gas environment, on both smooth and patterned surfaces; we also
did not observe the nucleation on both smooth and patterned surfaces with the remotely
located plasma, and only the process conducted in plasma contacting the patterned surface
resulted in the nucleation and growth of CNTs. The process starts by applying a special notch
pattern (NP) on the prepared Si(100) wafers.

Then, the substrates with a specific NP (we used a linear NP consisting of parallel notch‐
es, and spot pattern of small pits) was treated in a chemical vapor deposition (CVD) reac‐
tor (Figure 8) where a microwave discharge was ignited in gas mixture of CH4 and N2, at
pressure of 13 Torr and power density of 1.28 W/cm3, typically for 3 min. The substrates
were heated up to ~800 °C only by the plasma. The plasma localization relative to the sub‐
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strate was varied to study in detail the plasma effect on CNT growth process (Figure 1e);
namely, the process conducting with plasma contacting the wafer surface was effective for
nucleation  and  growth  of  CNTs.  More  details  on  making  the  mechanical  pattern  are
shown in Figure 8.

The scanning electron microscopy (SEM) investigations (Figure 9) show that a fast growth of
a high-density, highly aligned CNTs are produced exactly replicating the pattern configuration
(a complex pattern configuration which consists of a linear notch and spot applied directly on
the notch have been achieved). The SEM images clearly show that the complex pattern of CNTs
was perfectly replicated by nanotubes and the longest nanotubes reach ~140 µm in length. The
growth sites are very densely occupied, and the rest wafer surface is absolutely free of
nanotubes. Notably, these very dense arrays were formed in a very fast process, such unusual
growth rates (up to ~48 µm/minute) were not reported previously in the absence of metal
catalyst. Figure 9a shows the high-magnification SEM image of the nanotube array.

Figure 9. a) High-magnification SEM image of the vertically-oriented CNTs; (b) a high-resolution TEM image showing
the planes in CNTs, with the inter-planer distance of ~0.34 nm; (c) the electron diffraction pattern of CNTs; (d) low-
resolution TEM image showing the nanotube diameter of about 10 nm; (e) micro-Raman spectrum of the carbon
nanotubes [25].
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Further characterization of the nanotube structure was done with a high-resolution transmis‐
sion electron microscopy (TEM) and Raman techniques (Figure 9). The TEM images (inset in
Figure 8, Figures 9b and 9d) clearly show the absence of catalyst particle at the closed end tip
of the CNTs, this reveals that the nanotubes were following in a “base-growth” mode [25]. As
follows from TEM images, the diameters of the nanotubes are in the range of 10-80 nm, with
up to 25 walls. Figure S13c shows the electron diffraction pattern of multi-wall nanotubes.
Raman spectrum of as-grown nanotubes obtained at a room temperature (Figure 9e) shows a
Raman broad-band peak at 1585 cm-1, which is the characteristic of in-plane C-C stretching E2g
mode of the hexagonal sheet. The appearance of a broad-band peak at 1355 cm-1 indicates the
disordered graphitic nature of the nanotubes.

Thus, the nanotubes in our experiments were grown on the features mechanically written on
the surface of Si wafer, and no nanotubes were formed on the intact silicon. To explain this,
we propose a mechanism based on the key role of nano-elements on Si surface, so-called ‘nano-
hillocks’. These hillocks are formed on the surface when writing pattern, they establish a strong
covalent bond to the Si surface at a temperature of ~800 °C during the process of CNT
nucleation, and thus remain on Si surface, and hence at the bottom of nanotube during the
whole growth process. Indeed, the solubility of carbon in Si is very low (10-3 %) [26] as
compared to the conventional metallic catalyst such as Fe, Co, Ni etc., and thus the extremely
high (up to 1 µm/s) growth rate observed in these experiments indicates that the nanotubes
were grown via a surface diffusion, without involving very slow bulk-Si diffusion. Thus, a
vapor-liquid-solid (VLS) mechanism was not involved, and the plasma played a key role in
this process. We propose the following mechanism, so-called reshaping-enhanced surface
catalyzed (RESC)growth. During the first stage, the tip region of a Si nano-hillock was heated
up by plasma due to increased current density to the nano-sized tip (Figure 10).

Figure 10. Scheme of the proposed mechanism of carbon nanotube nucleation and growth on silicon nano-hillocks in
the plasma environment. (a) Si nano-hillock (with the shape ‘as-produced’ by mechanical patterning) is locally (mainly
at the top) heated by the plasma; (b) heated Si nano-hillock starts reshaping – multiple step-like features are formed
due to thermal re-arrangement and carbon saturation of the upper (overheated) Si layer; single carbon atoms incor‐
porate into the steps; (c) reshaping continues, the steps become well-shaped, carbon atoms form chains (nanotube
nuclei) along the multiple steps; (d) carbon chains close, nanotube start growing; (e) nanotube grow and close; (f)
supposed reshaping of the silicon nano-hillock during plasma heating and nanotube nucleation [25].
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Further, the heated silicon nano-hillock starts reshaping [27] by forming multiple step-like
features due to thermal re-arrangement of silicon (to minimize the surface energy), and
partially due to the possible carbon solution and saturation in the upper overheated Si layer.
Then, carbon atoms incorporate into the steps and form closed chains. Simultaneously, the
steps become well-shaped and thus carbon atoms assist the nanotube nucleation along the
multiple steps. Later, multi-walled nanotubes start growing. Eventually, when the nanotube
reaches 100-150 µm in length, the tip of carbon nanotube closes.

Thus, in this process the carbon catalization proceeds by the minimization of surface energy
at the nano-hillock steps [28], since the adatom adsorbed in the step can be considered as
‘partially dissolved’. As a result, this process leads to the formation of very dense array of very
long multiwall nanotubes on the mechanically patterned areas. Thus, the proposed growth
mechanism explains all the observed features; it is noteworthy that just the effect of plasma on
the patterned surface explains several important characteristics due to plasma-related heating
and high rate of material delivery. As a result, the catalyst-free, very dense arrays of long (up
to 150 µm) vertically oriented multiwall carbon nanotubes were grown on the mechanically
patterned silicon wafers in a low-temperature microwave discharge. These experiments have
demonstrated an extremely high (up to 48 µm/min) growth rate.

4. Three-dimensional CNT arrays by post-processing with liquids

The above-described method can be used to produce ‘planar’, drawing-like arrays of the verti‐
cally-aligned carbon nanotubes on silicon surfaces. When a need in a complex three-dimen‐
sional array arises, post-processing of the uniform array (array-precursor) can be used. Among
others, the post-treatment with a liquid is the most cheap and convenient [29-38]. Nevertheless,
this technique still lacks controllability. In this section we show several possible ways of en‐
hancing controllability of the fabrication of three-dimensional structures of the vertically-
aligned carbon nanotube arrays. Specifically, we show that the array structure can be a key
factor of the resultant structure fabricated by immersing the CNT array into liquid.

Figure 11a is an SEM image of the cross-section of the array of vertically-aligned CNTs grown
using the CVD technique. This array exhibits super hydrophobic properties and thus, it cannot
be wetted by water. After immersing into water, only weakly-collapsed irregular structure
was produced (Figure 11b). In contrast, this array does not show super-hydrofobicity to
acetone, and thus, highly-regular completely collapsed pattern was produced by immersing
this array into acetone (Figures 11c, 11d). As one can see in this figure, this pattern exhibits
very high surface area of the ‘sponge’, produced by carbon nanotubes (and hence, the walls
of this sponge can be highly-conductive or semi-conductive). Such structures could be very
useful for the fabrication of gas and bio-sensors, gas storage devices, as well as energy-
transforming applications requiring very high levels of the light absorbance.

It is apparent that the control over the resultant structure of such patterns is a key issue for the
above applications. Using different growth conditions, we have grown a similar CNT array
with denser structure (see Figure 12a), which does not exhibit super-hydrophobic properties.
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Further characterization of the nanotube structure was done with a high-resolution transmis‐
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up to 25 walls. Figure S13c shows the electron diffraction pattern of multi-wall nanotubes.
Raman spectrum of as-grown nanotubes obtained at a room temperature (Figure 9e) shows a
Raman broad-band peak at 1585 cm-1, which is the characteristic of in-plane C-C stretching E2g
mode of the hexagonal sheet. The appearance of a broad-band peak at 1355 cm-1 indicates the
disordered graphitic nature of the nanotubes.

Thus, the nanotubes in our experiments were grown on the features mechanically written on
the surface of Si wafer, and no nanotubes were formed on the intact silicon. To explain this,
we propose a mechanism based on the key role of nano-elements on Si surface, so-called ‘nano-
hillocks’. These hillocks are formed on the surface when writing pattern, they establish a strong
covalent bond to the Si surface at a temperature of ~800 °C during the process of CNT
nucleation, and thus remain on Si surface, and hence at the bottom of nanotube during the
whole growth process. Indeed, the solubility of carbon in Si is very low (10-3 %) [26] as
compared to the conventional metallic catalyst such as Fe, Co, Ni etc., and thus the extremely
high (up to 1 µm/s) growth rate observed in these experiments indicates that the nanotubes
were grown via a surface diffusion, without involving very slow bulk-Si diffusion. Thus, a
vapor-liquid-solid (VLS) mechanism was not involved, and the plasma played a key role in
this process. We propose the following mechanism, so-called reshaping-enhanced surface
catalyzed (RESC)growth. During the first stage, the tip region of a Si nano-hillock was heated
up by plasma due to increased current density to the nano-sized tip (Figure 10).

Figure 10. Scheme of the proposed mechanism of carbon nanotube nucleation and growth on silicon nano-hillocks in
the plasma environment. (a) Si nano-hillock (with the shape ‘as-produced’ by mechanical patterning) is locally (mainly
at the top) heated by the plasma; (b) heated Si nano-hillock starts reshaping – multiple step-like features are formed
due to thermal re-arrangement and carbon saturation of the upper (overheated) Si layer; single carbon atoms incor‐
porate into the steps; (c) reshaping continues, the steps become well-shaped, carbon atoms form chains (nanotube
nuclei) along the multiple steps; (d) carbon chains close, nanotube start growing; (e) nanotube grow and close; (f)
supposed reshaping of the silicon nano-hillock during plasma heating and nanotube nucleation [25].
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Further, the heated silicon nano-hillock starts reshaping [27] by forming multiple step-like
features due to thermal re-arrangement of silicon (to minimize the surface energy), and
partially due to the possible carbon solution and saturation in the upper overheated Si layer.
Then, carbon atoms incorporate into the steps and form closed chains. Simultaneously, the
steps become well-shaped and thus carbon atoms assist the nanotube nucleation along the
multiple steps. Later, multi-walled nanotubes start growing. Eventually, when the nanotube
reaches 100-150 µm in length, the tip of carbon nanotube closes.

Thus, in this process the carbon catalization proceeds by the minimization of surface energy
at the nano-hillock steps [28], since the adatom adsorbed in the step can be considered as
‘partially dissolved’. As a result, this process leads to the formation of very dense array of very
long multiwall nanotubes on the mechanically patterned areas. Thus, the proposed growth
mechanism explains all the observed features; it is noteworthy that just the effect of plasma on
the patterned surface explains several important characteristics due to plasma-related heating
and high rate of material delivery. As a result, the catalyst-free, very dense arrays of long (up
to 150 µm) vertically oriented multiwall carbon nanotubes were grown on the mechanically
patterned silicon wafers in a low-temperature microwave discharge. These experiments have
demonstrated an extremely high (up to 48 µm/min) growth rate.

4. Three-dimensional CNT arrays by post-processing with liquids

The above-described method can be used to produce ‘planar’, drawing-like arrays of the verti‐
cally-aligned carbon nanotubes on silicon surfaces. When a need in a complex three-dimen‐
sional array arises, post-processing of the uniform array (array-precursor) can be used. Among
others, the post-treatment with a liquid is the most cheap and convenient [29-38]. Nevertheless,
this technique still lacks controllability. In this section we show several possible ways of en‐
hancing controllability of the fabrication of three-dimensional structures of the vertically-
aligned carbon nanotube arrays. Specifically, we show that the array structure can be a key
factor of the resultant structure fabricated by immersing the CNT array into liquid.

Figure 11a is an SEM image of the cross-section of the array of vertically-aligned CNTs grown
using the CVD technique. This array exhibits super hydrophobic properties and thus, it cannot
be wetted by water. After immersing into water, only weakly-collapsed irregular structure
was produced (Figure 11b). In contrast, this array does not show super-hydrofobicity to
acetone, and thus, highly-regular completely collapsed pattern was produced by immersing
this array into acetone (Figures 11c, 11d). As one can see in this figure, this pattern exhibits
very high surface area of the ‘sponge’, produced by carbon nanotubes (and hence, the walls
of this sponge can be highly-conductive or semi-conductive). Such structures could be very
useful for the fabrication of gas and bio-sensors, gas storage devices, as well as energy-
transforming applications requiring very high levels of the light absorbance.

It is apparent that the control over the resultant structure of such patterns is a key issue for the
above applications. Using different growth conditions, we have grown a similar CNT array
with denser structure (see Figure 12a), which does not exhibit super-hydrophobic properties.
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Figure 11. Treatment of super-hydrophobic sample with water and acetone. (a) Cross-section of the arrays of vertical‐
ly-aligned nanotubes. (b) Irregular structure was produced after treating with water. (c, d) Regular structure (com‐
pletely collapsed pattern) was produced by acetone, low and high magnifications.

Post-treatment of this array with ethanol and acetone has produced the sponge-like structure
consisting of separated fine-porous island (Figures 12b, c, d). This structure is significantly
different of that fabricated using super-hydrophobic sample (Figure 11). Moreover, variation
of the dosage of liquid (we used 5 and 10 droplets of acetone, applied in sequence after
complete drying of the preciously-applied drop) can be used to slightly change the structure.
A comparison of the structures produced by 5 and 10 drops (Figures 12c and d) reveals a slight
change in the pore sizes.

The use of water to treat this weakly hydrophobic CNT array produces slightly different
pattern (Figure 13) consisting of smaller islands, which still demonstrate the sponge-like
structure, i.e., each island is not a solid, intact array of the vertically-aligned carbon nanotubes
but also consists of collapsed CNTs forming fine pores. One can expect that the fine-sponged
structures produced using weakly hydrophobic CNT arrays can be very promised for the gas
storage applications, whereas the highly-collapsed patterns may be more promising for
sensing and other applications requiring control of the electrical resistivity of the surface. Thus,
different internal structure of the vertically-aligned CNT array, together with the type of liquid
and dosage, can be control parameters for the production of CNT patterns with a high level
of the controllability.
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Figure 12. Treatment of weakly hydrophobic CNT array (a) with ethanol (b) and acetone, application of 5 drops (c)
and 10 drops (d). Acetone produces a patterned sponge-like structure consisting of fine-porous island.

Figure  13.  Treatment  of  weakly  hydrophobic  sample  with  water.  Smaller  islands  demonstrate  the  sponge-like
structure.
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5. Perspective approaches for the control of array morphology

Dense arrays of highly ordered surface-bound vertically aligned nanotubes on silicon and
metal oxides have a great potential for the fabrication of various advanced nano- and micro-
devices such as fuel cells, sensors, and field emission element [39,40,41,42] One possible way
to integrate the carbon nanotube array in the silicon platform is the use of anodized aluminum
oxide (AAO) membranes to grow the pre-structured CNT patterns, bonded to the template
surface. Indeed, the use of AAO membranes as growth templates was successful for the
fabrication of, i.e., electron emitters [43]. Synthesis of carbon nanotubes on AAO templates
allows precise and reproducible control of the dimensions of nanotubes [44, 45]. In this section
we will review in short the AAO template characteristics important for growing the carbon
nanotube arrays, and discuss the most important control parameters.

An AAO template can be prepared by the anodic oxidation of aluminum in various acid
solutions. The thickness, pore size and interpore distance can be easily controlled by varying
conditions of anodization such as composition of electrolyte, process temperature, applied
voltage, process time and pore widening time [46,47]. Figure 14 shows SEM images of the free
standing AAO templates fabricated by the two-step anodization.

Figure 14. A Free-standing AAO fabricated using a two-step anodization. (a) Top view and (b) side view.

However, the free-standing AAO templates and membranes fabricated on aluminum foil are
not be suitable for growing carbon nanotube arrays due to the thermal instability. Under
thermal treatment, which is inevitable in the nanotube fabrication process, the AAO templates
fabricated on aluminum foil easily crack due to the difference in thermal expansion coefficient
of the alumina oxide and underlying aluminum. Moreover, the growth temperature cannot
exceed the aluminum melting point e. In addition, a free-standing AAO template easily cracks
due to its ceramic nature. Therefore, the conventional approach based on the use of the
aluminum foil is not suitable for the CNT growth and fabrication of the carbon nanotube-based
electronic devices.

To avoid this problem, it is necessary to fabricate AAO templates on other functional sub‐
strates. The alternative materials include silicon, quartz and ITO glass, on which the highly
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ordered structure of very thin AAO templates can be fabricated. For example, AAO templates
fabricated on silicon wafers have already been used to fabricate highly ordered carbon
nanotubes [48]. The AAO templates fabricated on non-aluminum substrates can be compatible
with much higher processing temperatures, well above the 700 °C. Silicon substrates may be
also useful for protecting AAO from distortion during the CNT growth.

However, quartz is more advantageous substrate for AAO membranes to be used as templates
for the CNT synthesis. Quartz has a very high melting point, allowing for much higher
temperatures, and can protect the AAO templates from cracking during the thermal treatment.
Another advantage of quartz is transparency enabling the use of AAO templates as photonic
crystals, and thus significantly broadening the application of fabricated AAO templates in
other optics related applications.

Figure 15. Schematic of the fabrication of AAO on quartz. High purity aluminum is deposited onto cleaned quartz,
and the template is fabricated by anodization.

Figure 16. SEM images of the quartz-based AAO template suitable for the fabrication of carbon nanotube arrays. (a)
Side view and (b) top view.
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with much higher processing temperatures, well above the 700 °C. Silicon substrates may be
also useful for protecting AAO from distortion during the CNT growth.
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for the CNT synthesis. Quartz has a very high melting point, allowing for much higher
temperatures, and can protect the AAO templates from cracking during the thermal treatment.
Another advantage of quartz is transparency enabling the use of AAO templates as photonic
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other optics related applications.

Figure 15. Schematic of the fabrication of AAO on quartz. High purity aluminum is deposited onto cleaned quartz,
and the template is fabricated by anodization.
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The high quality AAO templates were fabricated directly on quartz, using a two-step anodi‐
zation without using any inter-layers between the deposited aluminum and quartz substrate.
Figure 15 illustrates the schematic of this process. Prior to the fabrication of AAO template,
quartz samples are cleaned in boiling solution of 30% w.t. of H2SO4 and 70% W.t. of H2O2. After
that, the samples were etched in HF solution (0.1 w.t.% for 30 seconds), placed into an e-beam
evaporator and coated with high purity (99.999%) aluminum to a thickness of 1.0 µm at a
deposition rate of ≈1.5 nm×s-1. The deposited Al film was then anodized to produce porous
alumina templates in an electrolytic cell using a two-step anodization process. As a result, high
quality AAO templates on quartz were fabricated. Figure 16 shows the SEM image of the AAO
templates.

Above results demonstrate that AAO template technology not only can be used in a piece of
aluminum foil, but also can be combined with silicon and other functional substrate technol‐
ogy. AAO template on functional substrate were used in the fabrication of CNT arrays can be
realize the field emitters or possible become optical devices when CNT in quartz-AAO.
Moreover, since the crystallinity of CNTs increase with the synthesis temperature, the emission
current density increases with the synthesis temperature of CNTs. This again demonstrated
that only AAO on functional substrate can realize high quality of CNTs array fabrication.
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1. Introduction

Carbon  nanotube  (CNT)  may  be  classified  into  single  walled  (SWCNT),  double  walled
(DWCNT),  and  multiwalled  carbon  nanotube  (MWCNT)  according  to  the  number  of
graphene layers. In some cases, bamboo-shaped multiwalled carbon nanotubes were also
synthesized.  Among  these  carbon  nanotubes,  multiwalled  carbon  nanotubes  have  been
mass-produced  in  hundreds  metric  tons  level.  Many  researchs  on  multiwalled  carbon
nanotubes  point  to  an  electrode,  polymer  composites,  coating,  and  others.  The  number
of graphene layers,  purity, and crystallinity are the main features of multiwalled carbon
nanotubes,  which need to be characterized. We have proposed one important character‐
istic  of  multiwalled  carbon  nanotubes,  the  mesoscopic  shape  of  MWCNT,  of  which
many  industrial  applications  may  be  comprised.  According  to  our  suggestion,  one  can
determine the degree of  tortuousness of  MWCNT, quantitatively.  (see  ref.1-5 and sections
1-6  in  this  chapter)In  this  chapter,  we  will  describe  the  mesoscopic  shape  factor  of
MWCNT in detail.  Various physical  properties  as  well  as  toxicity  may strongly depend
on the mesoscopic shape factor of MWCNT. Our suggestion has also been published as
an  international  standard  ISO/TS11888  by  international  organization  for  standardization
(ISO) in 2011.

I hope readers enjoy the concepts and expressions shown in this chapter. Especially, this
chapter shall be helpful to whom may want to develop a commercial application by select‐
ing a proper CNT.

© 2013 Lee; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Lee; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Static bending persistence length (SBPL, lsp)

If MWCNTs have no defect along their axis, their appearance would be straight to several
hundred micro meter. Persistence length is the maximum straight length that is not bent by
thermal energy. The persistence length of MWCNT is expected to be several hundred micro
meter due to its exceptional high modulus. Static bending persistence length (SBPL) has
been proposed in our earlier work to quantify the mesoscopic shape of MWCNT. SBPL is
the maximum straight length that is not bent by permanent deformation. Fig. 1 shows the
concept of SBPL. When a length considered is longer than SBPL, the shape of MWCNT looks
tortuous. On the contrary, the shape of MWCNT looks straight as a length considered is
shorter than SBPL.

Figure 1. The concept of static bending persistence length of MWCNT (lsp).

If length considered is longer than SBPL, the shape of MWCNT looks tortuous. On the con‐
trary, the shape of MWCNT looks straight as a length considered is shorter than SBPL.

3. Mathematical expression of SBPL (lsp)

The end-to-end vector can be obtained such as eq 1 when the distribution of bending points
({φ}≡ (φ1, φ2,...,φk )) is given.
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i i
i

N j
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= åR r (1)

The spatial average of end-to-end distance R  should be zero, since probability to bend to
one direction is the same as that to the opposite direction. Then spatial average of square
end-to-end vector is obtained as eq 2
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where Db is a bending ratio, φi = Ni / N  , Ni is the number of unit segment in i-direction seg‐
ment, N is the total number of unit segment, k =m + 1, m is the number of static bending
points on a coil, and ri is i-direction segment vector with the length of b. The expression
shown in eq 3 is significant. This indicates that we can obtain the distribution function when
we have enough data. This is often called as ill-posed problem. Regularization method in
applied mathematics gives us the solution for solving the problems. Equation 3 holds only if
a probability of the fold-back conformation is the same as that of the straight conforma‐
tion.By using the scaling law, the coil expressed in eq 2 and 3 can be renormalized into the
coil that has constant segment length, 2l p0. Then we can obtain eq 3 with φi =2l p0 / L  and
k = L / 2l p0. We can also consider a case where the bent angle (θ) between the ith and (i+1)th
segments is a fixed small angle. The spatial average of the square end-to-end vector is ob‐
tained as following
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Figure 2. Tortuous MWCNT; bent points are distributed randomly along MWCNT axis.

Equation 7 can also be renormalized into the coil that has a constant segment length, 2lsp.
The bending ratio (Db) is expressed as eq 9
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where lsp =Clp0 is the static bending persistence length and Cshould be a constant for a fixed
bent angle. The static bending persistence length is a statistical quantity, representing the
maximum straight length that is not bent by static bending. In the case of continuous curva‐
ture, a more accurate statement is that the static bending persistence length is the mean radi‐
us of curvature of the rigid random-coil due to static bending. The same quantity arising
from dynamic bending instead of static bending is dynamic bending persistence length (lp).
The dynamic bending persistence length represents the stiffness of the molecules as deter‐
mined by the effective bending modulus against thermal energy in Brownian motion. Equa‐
tion 5 is valid when L > > lsp, the coil limit. Db = R 2 / L 2 =1 when L < lsp, the rod limit.If we
know the values of end-to-end distance and contour length, the bending ratio can be ob‐
tained from the mean-squared end-to-end distance divided by the mean-squared contour
length. The end-to-end distance of RRC varies with the change of bending angle. The differ‐
ence can be compromised by using an arbitrary unit segment length which is similar to the
scaling of polymer chain. The mean-squared end-to-end distance by the Kratky-Porod (KP)
expression is given by eq 10 when the dynamic bending persistence length (lp) is replaced by
the static bending persistence length (lsp) and the twice lsp equals to Kuhn length.
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4. Measurement methods for SBPL

The plot of eq 10 is presented in Fig. 3. Given data, the SBPL can be obtained by eq 11.
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Figure 3. Bending ratio (Db) with respect to reciprocal contour length.

In this method, one need to have experimental data for R 2  and L . In order to obtain these
data, one have to cut MWCNTs into pieces with various L . Acid cutting or mechanical cut‐
ting method may be applied to obtain pieces of MWCNT. It is worth to note that R 2  are
Gaussian, given contour length (L ). That is, various end-to-end distances may be measured
for a constant L . This method is exact, but hard to obtain the experimental data.

Figure 4. Approximation method to determine SBPL; the mean radius of curvature approximate SBPL.
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Equation 7 can also be renormalized into the coil that has a constant segment length, 2lsp.
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where lsp =Clp0 is the static bending persistence length and Cshould be a constant for a fixed
bent angle. The static bending persistence length is a statistical quantity, representing the
maximum straight length that is not bent by static bending. In the case of continuous curva‐
ture, a more accurate statement is that the static bending persistence length is the mean radi‐
us of curvature of the rigid random-coil due to static bending. The same quantity arising
from dynamic bending instead of static bending is dynamic bending persistence length (lp).
The dynamic bending persistence length represents the stiffness of the molecules as deter‐
mined by the effective bending modulus against thermal energy in Brownian motion. Equa‐
tion 5 is valid when L > > lsp, the coil limit. Db = R 2 / L 2 =1 when L < lsp, the rod limit.If we
know the values of end-to-end distance and contour length, the bending ratio can be ob‐
tained from the mean-squared end-to-end distance divided by the mean-squared contour
length. The end-to-end distance of RRC varies with the change of bending angle. The differ‐
ence can be compromised by using an arbitrary unit segment length which is similar to the
scaling of polymer chain. The mean-squared end-to-end distance by the Kratky-Porod (KP)
expression is given by eq 10 when the dynamic bending persistence length (lp) is replaced by
the static bending persistence length (lsp) and the twice lsp equals to Kuhn length.
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4. Measurement methods for SBPL

The plot of eq 10 is presented in Fig. 3. Given data, the SBPL can be obtained by eq 11.
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In this method, one need to have experimental data for R 2  and L . In order to obtain these
data, one have to cut MWCNTs into pieces with various L . Acid cutting or mechanical cut‐
ting method may be applied to obtain pieces of MWCNT. It is worth to note that R 2  are
Gaussian, given contour length (L ). That is, various end-to-end distances may be measured
for a constant L . This method is exact, but hard to obtain the experimental data.
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The mean radius of curvature approximates the SBPL. One can easily obtain the mean value
of the radius of curvatures of MWCNTs from any SEM images as seen in Fig. 4. The approx‐
imation method is convenient because SEM images of as-synthesized or as-received
MWCNT can be directly used. The SBPL obtained by the approximation could have an error
up to 200% compared to those obtained by exact method. However, the approximated value
of SBPL still has physical significant in many applications, since many applied properties
depend on the order of magnitude of SBPL.

5. Intrinsic viscosity of MWCNTs

From the molecular weight, the contour length, and the persistence length, the intrinsic vis‐
cosity of MWCNTs can be calculated. If we apply the intrinsic viscosity model of a worm-
like coil to the rigid random-coil, the following expressions are obtained,
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where M  is molecular weight, eis spacing between frictional elements along the contour,
a =ζ / 3πηs, ζis the friction factor for a single frictional element, and ηs is the solvent viscosi‐
ty. For the non-draining limit for the random coil, f =1 , giving the maximum value of in‐
trinsic viscosity in the model. When we take the static bending persistence length (lsp) as the
length of a single frictional element, the friction factor of the element in eq 14 may follow the
rigid-rod model such that ζT =3πηslsp / (ln(lsp / d ) + 0.3) for the translational motion and may
be ζr =πηslsp3 / (3(ln(lsp / d )−0.8)) for the end-over-end rotational motion. Translational-rota‐
tional coupling and hydrodynamic shielding may also be considered for the evaluation of
friction factor in eq 14.In this case, we can surmise that friction factor in eq 14 is scaled with
lsp

s , where s is larger than unit value. We can reasonably neglect e / a in eq 14. The measure‐
ment of intrinsic viscosity assumes the deformation rate is slow enough. The intrinsic viscos‐
ity is determined by the competition of tendency of orientation toward flow direction and
tendency to random orientation due to thermal motion (Brownian motion). The measure‐
ment often performed at shear rate of several hundreds reciprocal second. At this regime,
CNTs may be extended to the static shape by shear force where peclet number
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(Pe = γ̇(2Rh )2 / DT ) is over 10.It is worth noting that the static bending persistence length de‐
termined from intrinsic viscosity is consistent with that determined from 3-D SEM analysis
in dried state.

6. Diffusions of MWCNTs

Not only the toxicological issues but also researches on novel hybrid materials or nano-scale
devices points to the need for the understanding of overall shape and mobility of carbon
nanotube particles in a solution or in atmosphere.The degree of flexibility of carbon nano‐
tubes is the major ingredient for the shape and mobility, however it is also puzzling.The per‐
sistence lengths of single-walled carbon nanotubes are expected to be in the order of tens to
hundreds of micrometers due to their exceptionally large modulusand to have longer persis‐
tence lengths for muliwalled nanotubes, indicating currently prepared several-micrometer
long nanotubes behave like rigid rods. Elastic fluctuations of semi-rigid particles by thermal
energy have been described exactly by the worm-like coil model proposed more than 50
years ago by Kratky and Porod. The model describes the stiffness of molecules by dynamic
bending persistence lengths (mean radius of curvatures) which are determined by effective
bending modulus (Eeff ) against thermal energy (kT ) in a solution. Theoretical calculation‐
shave shown that the dynamic bending persistence lengths (lps) of carbon nanotubes (CNTs)
are up to several millimetersdue to their exceptionally large Young’s modulus of about 1.5
TPa. Real-time visualization technique revealed that lp s of singlewalled carbon nanotubes
(SWCNTs) are between 32 and 174μm, indicating SWCNTs shorter than lp(=32μm) may be
rigid around room temperature in a solution. However, rippling developed on the compres‐
sive side of the tube leading to a remarkable reduction of the effective bending modulus,
which is more pronounced for multiwalled carbon nanotubes (MWCNTs). Theoretical calcu‐
lationshave shown that the effective bending moduli of MWCNTs are around 0.5 nN nm 2

when the radii of curvatures are around 150 ~ 500nm. This indicates MWCNTs longer than
0.5 μmmight be flexible in a solution around room temperature, since thermal energy is
about 4.1 x 10-3nN nm. It seems not likely that van der Waals interaction between graphene
layers is the only reason that makes the effective bending moduli of MWCNTs more than
100 times smaller than SWCNT.

Both MWCNTs and SWCNTs discussed above are no more than worm-like coils (WLCs)
where ensemble average of overall size (end-to-end distance) scales with the square root of
molecular weight (contour length) in asymptotic limit. Our recent work has revealed that
the spatial average of overall size of MWCNTs also follows the same scaling as WLCs in
spite of their static bent points. We designated these MWCNTs as rigid random-coils
(RRCs).The only difference between RRCs and WLCs is whether the bending points are stat‐
ic or dynamic by thermal energy.The relationship between the shape and size of RRCs has
been characterized by static bending persistence lengths (lsps). Because both RRCs and
WLCs are Gaussian, the models for the mobility of WLCs may also work for RRCs.
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The mean radius of curvature approximates the SBPL. One can easily obtain the mean value
of the radius of curvatures of MWCNTs from any SEM images as seen in Fig. 4. The approx‐
imation method is convenient because SEM images of as-synthesized or as-received
MWCNT can be directly used. The SBPL obtained by the approximation could have an error
up to 200% compared to those obtained by exact method. However, the approximated value
of SBPL still has physical significant in many applications, since many applied properties
depend on the order of magnitude of SBPL.

5. Intrinsic viscosity of MWCNTs

From the molecular weight, the contour length, and the persistence length, the intrinsic vis‐
cosity of MWCNTs can be calculated. If we apply the intrinsic viscosity model of a worm-
like coil to the rigid random-coil, the following expressions are obtained,
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where M  is molecular weight, eis spacing between frictional elements along the contour,
a =ζ / 3πηs, ζis the friction factor for a single frictional element, and ηs is the solvent viscosi‐
ty. For the non-draining limit for the random coil, f =1 , giving the maximum value of in‐
trinsic viscosity in the model. When we take the static bending persistence length (lsp) as the
length of a single frictional element, the friction factor of the element in eq 14 may follow the
rigid-rod model such that ζT =3πηslsp / (ln(lsp / d ) + 0.3) for the translational motion and may
be ζr =πηslsp3 / (3(ln(lsp / d )−0.8)) for the end-over-end rotational motion. Translational-rota‐
tional coupling and hydrodynamic shielding may also be considered for the evaluation of
friction factor in eq 14.In this case, we can surmise that friction factor in eq 14 is scaled with
lsp

s , where s is larger than unit value. We can reasonably neglect e / a in eq 14. The measure‐
ment of intrinsic viscosity assumes the deformation rate is slow enough. The intrinsic viscos‐
ity is determined by the competition of tendency of orientation toward flow direction and
tendency to random orientation due to thermal motion (Brownian motion). The measure‐
ment often performed at shear rate of several hundreds reciprocal second. At this regime,
CNTs may be extended to the static shape by shear force where peclet number
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(Pe = γ̇(2Rh )2 / DT ) is over 10.It is worth noting that the static bending persistence length de‐
termined from intrinsic viscosity is consistent with that determined from 3-D SEM analysis
in dried state.

6. Diffusions of MWCNTs

Not only the toxicological issues but also researches on novel hybrid materials or nano-scale
devices points to the need for the understanding of overall shape and mobility of carbon
nanotube particles in a solution or in atmosphere.The degree of flexibility of carbon nano‐
tubes is the major ingredient for the shape and mobility, however it is also puzzling.The per‐
sistence lengths of single-walled carbon nanotubes are expected to be in the order of tens to
hundreds of micrometers due to their exceptionally large modulusand to have longer persis‐
tence lengths for muliwalled nanotubes, indicating currently prepared several-micrometer
long nanotubes behave like rigid rods. Elastic fluctuations of semi-rigid particles by thermal
energy have been described exactly by the worm-like coil model proposed more than 50
years ago by Kratky and Porod. The model describes the stiffness of molecules by dynamic
bending persistence lengths (mean radius of curvatures) which are determined by effective
bending modulus (Eeff ) against thermal energy (kT ) in a solution. Theoretical calculation‐
shave shown that the dynamic bending persistence lengths (lps) of carbon nanotubes (CNTs)
are up to several millimetersdue to their exceptionally large Young’s modulus of about 1.5
TPa. Real-time visualization technique revealed that lp s of singlewalled carbon nanotubes
(SWCNTs) are between 32 and 174μm, indicating SWCNTs shorter than lp(=32μm) may be
rigid around room temperature in a solution. However, rippling developed on the compres‐
sive side of the tube leading to a remarkable reduction of the effective bending modulus,
which is more pronounced for multiwalled carbon nanotubes (MWCNTs). Theoretical calcu‐
lationshave shown that the effective bending moduli of MWCNTs are around 0.5 nN nm 2

when the radii of curvatures are around 150 ~ 500nm. This indicates MWCNTs longer than
0.5 μmmight be flexible in a solution around room temperature, since thermal energy is
about 4.1 x 10-3nN nm. It seems not likely that van der Waals interaction between graphene
layers is the only reason that makes the effective bending moduli of MWCNTs more than
100 times smaller than SWCNT.

Both MWCNTs and SWCNTs discussed above are no more than worm-like coils (WLCs)
where ensemble average of overall size (end-to-end distance) scales with the square root of
molecular weight (contour length) in asymptotic limit. Our recent work has revealed that
the spatial average of overall size of MWCNTs also follows the same scaling as WLCs in
spite of their static bent points. We designated these MWCNTs as rigid random-coils
(RRCs).The only difference between RRCs and WLCs is whether the bending points are stat‐
ic or dynamic by thermal energy.The relationship between the shape and size of RRCs has
been characterized by static bending persistence lengths (lsps). Because both RRCs and
WLCs are Gaussian, the models for the mobility of WLCs may also work for RRCs.
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Translational diffusion coefficient is defined by the mobility of particle against thermal ener‐
gy as Einstein relation, eq 15.

kTD
z

= (15)

where k  is Boltzman constant, T  is temperature, and 1 / ζ is the mobility. By analogy to mac‐
romolecule, a MWCNT with static bend points can also be considered to be made up N
identical structural elements with a frictional factor ζe per unit element and a spacing e be‐
tween elements along the contour of the coil.In this case, the mobility in eq 15 may be ex‐
pressed as the sum of free-draining contribution (1 / N ζe) and hydrodynamic interaction
contribution which is called non-draining term.
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where ζij is the frictional factor by interaction between ith and jth element and i ≠ j.

Figure 5. CNT made up N identical frictional element.

When we choose a spherical bead having diameter of a as a frictional element, the frictional
factor of each element follows Stokes-Einstein relation, ζe =3aπηs where ηs is the viscosity of
solvent. The frictional factor by interaction between ith and jth element may also follow
Stokes-Einstein relation since a mean value of distance between elements i and jis small.
Then, Kirkwood expression is obtained such as eq 17.
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where rij ≡ Rij / e and Rij is the distance between element i and j,e is solvated diameter of
molecule, and N  is number of frictional element, N = L / e. Here, we can see that mathemati‐
cal expression for the mobility of RRCs is similar to that of WLCs. Equation 17 is widely
used for the estimation of translational diffusion coefficient of macromolecules. Equation 18
has been solved by Hearst and Stockmayer using Riseman-Kirkwood theory and Daniel dis‐
tribution. We notice that r̄ ij is no more than a mean value of distance between the frictional
element i and j. Then, r̄ ij must depend on the conformation of the carbon nanotubes. Hearst
and Stockmayer obtained r̄ ij by the Kirkwood-Riseman theory as eq 19.
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where F (r , n) is the unknown distribution for all n, f (r , n) is the known distribution, x is
the contour distance of the point of interest from one end of the carbon nanotube, nis the
contour distance from the point of interest to the frictional element n, and r  is the displace‐
ment of frictional element n from the point of interest. Hearst and Stockmayer chose the
Daniels distribution which includes a first-order correction to a Gaussian distribution as
f (r , n), and obtained r̄ ij as eq 20.
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where N = L / e, L  is contour length, eis spacing between frictional elements along the con‐
tour, L p = lp / e, and lp is persistence length. The translational diffusion coefficient of worm-
like coil can be estimated by eqs 15, 17, and 20. Rotational diffusion coefficientis expressed
as eq 21.
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Equations 20 and 21 are valid for a semi-flexible rod when the contour length of rod is much
longer than its persistence length such that the mean squared end-to-end distance follows
random-coil scaling, R 2 = N b 2 where b =2lp.The semi-flexible rods in this coil limit, L > > lp ,
are so-called worm-like coils (WLCs). We see that the mobility is determined solely by the
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Translational diffusion coefficient is defined by the mobility of particle against thermal ener‐
gy as Einstein relation, eq 15.
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contribution which is called non-draining term.
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where ζij is the frictional factor by interaction between ith and jth element and i ≠ j.
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When we choose a spherical bead having diameter of a as a frictional element, the frictional
factor of each element follows Stokes-Einstein relation, ζe =3aπηs where ηs is the viscosity of
solvent. The frictional factor by interaction between ith and jth element may also follow
Stokes-Einstein relation since a mean value of distance between elements i and jis small.
Then, Kirkwood expression is obtained such as eq 17.

( ) 11 1 1 1
3 2 ij ij

i js

a r
N a Ne

d
z ph

-
é ù

= + -ê ú
ê úë û

åå (17)

Syntheses and Applications of Carbon Nanotubes and Their Composites46

( ) 11 1 1 1 ij ij
ij i jij

r
eR er

d -æ ö
= = -ç ÷

è ø
åå (18)

where rij ≡ Rij / e and Rij is the distance between element i and j,e is solvated diameter of
molecule, and N  is number of frictional element, N = L / e. Here, we can see that mathemati‐
cal expression for the mobility of RRCs is similar to that of WLCs. Equation 17 is widely
used for the estimation of translational diffusion coefficient of macromolecules. Equation 18
has been solved by Hearst and Stockmayer using Riseman-Kirkwood theory and Daniel dis‐
tribution. We notice that r̄ ij is no more than a mean value of distance between the frictional
element i and j. Then, r̄ ij must depend on the conformation of the carbon nanotubes. Hearst
and Stockmayer obtained r̄ ij by the Kirkwood-Riseman theory as eq 19.
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where F (r , n) is the unknown distribution for all n, f (r , n) is the known distribution, x is
the contour distance of the point of interest from one end of the carbon nanotube, nis the
contour distance from the point of interest to the frictional element n, and r  is the displace‐
ment of frictional element n from the point of interest. Hearst and Stockmayer chose the
Daniels distribution which includes a first-order correction to a Gaussian distribution as
f (r , n), and obtained r̄ ij as eq 20.
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where N = L / e, L  is contour length, eis spacing between frictional elements along the con‐
tour, L p = lp / e, and lp is persistence length. The translational diffusion coefficient of worm-
like coil can be estimated by eqs 15, 17, and 20. Rotational diffusion coefficientis expressed
as eq 21.
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Equations 20 and 21 are valid for a semi-flexible rod when the contour length of rod is much
longer than its persistence length such that the mean squared end-to-end distance follows
random-coil scaling, R 2 = N b 2 where b =2lp.The semi-flexible rods in this coil limit, L > > lp ,
are so-called worm-like coils (WLCs). We see that the mobility is determined solely by the
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average conformation of particle with a given solvent viscosity and a contour length in eqs
13 and 14. We can reasonably surmise that the diffusion coefficients of RRCs are similar to
those of WLCs with a given contour length, if the values of static bending persistence
lengths (lsps) of RRCs are the same as those of the dynamic bending persistence lengths (lps)
of WLCs.When hydrodynamic shielding effect is taken into account, the diffusion coeffi‐
cients of RRCs might be slightly larger than those of WLCs due to the static bent points. The
root mean-squared end-to-end distance of RRCs are given by eq 22.
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where Db is bending ratio, lsp is static bending persistence length, l p0 is an arbitrary constant
segment length, θis static bent angle from the MWCNT axis, φi = Ni / N , Niis the number of
unit segment in i-direction segment, N is the total number of unit segment, k =m + 1, m is the
number of static bending points on a coil. When RRCs have semi-flexibility by thermal ener‐
gy, the ensemble average of bent angle (θ2) always becomes larger in amount of Δθ than the
static bent angle θ;θ2 =θ + Δθ. This is due to the fact that the effective bending modulus to‐
ward the bent direction is smaller than that toward the opposite direction.This indicates that
the overall size of RRCs may be decreased when they are fluctuated by thermal energy. Be‐
cause frictional elements of RRCs have Gaussian distribution by the definition of RRCs,
those of semi-flexible RRCs also have Gaussian distrbution. Therefore, eqs 20 and 21 are also
valid for semi-flexible RRCs when the persistence length is replaced by an apparent persis‐
tence length. The apparent persistence length (lap) is determined by the static bent angle (θ)
and dynamic bent angle due to thermal energy (Δθ) as following.
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Expression for the translational diffusion coefficient of RRCs can be obtained from eqs 15,
17,18, and 24.
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Similary, expression for the rotational diffusion coefficient of RRCs can be obtained as fol‐
lowing.
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where L ap = lap / e.Equations 25 and 26 are promising for the estimation of diffusion coeffi‐
cients of MWCNTs synthesized by a CVD method. In other words, eqs 25 and 26 give us the
information of the shape and size of MWCNTs if we have the measured values of diffusion
coefficients.
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Figure 6. Size of carbon nanotube (R) is decreased to R2 at the elevated temperature.

7. Dynamic light scattering

The translational and rotational Brownian motions lead to fluctuation in the intensity of
scattered light.The velocity of particles in Brownian motion can be directly measured by us‐
ing dynamic light scattering (DLS) method, since time is correlated to obtain the intensity
autocorrelation function (g (2)(t)). The intensity autocorrelation function is connected to the
electric field autocorrelation function (g (1)(t)) which is given by eq 27 for a monodisperse
solution.

(1) ( ) exp( )g t t= -G (27)
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average conformation of particle with a given solvent viscosity and a contour length in eqs
13 and 14. We can reasonably surmise that the diffusion coefficients of RRCs are similar to
those of WLCs with a given contour length, if the values of static bending persistence
lengths (lsps) of RRCs are the same as those of the dynamic bending persistence lengths (lps)
of WLCs.When hydrodynamic shielding effect is taken into account, the diffusion coeffi‐
cients of RRCs might be slightly larger than those of WLCs due to the static bent points. The
root mean-squared end-to-end distance of RRCs are given by eq 22.

( ) ( )
( )

2 2 2 2

1

1 cos
1 cos

k

i b
i

N b L D
q

j
q=

æ ö+æ ö
= =ç ÷ç ÷ç ÷ç ÷-è øè ø

å2R (22)

( )
( )

( )
( )

2
0 02

2
1

2 2 21 cos 1 cos
1 cos 1 cos

k p p sp
b i

i

l l l
D C

L L LL
q q

j
q q=

æ ö æ öæ ö æ ö+ +æ ö
ç ÷ ç ÷º @ @ = =ç ÷ ç ÷ç ÷ç ÷ç ÷ ç ÷ç ÷ ç ÷- -è øè ø è øè ø è ø

å
R

(23)
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where Γ = Dq 2 with D, the translational diffusion coefficient of the molecules, and q, the scat‐
tering vector magnitude (q =4πnsin(θ / 2) /λ0 where n is the solution refractive index, θ is
the scattering angle, and λ0 is the incident light wavelength in vacuo). For polydisperse solu‐
tions, the electric field correlation function is given by a sum or distribution of exponentials,

( ) ( ) ( )(1)
0

expg t G t d
¥

= G -G Gò (28)

where

In many cases, a single exponent obtained from an average translational diffusion coefficient
value fits the decay rate of the electric field correlation function such as eq 29

( )1 0av
K G d

¥
= G = G G Gò (29)

where K1 is the first cumulant. When a solution is dilute enough neglecting the interaction
between particles, the effective diffusion coefficient can be obtained by the intensity average.
The intensity of light scattered by macromolecule species i is often proportional to the mo‐
lecular weight (Mi) times the weight concentration (ci). In this case, the intensity average dif‐
fusion coefficient equals to z average diffusion coefficient.

The average decay rate (Γ) of the electric field autocorrelation function can be obtained by
using conventional DLS.The first cumulant generally fits the data well for carbon nanotube
solutions. When the incident light and detector are both vertical, Vv, translational diffusion
are characterized by eq 30.

2
Vv Tq DG = (30)

When the incident light vertical and detector horizontal, Hv , the diffusion of anisotropic
particle are characterized by eq 31

2 6Hv T Rq D DG = + (31)

where DT is translational diffusion coefficient and DR is rotational diffusion coefficient. This
equation is valid if the particle rotates many times while diffusing a distance comparable to
q −1 or if there is little anisotropy in particle dimension. MWCNTs solution meets with the
former case in this work. Now we have three independent mathematical model eqs 25, 26,

( )0
1G d

¥
G G =ò

Syntheses and Applications of Carbon Nanotubes and Their Composites50

and 12. And two equations for DLS measurement.Three unknown shape factors of static
bending persistence length, contour length, and thermal fluctuation angle can be deter‐
mined from the measured diffusion coefficients and intrinsic viscosity using eqs 25, 26, and
12.This is uniqueness of carbon nanotubes compared to macromolecules, since macromole‐
cules have only two unknown shape factors of persistence length and contour length.

8. Micro rheology

The terminology of “microrheology” is used, to distinguish the technique from conventional
(macro) rheology. In the microrheology, colloidal particles are used for probing the rheology
of material of interest. The starting point is the Stokes-Einstein relation.

6T
s

kTD
aph

= (32)

If we have measured values of translational diffusion coefficient, the viscosity of material of
interest can be easily obtained by

6s
T

kT
a D

h
p

= (33)

where a is the radius of spherical colloidal particle; colloidal particles have usually average
diameter between 1 nm and 1000 nm. It is comparable the ISO definition of nanoparticles
those have average diameter between 1 nm and 100 nm. In this sense, nanoparticles are just
some kinds of colloidal particles. When we have measured value of mean-squared displace‐
ment of probe particle, the following equation can be utilized.

( )2 6 T
s

kTr t D t
ap h

= = (34)

This seemingly simple idea has done a great impact on various research fields, indeed. One
example is the nanoparticles dispersed in a polymer melt. It is often reported that nanoparti‐
cles seems diffuse faster than expected. The origin of this phenomenon lies in the “Nano”
size. The viscosity of polymer melt is well described by integral constitutive equations such
as reptation model. In this model, the viscosity is determined by the stress relaxation time of
polymer chain from the constraint of entanglement. When the observation time is much
shorter than any relaxation time of polymer in rheometry of frequency sweep, the polymers
behave like a crosslinked rubber, exhibiting a plateau modulus. The plateau modulus of pol‐
ymers is determined from the entanglement lengths of polymer such as
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and 12. And two equations for DLS measurement.Three unknown shape factors of static
bending persistence length, contour length, and thermal fluctuation angle can be deter‐
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12.This is uniqueness of carbon nanotubes compared to macromolecules, since macromole‐
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some kinds of colloidal particles. When we have measured value of mean-squared displace‐
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This seemingly simple idea has done a great impact on various research fields, indeed. One
example is the nanoparticles dispersed in a polymer melt. It is often reported that nanoparti‐
cles seems diffuse faster than expected. The origin of this phenomenon lies in the “Nano”
size. The viscosity of polymer melt is well described by integral constitutive equations such
as reptation model. In this model, the viscosity is determined by the stress relaxation time of
polymer chain from the constraint of entanglement. When the observation time is much
shorter than any relaxation time of polymer in rheometry of frequency sweep, the polymers
behave like a crosslinked rubber, exhibiting a plateau modulus. The plateau modulus of pol‐
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The plateau modulus of polymer is usually reported in the order of 10 6~7Pa. Entanglement
molecular weight of polymer is about 1000~2000 g/mole. The entanglement length is about
10~100 nm.The particles having comparable size to the entanglement length of a polymer
would feel less frictional force than expected from the melt viscosity in macrorheology.
Therefore, viscosity of polymer melt is much lower for the nanoparticles. This may lead to
the faster thermal motion of nanoparticle compared to a larger particles.

9. Applications

In our previous works, we demonstrated that MWCNT having shorter SBPL have a certain
merit in a polymer composite for electrical conductive application. When MWCNTs are nee‐
dle-like, polymer composites comprised of them exhibit higher electrical conductivity com‐
pared to those comprised of tortuous MWCNTs. The situation changed drastically when the
composites were molded into a specimen by injection molding machine. The needle like
CNTs aligned to the flow direction, which broke the electrical conductive networks, then the
composites lose the electrical conductivity. However, this problem was not observed when
the composites contained tortuous MWCNTs which have a short SBPL. We also showed that
the electrical percolation threshold depends on the length of MWCNT when MWCNT are
needle-like. But, the electrical percolation threshold depends on the SBPL for a tortuous
MWCNT. Thermal conductivity and linear thermal expansivity are also strongly dependant
properties on the SBPL of MWCNT. Especially, thermal shrinkable material can be fabricat‐
ed as well as thermal expansive material by controlling SBPL of MWCNT.
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Chapter 4

Fabrication, Purification and Characterization of
Carbon Nanotubes: Arc-Discharge in Liquid Media
(ADLM)

Mohsen Jahanshahi and Asieh Dehghani Kiadehi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51116

1. Introduction

Carbon nanotubes (CNTs) were first discovered by Iijima in 1991 [1]. CNTs have sparked
great interest in many scientific fields such as physics, chemistry, and electrical engineering
[2, 3]. CNTs are composed of graphene sheets rolled into closed concentric cylinders with
diameter of the order of nanometers and length of micrometers. CNTs are in two kinds,
based on number of walls, the single-walled and multi-walled.

The diameter of single walled carbon nanotubes (SWNTs) ranges from 0.4 nm to 3nm and
the length can be more than 10 mm that makes SWNTs good experimental templates to
study one-dimensional mesoscopic physics system [3]. These unique properties have been
the engines of the rapid development in scientific studies in carbon based mesoscopic phys‐
ics and numerous applications such as high performance field effect transistors [4-9], single-
electron transistors [10, 11], atomic force microscope tips [12], field emitters [13, 14],
chemical/biochemical sensors [15-18], hydrogen storage [19].

There are three important methods to produce high quality CNT namely laser [20], arc dis‐
charge [21, 22], and Chemical Vapor Deposition (CVD) [23, 24]. Recently, arc discharge in
liquid media has been developed to synthesize several types of nano-carbon structures such
as: carbon onions, carbon nanohorns and carbon nanotubes. This is a low cost technique as it
does not require expensive apparatus [25,26].

However, several techniques such as oxidation, nitric acid reflux, HCl reflux, organic func‐
tionalization, filtration, mechanical purification and chromatographic purification have been
developed that separate the amorphous carbons and catalyst nanoparticles from the CNTs
while a significant amount of CNTs are also destroyed during these purification processes [27].

© 2013 Jahanshahi and Kiadehi; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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distribution, and reproduction in any medium, provided the original work is properly cited.
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In this review paper, synthesis, purification and structural characterization of CNTs based
on arc discharge in liquid media are reviewed and discussed. In addition, several parame‐
ters such as: voltage difference between electrodes, current, type and ratio of catalysts, elec‐
trical conductivity, concentration, type and temperature of plasma solution, as well as
thermal conductivity on carbon nanotubes production are investigated.

2. Synthesis of CNTs

2.1. Laser vaporization

The laser vaporization method was developed for CNT production by Smalley's group [28,
29]. The laser is suitable for materials with high boiling temperature elements such as car‐
bon because of its high energy density. The quantities of CNTs, in this method are large.
Smalley's group further developed the laser method also known as the laser-furnace method
[28]. Fullerenes with a soccer ball structure are produced only at high furnace temperatures,
underlining the importance of annealing for nanostructures [28]. These discoveries were ap‐
plied to produce CNTs [29] in 1996, especially SWNTs. A beam of high power laser imping‐
es on a graphite target sitting in a furnace at high temperature as Figure1 shows.

Figure 1. Schematic drawing of a laser obtain.

The target is vaporized in high-temperature buffer gas like Ar and formed CNTs. The pro‐
duced CNTs are conveyed by the buffer gas to the trap, where they are collected. Then
CNTs can be found in the soot at cold end.

This method has several advantages, such as high-quality CNTs production, diameter con‐
trol, investigation of growth dynamics, and the production of new materials. High-quality
CNTs with minimal defects and contaminants, such as amorphous carbon and catalytic met‐
als, have been produced using the laser-furnace method together with purification processes
[30-32] but the laser has sufficiently high energy density to vaporize target at the molecular
level. The graphite vapor is converted into amorphous carbon as the starting material of
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CNTs [33-35]. However, the laser technique is not economically advantageous, since the
process involves high purity graphite rods, high power lasers and low yield of CNTs.

2.2. Chemical vapor deposition (CVD)

The chemical vapor deposition (CVD) is another method for producing CNTs in which a hy‐
drocarbon vapor is thermally decomposed in the presence of a metal catalyst. In this meth‐
od, carbon source is placed in gas phase in reaction chamber as shown in Figure 2. The
synthesis is achieved by breaking the gaseous carbon molecules, such as methane, carbon
monoxide and acetylene, into reactive atomic carbon in a high temperature furnace and
sometime helped by plasma to enhance the generation of atomic carbon [36].

This carbon will get diffused towards substrate, which is coated with catalyst and nanotubes
grow over this metal catalyst. Temperature used for synthesis of nanotube is 650 – 900 0C
range and the typical yield is 30% [36].

Figure 2. Schematic diagram of a CVD setup.

In fact, CVD has been used for producing [37-39] carbon filaments and fibers since 1959.
Figure 2 shows a schematic diagram of the setup used for CNT growth by CVD in its sim‐
plest form. CNTs grow over the catalyst and are collected upon cooling the system to room
temperature. The catalyst material may be different, solid, liquid, or gas and can be placed
inside the furnace or fed in from outside [40, 41].

2.3. Arc Discharge

A schematic diagram of the arc discharge apparatus for producing CNTs is shown in Figure
3. In this method, two graphite electrodes are installed vertically, and the distance between
the two rod tips is usually in the range of 1–2 mm. The anode and cathode are made of pure
graphite (those are, with a purity of 99.999%).
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The anode is drilled, and the hole is filled with catalyst metal powder then the chamber is
connected to a vacuum line with a diffusion pump and to a gas supply [43]. Like the anode
in a DC electric arc discharge reactor, CNT is synthesized of graphite rod. After the evacua‐
tion of the chamber by a diffusion pump, rarefied ambient gas is introduced [43].

Figure 3. Schematic diagram of apparatus for preparing CNTs.

When a dc arc discharge is applied between the two graphite rods, the anode is consumed,
and fullerene is formed in the chamber soot [43]. The mass production of multi wall carbon
nanotubes (MWCNTs) by this dc arc discharge evaporation was first achieved by Ebbesen
and Ajayan [44].

3. Arc-Discharge in Liquid Media (ADLM)

The traditional arc-plasma growth method for CNTs necessitates complex gas-handling
equipment, a sealed reaction chamber, a liquid-cooled system and time consuming purge
cycles. The act of extraction of nanotube’s product is so complicated [45]. To be compared,
the growth of arc plasma in water requires simple operation and equipment which had
made the process of CNTs production noticeable [47].

Ishigami et al. [48] developed a simple arc method in liquid nitrogen for the first time that
allow for the continuous synthesis of high-quality CNTs. The materials obtained are mainly
MWCNTs, amorphous carbon, graphitic particles and carbonaceous material [48, 49]. Subse‐
quently, an aqueous arc-discharge (arc-water) method was developed. Lange et al. [50] gen‐
erated onions, nanotubes and encapsulates by arc discharge in water. Figure 4 is shown
produced CNTs in LiCl 0.25 N media [51].
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Figure 4. Carbon nanotubes produced in LiCl 0.25 N [51].

The arc discharge in liquid is initiated between two high purity graphite electrodes. Figure 5
is shown schematic device of arc discharge in liquid. Both electrodes are submerged in the
liquid in a beaker. At first, the electrodes touch each other and are connected with a direct
current (DC) power supply.

Figure 5. Schematic device of arc discharge in liquid.

The cathode is usually 20 mm in diameter, while the anode is 6 mm in diameter. Then the arc
discharge is initiated by slowly detaching the moveable anode from the cathode. The arc gap is
kept at the proper value (about 1 mm) that the continuous arc discharge could be obtained [52].
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Recently carbon nanotubes (CNTs) were fabricated successfully with arc discharge in solu‐
tion by a novel full automatic set up [51].

The arc discharge and consequently consumption of anode result to increase the distance
between the two electrodes and degrees the voltage between them as well. In order to re‐
main constant voltage and gap between the two electrodes, the program automatically will
compare the initial voltage with the voltage of two electrodes with an accuracy of 0.1 V. Based
on the calculated difference the program calculates the proportional coefficient for the pro‐
portional  controller.  Figure  6  is  schematic  of  the  apparatus  used for  automatic  arc  dis‐
charge in solution [51].

During the arc discharge, the gap between the two electrodes is maintained at approximate‐
ly 1 mm, while the synthesis time is 60 s [51].

Figure 6. Schematic of the apparatus used for automatic arc discharge in solution [51].

3.1. Catalyst Materials and their ratio

A metal catalyst is necessary for the growth of the CNTs in all the methods used for synthe‐
sis of CNTs. Catalysts use to prepare CNTs usually include transition metals as a single or
mixture of two catalysts such as a single, Fe, Co, Ni or Mo [53] or mixture of two catalysts such
as FeNi [54], PtRh [55] and NiY [22]. Hsin et al. [57] firstly reported the production of metal-
containing CNTs by arc discharge in solution.

The catalyst activation is determined in relation to the melting temperature and the boiling
temperature thus the melting and boiling temperature of a catalyst can be one of the vital
factors in the synthesis of SWCNTs [51].

CNTs are synthesized while the anode is filled by divergent single or bimetallic catalysts [51].
Scanning electron micros copies (SEM) show that the fabricated CNTs without any catalyst,
figure 7, is in a very short long, disordered and is faulty grown.
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Figure 7. SEM image of the product which was fabricated without catalyst [51]

Figure 8. SEM image of the product which is fabricated with 5% Ni as catalyst [51].

Ni catalyst, figure 8, motivate a production of elongated CNTs and springy CNTs with a rel‐
atively good yield while Fe catalysts, figure 9, promote a production of CNTs with short
length and defect structure and the yield is moderate.
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Figure 9. SEM image of the product which was fabricated with 5% Fe as catalyst [51].

Jahanshahi et al. showed that Mo catalysts motivate a production of CNTs with long length
and high crystalline structure but with a wide diameter while it has a relatively good yield.
In contrast, Mo-Ni bimetallic catalyst cause the production of CNTs with long length, nar‐
row distribution diameters and crystalline structure without any defect and follow with a
good yield [51].

3.2. Plasma Solution Temperature

The effect of solution temperature on the synthesis of CNTs and the structure of fabricated
CNTs was investigated by Dehghani et al [57]. Scanning electron microscopes and transient
electron microscopes (TEMs), figure 10, shows that the fabricated CNTs below zero as ther‐
mal condition is not suitable for synthesizing CNTs by the arc discharge method in liquid
and CNTs cannot grow under low temperatures, especially below zero. High temperature is
also not suitable for synthesizing CNTs by the arc discharge method in liquid media.

In contrast, observations show that in the environment with (25 0C) temperature, long CNTs
are formed with narrow distribution diameter, complete clean, flat surface and arranged
structure. Constant temperature around 250C is the best thermal condition for synthesizing
CNTs by the arc discharge method in liquid [57].
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Figure 10. SEM image of the product which was fabricated a) below zero temperature b) at a high temperature
(800C), c) at the environment temperature (25 0C)[57].

3.3. Voltage difference between electrodes

The voltage effects on the production of the nanostructures by applying a variety of voltage
values in different experiments were investigated by Jahanshahi et al [58]. The SEMs of the
synthesized materials, figure 11 shows the formation of fullerene at a voltage of 10 V, while
both CNTs and fullerenes are fabricated at a voltage of 20 V.

Figure 11. a) SEM images of the produced sample by arc discharge at a voltage of 10 V. (b) SEM images of the pro‐
duced sample by arc discharge at a voltage of 20 V. (c) SEM images of the produced sample by arc discharge at a
voltage of 30 V [58].
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On the contrary, the elongated CNTs were synthesized with high quality at a voltage of 30
V. The results show that the rate of production efficiency and anode consumption is in‐
creased by increasing the voltage amount [58].

3.4. Plasma Solution Concentration

Liquid nitrogen provides a good environment for the MWCN synthesis, but the strong
evaporation cause by the operation of the arc discharge does not allow a good thermal ex‐
change between the synthesized material and its surroundings.

Arc discharge in deionised water and liquid nitrogen are erratic due to their electrical insu‐
lation [50]. The electrical conductivity of LiCl solution is also better than deionised water
and liquid nitrogen [59].

Figure 12 shows TEM image of the as-grown MWCN synthesized in LiCl. Investigators have
demonstrated the possibility of producing carbon nanostructures in the liquid phase (water,
hydrocarbons, dichloromethane, CCl4, in liquid gases) [61].

Figure 12. TEM image of the as-grown MWCN synthesized in LiCl [58].

In contrast, liquid water besides providing a suitable environment also provides the thermal
conditions necessary to retain good quality CNTs in the raw material, while the reactivity of
the water with hot carbon does not appear to have any major effects on the reaction [59].

Figure 13 shows CNTs are produced in NaCl [62]. Nevertheless, arc discharge in NaCl solu‐
tion is extremely stable owing to the excellent electrical conductivity induced by Cl- and Na+

ions. Too many Na+ ions would hinder carbon ions flying from anode towards the center of
cathode. Researchers found that perhaps this is another reason that the length of SWCNT is
short and only a single SWCNT [61].
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Figure 13. Production of CNTs in NaCl solution [62].

The optimized conditions to synthesize large quantities of SWCNT by applying arc dis‐
charge in NaCl solution deserve further investigation. Arc discharge in NaCl solution pro‐
vides a very simple and cheap method to synthesize CNTs [60].

3.5. Discharge current

Discharge  current  is  another  important  parameter  influencing  the  products  of  arc  dis‐
charge. If the catalyst percentage is 1 mol% Fe, and the discharge current is intentionally
reduced to  20  A,  the  arc  became very  unstable,  and disappear  when the  voltage  is  in‐
creased to 28 V [63].

3.6. The solution electrical conductivity effect

The effect of electrical conductivity of liquid on CNTs production might be important. A ser‐
ies of experiments carried out and the products were fabricated using arc discharge between
two graphite electrodes submerged in different aqueous solutions of NaCl, KCl as well as
LiCl. In comparative studies, CNTs were synthesized under different electrical conductivity
conditions, and the results were analyzed, compared and discussed. The scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and Raman spectroscopy were
employed to study the morphology of these carbon nanostructures and reported. LiCl 0.25
N (with 22.7mS as electrical conductivity) media when applied as solution, high-crystalline
and a longed multi walled carbon nanotubes, single walled carbon nanotubes and springy
carbon nanotubes (SCNTs) were synthesized. This study is one of the first one have demon‐
strated application of an arc discharge in liquid media with electrical conductivity effects
upon CNT preparation and deserves further study (Dehghani and Jahanshahi, (2012); un‐
published data).
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4. Purification of fabricated CNTs

CNTs usually contain a large amount of impurities such as metal particles, amorphous car‐
bon, and multi shell. There are different steps in purification of CNTs. Purification of CNTs
is a process that separates nanotubes from non-nanotube impurities included in the raw
products, or from nanotubes with undesired numbers of walls. Purification has been an im‐
portant synthetic effort since the discovery of carbon nanotubes, and there are many publi‐
cations discussing different aspects of the purification process. Good review articles on the
purification of CNTs are available in the recent literature [64, 65].

The current industrial methods applied oxidation and acid-refluxing techniques that affect
the structure of tubes. Purification difficulties are great because of insolubility of CNT and
the limitation of liquid chromatography.

CNT purification step (depending on the type of the purification) removes amorphous car‐
bon from CNTs, improves surface area, decomposes functional groups blocking the en‐
trance of the pores or induces additional functional groups.

Most of these techniques are combined with each other to improve the purification and to
remove different impurities at the same time. These techniques are as follow:

4.1. Oxidation

Oxidation is a way to remove CNTs impurities. In this way CNTs and impurities are oxi‐
dized. The damage to CNTs is less than the damage to the impurities. This technique is
more preferable with regard to the impurities that are commonly metal catalysts which act
as oxidizing catalysts [66, 67].

Altogether,  the  efficiency  and yield  of  the  procedure  are  highly  depending  on  a  lot  of
factors, such as metal content, oxidation time, environment, oxidizing agent and tempera‐
ture [67].

4.2. Acid treatment

Refluxing the sample in acid is effective in reducing the amount of metal particles and amor‐
phous carbon. Different used acids are hydrochloric acid (HCl), nitric acid (HNO3) and sul‐
phuric acid (H2SO4), while HCl is identified to be the ideal refluxing acid. When a treatment
in HNO3 had been used the acid had an effect on the metal catalyst only, and no effects was
observed on the CNTs and the other carbon particles. [66-69]. Figure 14 shows the SEM im‐
ages of CNTs after and before purification stage with HCl [51].

If a treatment in HCl is used, the acid has also a little effect on the CNTs and other carbon
particles [69, 70]. A review of literature demonstrates the effects that key variables like acid
types and concentration & temperature have on the acid treatment [69, 70].
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Figure 14. The SEM images of CNTs (A) after (B) before purification stages with HCl [51].

4.3. Annealing and thermal treatment

High temperature has effect on the productions and paralizes the graphitic carbon and the
short fullerenes. When high temperature is used, the metal will be melted and can also be
removed [69].
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as oxidizing catalysts [66, 67].

Altogether,  the  efficiency  and yield  of  the  procedure  are  highly  depending  on  a  lot  of
factors, such as metal content, oxidation time, environment, oxidizing agent and tempera‐
ture [67].

4.2. Acid treatment

Refluxing the sample in acid is effective in reducing the amount of metal particles and amor‐
phous carbon. Different used acids are hydrochloric acid (HCl), nitric acid (HNO3) and sul‐
phuric acid (H2SO4), while HCl is identified to be the ideal refluxing acid. When a treatment
in HNO3 had been used the acid had an effect on the metal catalyst only, and no effects was
observed on the CNTs and the other carbon particles. [66-69]. Figure 14 shows the SEM im‐
ages of CNTs after and before purification stage with HCl [51].

If a treatment in HCl is used, the acid has also a little effect on the CNTs and other carbon
particles [69, 70]. A review of literature demonstrates the effects that key variables like acid
types and concentration & temperature have on the acid treatment [69, 70].
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Figure 14. The SEM images of CNTs (A) after (B) before purification stages with HCl [51].

4.3. Annealing and thermal treatment

High temperature has effect on the productions and paralizes the graphitic carbon and the
short fullerenes. When high temperature is used, the metal will be melted and can also be
removed [69].
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4.4. Ultrasonication

This technique is based on the separation of particles due to ultrasonic vibrations and also
agglomerates of different nanoparticles will be more dispersed by this method. The separa‐
tion of the particles is highly dependable on the surfactant, solvent and reagents which are
used [67-70].

When an acid is used, the purity of the CNTs depends on the sonication time. During the
tubes vibration to the acid for a short time, only the metal is solvated, but in a more extend‐
ed period, the CNTs are also chemically cut. [69].

4.5. Micro-filtration

Micro-filtration is based on particle size. Usually CNTs and a small amount of carbon nano‐
particles are trapped in a filter. The other nanoparticles (catalyst metal, fullerenes and car‐
bon nanoparticles) are passing through the filter [65, 69, 70, 72].

A special form of filtration is cross flow filtration. Through a bore of fiber, the filtrate is
pumped down at head pressure from a reservoir and the major fraction of the fast flowing
solution is reverted to the same reservoir in order to be cycled through the fiber again. A fast
hydrodynamic flow down the fiber bore sweeps the membrane surface and prevents build‐
ing up of a filter cake [67].

5. Morphological and structural characterizations

To investigate the morphological and structural characterizations of the CNTs, a reduced
number of techniques can be used. It is very important to characterize and determine the
quality and properties of the CNTs, since its applications will require certification of proper‐
ties and functions [74].

However, only few techniques are able to characterize CNTs at the individual level such as
scanning tunneling microscopy (STM) and transmission electronic microscopy (TEM). X-ray
photoelectron spectroscopy is required to determine the chemical structure of CNTs in spite
of the fact that Raman spectroscopy is mostly introduced as global characterization technique.

5.1. Electron microscopy (SEM & TEM)

The morphology, dimensions and orientation of CNTs can be easily revealed by using scan‐
ning (SEM) and Transmission Electron Microscopes (TEM) which have high resolution.
[70-75] (Figs. 15).

Therefore, the TEM technique is applied as a method for measurement of the outer and in‐
ner radius and linear electron absorption coefficient of CNTs [76].This method is used to
study CNTs before and after annealing and notice a significant increase of the electron ab‐
sorption coefficient. The inter shell spacing of MWNTs was studied by Kiang et al. [77] us‐
ing high resolution TEM images.
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Figure 15. Electron micrographs of CNT (A) SEM of the CNT. (B) TEM of the CNT [57].

5.2. X-ray diffraction (XRD)

This technique is used to obtain some information on the interlayer spacing, the structural
strain and the impurities. However, in comparing CNTs with x-ray incident beam, CNTs
have multiple orientations. This leads to a statistical characterization of CNTs [78].

5.3. Raman spectroscopy

Raman spectroscopy is one of the most powerful tools for characterization of CNTs. Without
sample preparation, a fast and nondestructive analysis is possible. All allotropic forms of
carbon are active in Raman spectroscopy [79]. The position, width, and relative intensity of
bands are modified according to the carbon forms [80].

A Raman spectrum of a purified sample (after applying the purification procedure) is
shown in figure 16. The peaks at 1380 cm–1 and 1572 cm–1 correspond to disorder (D-band)
and graphite (G-band) bands, respectively. The former is an indication of the presence of de‐
fective material and the latter one refers to the well-ordered graphite [62].

The most characteristic features are summarized as following:

1. Low-frequency peak <200 cm-1 characteristic of the SWNT, whose frequency is depend‐
ed on the diameter of the tube mainly (RBM: radical breathing mode).

2. D line mode (disorder line), which is a large structure assign of residual ill-organized
graphite.

3. High-frequency bunch that is called G band and is a characteristic of CNTs. This bunch
has the ability to be superimposed with the G-line of residual graphite [81].

Raman  spectroscopy  is  considered  an  extremely  powerful  tool  for  characterizing  CNT,
which  gives  qualitative  and  quantitative  information  on  its  diameter,  electronic  struc‐
ture,  purity  and  crystalline,  and  distinguishes  metallic  and  semiconducting  material  as
well as chirality.
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bands are modified according to the carbon forms [80].
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shown in figure 16. The peaks at 1380 cm–1 and 1572 cm–1 correspond to disorder (D-band)
and graphite (G-band) bands, respectively. The former is an indication of the presence of de‐
fective material and the latter one refers to the well-ordered graphite [62].

The most characteristic features are summarized as following:

1. Low-frequency peak <200 cm-1 characteristic of the SWNT, whose frequency is depend‐
ed on the diameter of the tube mainly (RBM: radical breathing mode).

2. D line mode (disorder line), which is a large structure assign of residual ill-organized
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Figure 16. Raman spectrum showing the most characteristic features of CNTs produced by arc discharge method in
liquid followed by acid treatment [62].

6. Conclusion

Carbon nanotubes (CNTs), a new structure of carbon element, are composed of graphen
sheets rolled into closed concentric cylinders with diameter of the order of nanometers and
length of micrometers. CNTs are attracted significant attention because of their unique
physical and mechanical properties. These properties have been the engines of the rapid de‐
velopment in scientific studies in numerous applications such as in fuel cell and electrocata‐
lyst, nanobiosensors, gas adsorptions and membrane separation [82-88].

Three methods, laser, arc discharge and chemical vapor deposition are used to synthesize
CNTs. The laser method is also known as the laser-furnace method. The quantities CNTs in
this method are large but this technique is not economically advantageous, since the process
demanded considerable power. The chemical vapor deposition is another method for pro‐
ducing CNTs. It could produce CNTs at temperatures above 700 0C in large quantities, but
the walls of the CNTs frequently contain many defects. Traditional arc discharge requires a
complicated vacuum and heat exchange system. The yields of the laser and traditional arc
discharge methods are very low (mg/h). From the application perspective, researchers are
continuously trying to devise improved methods for CNTs fabrication.

Arc discharge in liquid media is a new method of synthesizing CNTs developed recently.
All that is required is a dc power supply and an open vessel full of liquid nitrogen, deion‐

Syntheses and Applications of Carbon Nanotubes and Their Composites70

ized water or aqueous solution. This method is not requiring vacuum equipment, reacted
gases, a high temperature furnace and a heat exchange system. Consequently, this method is
extremely simple and cheap.

As it has been deeply investigated above, synthesis, purification and characterization of CNTs
based on arc discharge in liquid media were described and discussed in this review paper.
The observations of CNT growth under electron microscopy and other analytical techni‐
ques by different groups suggested that the mechanism are extremely sensitive to each fabri‐
cation parameter such as voltage difference between electrodes, current, type and ratio of
catalysts, electrical conductivity, concentration, type and temperature of plasma solution and
thermal conductivity. All these parameters were reviewed and studied herein. To the best of
our knowledge the current review is the first one has discussed all aspects of arc discharge
method in liquid media for CNT preparation and this technique deserves further attention.
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Introduction

Incorporation of carbon nanotubes (CNTs) into a polymer matrix is a very attractive way to
combine the mechanical and electrical properties of individual nanotubes with the advan‐
tages of plastics. Carbon nanotubes are the third allotropic form of carbon and were synthe‐
sized for the first time by Iijima in 1991 [1]. Their exceptional properties depend on the
structural perfection and high aspect ratio (typically ca 100-300). Two types of CNTs are dis‐
tinguished : single-walled CNTs (SWCNTs) consist of a single graphene sheet wrapped into
cylindrical tubes with diameters ranging from 0.7 to 2nm and have lengths of micrometers
while multi-walled CNTs (MWCNTs) consist of sets of concentric SWCNTs having larger
diameters [2-5]. The unique properties of individual CNTs make them the ideal reinforcing
agents in a number of applications [6-9] but the low compatibility of CNTs set a strong limi‐
tation to disperse them in a polymer matrix. Indeed, carbon nanotubes form clusters as very
long bundles due to the high surface energy and the stabilization by numerous of π−π elec‐
tron interactions among the tubes. Non covalent methods for preparing polymer/CNTs
nanocomposites have been explored to achieve good dispersion and load transfer [10-12].
The non-covalent approaches to prepare polymer/CNTs composites via processes such as
solution mixing [13,14], melt mixing [14,15], surfactant modification [16], polymer wrapping
[17], polymer absorption [18] and in situ polymerization [19, 20] are simple and convenient
but interaction between the two components remains weak. Relatively uniform dispersion
of CNTs can be achieved in polar polymers such as nylon, polycarbonate and polyimide be‐
cause of the strong interaction between the polar moiety of the polymer chains and the sur‐
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face of the CNTs [21-24]. Moreover, it was found that MWNTs disperse well in PS and form
a network-like structure due to π-stacking interactions with aromatic groups of the PS
chains [25]. However, it is difficult to disperse CNTs within a non polar polymer matrix
such as polyolefins. To gain the advantages of CNTs at its best, one needs: (i) high interfacial
area between nanotubes and polymer; and, (ii) strong interfacial interaction. Unfortunately
the solvent technique does not help much in achieving these targets and, as a result, a nano‐
composite having properties much inferior to theoretical expectations are obtained. For ex‐
ample, the mechanical properties of polyethylene (PE) reinforced by carbon nanotubes do
not improve significantly because the weak polymer-CNT interfacial adhesion prevents effi‐
cient stress transfer from the polymer matrix to CNT [26-28]. A strategy for enhancing the
compatibility between nanotubes and polyolefins consists in functionalising the sidewalls of
CNT to introduce reactive moieties and to disrupt the rope structure. Functional moieties
are attached to open ends and sidewalls to improve the solubility of nanotubes [29-32] while
the covalent polymer grafting approaches, including ‘grafting to’ [33-36] and ‘grafting from’
[37-39] that create chemical linkages between polymer and CNTs, can significantly improve
dispersion and change their rheological behaviour. First, methods used for processing
CNTs-based nanocomposites and for the functionalisation of carbon nanotubes (CNTs) with
polymers will be described. This is followed by a review of the surface chemistry of carbon
nanotubes in order to perform their dispersion in polyolefin matrix. Finally, general trends
of the viscoelastic properties of CNTs/ polyolefin composites are discussed.

1. Methods to process polymer/carbon nanotubes composites

Similar to the case of carbon nanotube/solvent suspensions, pristine carbon nanotubes have
not yet been shown to be soluble in polymers illustrating the extreme difficulty of overcom‐
ing the inherent thermodynamic drive of nanotubes to bundle [40]. Several processing meth‐
ods available for fabricating CNT/polymer composites based on either thermoplastic or
thermosetting matrices mainly include solution mixing, melt blending, and in situ polymeri‐
sation (figure 1) [41, 42].

1.1. Solution blending

The most common method for preparing polymer nanotube composites has been to mix the
nanotubes and polymer in a suitable solvent before evaporating the solvent to form a com‐
posite film (Figure 1a). One of the benefits of this method is that agitation of the nanotubes
powder in a solvent facilitates nanotubes’ de-aggregation and dispersion. Almost all solu‐
tion processing methods are based on a general theme which can be summarised as:

1. Dispersion of nanotubes in either a solvent or polymer solution by energetic agitation.

2. Mixing of nanotubes and polymer in solution by energetic agitation.

3. Controlled evaporation of solvent leaving a composite film.
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In general, agitation is provided by magnetic stirring, shear mixing, reflux or ultrasonication.
Sonication can be provided in two forms, mild sonication in a bath or high-power sonication
using a tip or horn. An early example of solution based composite formation is described by Jin
et al [43]. By this method, high loading levels of up to 50wt% and reasonably good dispersions
were achieved. A number of papers have discussed dispersion of nanotubes in polymer solu‐
tions [44-46]. This can result in good dispersion even when the nanotubes cannot be dispersed
in the neat solvent. Coleman et al [44] used sonication to disperse catalytic MWCNT in polyvi‐
nylalcohol/H2O solutions, resulting in a MWCNT dispersion that was stable indefinitely. Films
could be easily formed by drop-casting with microscopy studies showing very good disper‐
sion. Cadek et al  [46] showed that this procedure could also be applied to arc discharge
MWCNTs, double walled nanotubes (DWNTs) and High-Pressure CO Conversion (HiPCO)
SWCNTs. They also showed that this procedure could be used to purify arc-MWCNTs by se‐
lective sedimentation during composite production.

Figure 1. Schematic representation of different steps of polymer/CNTs composite processing: solution mixing (a);
melt mixing (b); in situ polymerisation (c).

1.2. Melt mixing

While solution processing is a valuable technique for both nanotube dispersion and compo‐
site formation, it is completely unsuitable for the many polymer types that are insoluble.
Melt processing is a common alternative method, which is particularly useful for dealing
with thermoplastic polymers (Figure 1b). This range of techniques makes use of the fact that
thermoplastic polymers soften when heated. Amorphous polymers can be processed above
their glass transition temperature while semi-crystalline polymers need to be heated above
their melt temperature to induce sufficient softening. Advantages of this technique are its
speed and simplicity, not to mention its compatibility with standard industrial techniques
[47, 48]. Any additives, such as carbon nanotubes can be mixed into the melt by shear mix‐
ing. However, Bulk samples can then be fabricated by techniques such as compression
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moulding, injection moulding or extrusion. However it is important that processing condi‐
tions are optimised for the whole range of polymer–nanotube combinations. High tempera‐
ture and shear forces in the polymer fluid are able to break the carbon nanotubes bundles
and CNTs can additionally affect melt properties such as viscosity, resulting in unexpected
polymer degradation [49]. Andrews and co-workers [50] showed that commercial polymers
such as high impact polystyrene, polypropylene and acrylonitrile–butadiene–styrene (ABS)
could be melt processed with CVD-MWCNT to form composites. The polymers were blend‐
ed with nanotubes at high loading level in a high shear mixer to form master batches. An
example of using combined techniques was demonstrated by Tang et al [51]. High density
polyethylene pellets and nanotubes were melted in a beaker, then mixed and compressed.
The resulting solid was broken up and added to a twin screw extruder at 170°C and extrud‐
ed through a slit die. The resulting film was then compression moulded to form a thin film.

1.3. In Situ Polymerisation

This fabrication strategy starts by dispersing carbon nanotubes in vinyl monomers followed
by polymerising the monomers (Figure 1c). This method produces polymer-grafted CNTs
mixed with free polymer chains resulting in a homogeneous dispersion of CNTs. In situ rad‐
ical polymerisation was applied for the synthesis of PMMA-based composites by Jia et al
[52] using a radical initiator and the authors suggested that π-bonds of the CNT graphitic
network were opened by the radical fragments of initiator and therefore the carbon nano‐
structures could participate in PMMA polymerisation by acting as efficient radical scaveng‐
ers. Dubois et al [53] applied the in situ polymerization to olefin monomers by anchoring
methylaluminoxane, a commonly used co-catalyst in metallocene-based olefin polymeriza‐
tion onto carbon nanotubes surface. Then, the metallocene catalyst was added to the surface-
activated CNTs and the course of ethylene polymerization was found to be similar to the
one without the presence of pristine MWCNTs. Epoxy nanocomposites comprise the majori‐
ty of reports using in situ polymerisation methods [54, 55], where the nanotubes are first dis‐
persed in the resin followed by curing the resin with the hardener. Zhu et al [56] prepared
epoxy nanocomposites by this technique using end-cap carboxylated SWCNTs and an ester‐
ification reaction to produce a composite with improved tensile modulus (E is 30% higher
with 1 wt % SWCNT).

1.4. Novel methods

Rather than avoid the high viscosities of nanotube/polymer composites, some researchers have
decreased the temperature to increase viscosity to the point of processing in the solid state. Sol‐
id-state mechanochemical pulverisation processes (using pan milling [57] or twin-screw pul‐
verisation [58]) have mixed MWCNTs with polymer matrices. Pulverisation methods can be
used alone or followed by melt mixing. Nanocomposites prepared in this manner have the ad‐
vantage of possibly grafting the polymer on the nanotubes, which account in part for the ob‐
served good dispersion, improved interfacial adhesion, and improved tensile modulus.
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An innovative latex fabrication method for making nanotube/polymer composites has been
used by first dispersing nanotubes in water (SWCNT require a surfactant, MWCNT do not)
and then adding a suspension of latex nanoparticles [59,60]. For example, PEG-based amphi‐
philic molecule containing aromatic thiophene rings, namely, oligothiophene-terminated
poly(ethylene glycol) (TN-PEG) was synthesized, and its ability to disperse and stabilize
pristine carbon nanotubes in water was shown.This promising method can be applied to
polymers that can be synthesised by emulsion polymerisation or formed into artificial latex‐
es, e.g., by applying high-shear conditions [61].

Finally, to obtain nanotube/polymer composites with very high nanotube loadings, Vigolo
et al [62] developed a “coagulation spinning” method to produce composite fibers compris‐
ing predominately nanotubes. This method disperses SWCNT using a surfactant solution,
coagulates the nanotubes into a mesh by wet spinning it into an aqueous poly(vinyl alcohol)
solution, and converts the mesh into a solid fiber by a slow draw process. In addition, Ma‐
medov et al [63] developed a fabrication method based on sequential layering of chemically
modified nanotubes and polyelectrolytes to reduce phase separation and prepared compo‐
sites with SWCNT loading as high as 50 wt %.

2. Surface modifications of carbon nanotubes with polymers

CNTs are considered ideal materials for reinforcing fibres due to their exceptional mechani‐
cal properties. Therefore, nanotube−polymer composites have potential applications in aero‐
space science, where lightweight robust materials are needed [64]. It is widely recognised
that the fabrication of high performance nanotube−polymer composites depends on the effi‐
cient load transfer from the host matrix to the tubes. The load transfer requires homogene‐
ous dispersion of the filler and strong interfacial bonding between the two components [65].
A dispersion of CNT bundles is called “macrodispersion” whereas a dispersion of individu‐
al nonbundled CNT is called a nanodispersion [66, 67]. To address these issues, several
strategies for the synthesis of such composites have been developed. Currently, these strat‐
egies involve physical mixing in solution, in situ polymerisation of monomers in the pres‐
ence of nanotubes, surfactant-assisted processing of composites, and chemical
functionalisation of the incorporated tubes. As mentioned earlier, in many applications it is
necessary to tailor the chemical nature of the nanotube’s walls in order to take advantage of
their unique properties. For this purpose, two main approaches for the surface modification
of CNTs are adopted i.e. covalent and noncovalent, depending on whether or not covalent
bonding between the CNTs and the functional groups and/or modifier molecules is in‐
volved in the modification surface process. Figure 2 depicts a typical representation of such
surface modifications.

2.1. Noncovalent attachment of polymers

The noncovalent attachment, controlled by thermodynamic criteria [68], which for some pol‐
ymer chains is called wrapping, can alter the nature of the nanotube’s surface and make it
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epoxy nanocomposites by this technique using end-cap carboxylated SWCNTs and an ester‐
ification reaction to produce a composite with improved tensile modulus (E is 30% higher
with 1 wt % SWCNT).

1.4. Novel methods

Rather than avoid the high viscosities of nanotube/polymer composites, some researchers have
decreased the temperature to increase viscosity to the point of processing in the solid state. Sol‐
id-state mechanochemical pulverisation processes (using pan milling [57] or twin-screw pul‐
verisation [58]) have mixed MWCNTs with polymer matrices. Pulverisation methods can be
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vantage of possibly grafting the polymer on the nanotubes, which account in part for the ob‐
served good dispersion, improved interfacial adhesion, and improved tensile modulus.
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polymers that can be synthesised by emulsion polymerisation or formed into artificial latex‐
es, e.g., by applying high-shear conditions [61].
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ing predominately nanotubes. This method disperses SWCNT using a surfactant solution,
coagulates the nanotubes into a mesh by wet spinning it into an aqueous poly(vinyl alcohol)
solution, and converts the mesh into a solid fiber by a slow draw process. In addition, Ma‐
medov et al [63] developed a fabrication method based on sequential layering of chemically
modified nanotubes and polyelectrolytes to reduce phase separation and prepared compo‐
sites with SWCNT loading as high as 50 wt %.
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CNTs are considered ideal materials for reinforcing fibres due to their exceptional mechani‐
cal properties. Therefore, nanotube−polymer composites have potential applications in aero‐
space science, where lightweight robust materials are needed [64]. It is widely recognised
that the fabrication of high performance nanotube−polymer composites depends on the effi‐
cient load transfer from the host matrix to the tubes. The load transfer requires homogene‐
ous dispersion of the filler and strong interfacial bonding between the two components [65].
A dispersion of CNT bundles is called “macrodispersion” whereas a dispersion of individu‐
al nonbundled CNT is called a nanodispersion [66, 67]. To address these issues, several
strategies for the synthesis of such composites have been developed. Currently, these strat‐
egies involve physical mixing in solution, in situ polymerisation of monomers in the pres‐
ence of nanotubes, surfactant-assisted processing of composites, and chemical
functionalisation of the incorporated tubes. As mentioned earlier, in many applications it is
necessary to tailor the chemical nature of the nanotube’s walls in order to take advantage of
their unique properties. For this purpose, two main approaches for the surface modification
of CNTs are adopted i.e. covalent and noncovalent, depending on whether or not covalent
bonding between the CNTs and the functional groups and/or modifier molecules is in‐
volved in the modification surface process. Figure 2 depicts a typical representation of such
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The noncovalent attachment, controlled by thermodynamic criteria [68], which for some pol‐
ymer chains is called wrapping, can alter the nature of the nanotube’s surface and make it
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more compatible with the polymer matrix. Non-covalent surface modifications are based
mainly on weak interactions, such as van der Waals, π−π and hydrophobic interactions, be‐
tween CNTs and modifier molecules. Non-covalent surface modifications are advantageous
in that they conserve sp2-conjugated structures and preserve the electronic performance of
CNTs. The main potential disadvantage of noncovalent attachment is that the forces be‐
tween the wrapping molecule and the nanotube might be weak, thus as a filler in a compo‐
site the efficiency of the load transfer might be low.

Non-covalent modification approaches typically use organic mediating molecules that range
from low molecular weight molecules to supra- molecules to polymers.

Figure 2. Different routes for nanotubes’ functionalisation: sidewall covalent functionalisation (a); defect-group cova‐
lent functionalisation (b); noncovalent polymer wrapping (c); noncovalent pi-stacking (d).

2.1.1. Polymer wrapping

O’Connell et al. [68] reported that nanotubes could be reversibly solubilised in water by nonco‐
valently associating them with a variety of linear polymers such as polyvinyl pyrrolidone
(PVP) and polystyrene sulfonate (PSS). They demonstrated that the association between the
polymer and the nanotubes is robust, not dependent upon the presence of excess polymer in
solution, and is uniform along the sides of the tubes (Figure 1c). A general thermodynamic
driving force for such wrapping in an aqueous environment has been identified [68].

Conjugated  luminescent  polymer  poly-{(m-phenylenevinylene)-co-[(1,5-dioctyloxy-p-phe‐
nylene)-vinylene]} (PmPV) and its derivatives [69-71] have been successfully used for the
wrapping around nanotubes on account of stabilising noncovalent bonding interactions, pre‐
sumably as a result of π–π stacking (Figure 1d) and van der Waals interactions between PmPV
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and the surfaces of the nanotubes. Star et al [72] also synthesised the Stilbenoid dendrimers, a
hyperbranched variant of the PmPV polymer, which exhibits an appropriate degree of branch‐
ing, and it was found to be more efficient at breaking up nanotube bundles, provided it is em‐
ployed at higher polymer-to-nanotube ratios than was the “parent” PmPV polymer.

In addition, the behavior of single walled and multi walled carbon nanotubes in aqueous
solutions of Gum Arabic, a natural polysaccharide, has been described by Nativ-Roth et al
[73]. They observed that while the as-prepared nanotube powders contain highly entangled
ropes and bundles, the dispersions are mainly composed of individual tubes suggesting that
the ability of Gum Arabic to exfoliate the bundles, and stabilize individual tubes in aqueous
dispersions, can be utilized in the preparation of carbon nanotube-polymer composites. In
the latter case, the dispersing polymer acts as a compatabilizer and as an adhesion promoter
leading to strengthening of the matrix-nanotube interface.

It is clear from these accounts that noncovalent functionalisation of carbon nanotubes can be
achieved without disrupting the primary structure of the nanotubes themselves.

2.1.2. Polymer absorption

Xia et al [74] has described a method to prepare polymer-encapsulated MWCNTs : it has
been successfully prepared through ultrasonically initiated in situ emulsion polymerisations
of n-butyl acrylate (BA) and methyl methacrylate (MMA) in presence of MWCNT. By em‐
ploying the multiple effects of ultrasound, i.e., dispersion, pulverizing, activation, and initia‐
tion, the aggregation and entanglement of carbon nanotubes in aqueous solution can be
broken down, while in situ polymerization of monomer BA or MMA on the surface of
MWCNTs proceeds and the MWCNTs are coated by the formed polymer.

The hydrophilic regions of surfactants interact with polar solvent molecules, and the hydro‐
phobic regions can adsorb onto nanotube surfaces [75]. Thus, the process of dispersing
CNTs from aggregates, bundles, or ropes into separated individual CNTs depends strongly
on the length of the hydrophobic regions and the types of hydrophilic groups of the surfac‐
tant. A topological, noncovalent solution to improving the dispersion of SWNTs by encasing
them in cross-linkable surfactant micelles was demonstrated by Kang and Taton [16].
SWCNTs were dispersed in the dimethylformamide (DMF) solutions of amphiphilic
poly(styrene)-block-poly(acrylic acid) copolymer. Water was added to the solutions and the
poly(styrene)-block-poly(acrylic acid) copolymer wrapped the SWCNTs and formed mi‐
celle. Then the PAA blocks of the micellar shells were permanently crosslinked by addition
of a water-soluble diamine linker and a carbodiimide activator. This encapsulation signifi‐
cantly enhances the dispersion of SWCNTs in a wide variety of polar and nonpolar solvents
and polymer matrices [76]. Encapsulated SWNTs can be used as an alternative starting ma‐
terial to pure SWNTs for the production and investigation of nanotube composite materials.

2.2. Covalent attachment of polymers

Functionalisation of carbon nanotubes with polymers is a key issue to improve the interfa‐
cial interaction between CNTs and the polymer matrix when processing polymer/CNT
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nanocomposites. The covalent reaction of CNT with polymers is important because the long
polymer chains help to dissolve the tubes into a wide range of solvents even at a low degree
of functionalisation. There are two main methodologies for the covalent attachment of poly‐
meric substances to the surface of nanotubes, which are defined as “grafting to” and ‘graft‐
ing from’ methods [76, 77]. The former relies on the synthesis of a polymer with a specific
molecular weight followed by end group transformation. Subsequently, this polymer chain
is attached to the graphitic surface of CNT. A disadvantage of this method is that the grafted
polymer contents are limited because of high steric hindrance of macromolecules. The ‘graft‐
ing from’ method involved the immobilisation of initiators onto the substrate followed in
situ surface polymerization to generate grafted polymer chains. Because the covalent attach‐
ment of the surface modifiers involves the partial disruption of the sidewall sp2 hybridiza‐
tion system, covalently modified CNTs inevitably lose some degree of their electrical and/or
electronic performance properties [78].

2.2.1. ‘Grafting to’ method

Since the curvature of the carbon nanostructures imparts a significant strain upon the sp2

hybridised carbon atoms that make up their framework, the energy barrier required to con‐
vert these atoms to sp3 hybridisation is lower than that of the flat graphene sheets, making
them susceptible to various addition reactions. Therefore, to exploit this chemistry, it is only
necessary to produce a polymer-centred transient in the presence of CNT material. Alterna‐
tively, defect sites on the surface of oxidized CNTs, as open-ended nanostructures with ter‐
minal carboxylic acid groups, allow covalent linkages of oligomer or polymer chains. So, the
‘grafting to’ method involves the chemical reaction between as-prepared or commercially
available polymers with reactive end groups and nanotubes’ surface functional groups or
the termination of growing polymer radical, cation and anion formed during the polymeri‐
zation of various monomers in the presence of CNTs or the deactivation of living polymer
chain ends with the CNT surface.

For example, oxidized SWCNTs were grafted with amino-terminated poly (N-isopropyla‐
crylamide) (PNIPAAm) by carbodiimide-activated reaction, which yielded a 8wt% polymer
content[77]. In a different approach, oxidized MWCNTs were attached ontopolyacryloni‐
trile(PAN) nanoparticles through the reaction of the reduced cyano-groups of the polymer
and the carboxylic moieties of CNT surface [79]. In addition, the amidation reaction was
used for grafting of oligo-hydroxyamides to MWCNTs as described in figure 3 [80].

Ester-based linkages have been used by Baskaran et al. [81] by performing the reaction of
hydroxy-terminated PS with thionyl chloridetreated MWCNTs, resulting in a hybrid con‐
taining 86wt% of CNTs. The esterification reaction was also used for grafting polyethylene
glycol(PEG) chains to acylchloride-activated SWCNTs [82]. Silicone-functionalised CNT de‐
rivatives were prepared by opening terminal epoxy groups of functionalised polydimethyl‐
siloxanes (PDMS) by the carboxylic groups of acid-treated MWCNTs [83]. Another example
of the “grafting to” approach has been reported by Qin et al. [84] through the grafting of
polystyrene with azide end group onto SWCNTs (Figure 4).
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In an analogous approach, alkyne-decorated SWCNTs and PS-N3were coupled via [3+1]
Huisgen cycloaddition between the alkyne and azide end groups [85]. A new method was
developed by Hung et al. [86] for preparing polystyrene-functionalized multiple-walled car‐
bon nanotubes (MWNTs) through the termination of anionically synthesized living poly‐
styryllithium with the acyl chloride functionalities on the MWNTs. The acyl chloride
functionalities on the MWNTs were in turn obtained by the formation of carboxyls via
chemical oxidation and their conversion into acyl chlorides (Figure 5).

Lou et al. [87] reported the radical grafting of polyvinylpyridine chains onto the surface of
nanotubes through the thermolysis of poly (2-vinylpyridine) terminated with a radical-stabi‐
lizing nitroxide (Figure 6), resulting in grafting densities up to 12 wt.-%.

2.2.2. ‘Grafting from’ technique

Mostly, it involves the polymerisation of monomers from surface-derived initiators on either
MWCNTs or SWCNTs. These initiators are covalently attached using the various functional‐
isation reactions developed for small molecules [77]. Then, the polymer is bound via in situ
radical, cationic, anionic, ring opening and condensation polymerizations. The advantage of
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‘grafting from’ approach is that the polymer growth is not limited by steric hindrance, al‐

lowing high molecular weight polymers to be efficiently grafted as well as quite high graft‐

ing density [9].
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Figure 5. substitution reaction of living polystyryllithium anions with acyl choride-modified CNTs. Reproduced from
[86] with permission of John Wiley and Sons.

Figure 6. Radical grafting of TEMPO-end capped PVP to MWCNTs. Reproduced from [87] with permission of Elsevier.

Figure 7. Anionic polymerisation of styrene onto carbon nanotubes

For example, Viswanathan et al [88]. have developed a procedure based on the SWCNT sur‐

face treatment with butyllithium providing initiating sites for the anionic polymerization of

styrene (Figure 6).
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The latter procedure eliminates the need for nanotube pretreatment prior to functionaliza‐
tion and allows attachment of polymer molecules to pristine tubes without altering their
original structure.

In addition, polyethylenimine has been grafted onto the surface of MWNTs by performing a
cationic polymerization of aziridine in the presence of amine-functionalized MWNTs (NH2–
MWNTs [89]. The grafting of PEI was realized through two mechanisms, the activated mon‐
omer mechanism (AMM) or the activated chain mechanism (ACM), by which protonated
aziridine monomers or the terminal iminium ion groups of propagation chains, respectively,
are transferred to amines on the surface of MWNTs [89].

Bonduel et al. [90] reported the homogeneous surface coating of long carbon nanotubes by
in situ polymerization of ethylene as catalyzed directly from the nanotube surface-treated by
a highly active metallocene-based complex. It allowed for the break-up of the native nano‐
tube bundles leading, upon further melt blending with HDPE, to high-performance polyole‐
finic nanocomposites [90]. In another attempt, an easy method for preparing polystyrene-
grafted multi-walled carbon nanotubes (MWCNTs) with high graft yields was developed by
using free radical graft polymerisation from photoinduced surface initiating groups on
MWCNTs [91]. Conventional microscopy, including optical, atomic force, sanning electronic
microscopy (SEM), and transmission electronic microscopy (TEM), reveal the dispersion
state or quality of CNTs within a very limited area of a given nanofiller composite [67]. High
resolution-TEM image of the MWCNTs-PS (Figure 8) shows that the surface of the
MWCNTs-PS is covered with 4–5nm thick amorphous PS layers while the wall surface of
purified MWCNTs was smooth, without any detectable polymer Layer [91].

Figure 8. HR-TEM image of PS-g-MWCNT. Reprinted from [91] with permission of Elsevier.

Controlled radical polymerisation techniques such as nitroxide mediated polymerisation
(NMP), atom transfer radical polymerisation (ATRP) and radical adition fragmentation
transfer (RAFT) have been also used to graft polymer chains from the CNT surface [92-103]
(see figure 9 as example).
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omer mechanism (AMM) or the activated chain mechanism (ACM), by which protonated
aziridine monomers or the terminal iminium ion groups of propagation chains, respectively,
are transferred to amines on the surface of MWNTs [89].

Bonduel et al. [90] reported the homogeneous surface coating of long carbon nanotubes by
in situ polymerization of ethylene as catalyzed directly from the nanotube surface-treated by
a highly active metallocene-based complex. It allowed for the break-up of the native nano‐
tube bundles leading, upon further melt blending with HDPE, to high-performance polyole‐
finic nanocomposites [90]. In another attempt, an easy method for preparing polystyrene-
grafted multi-walled carbon nanotubes (MWCNTs) with high graft yields was developed by
using free radical graft polymerisation from photoinduced surface initiating groups on
MWCNTs [91]. Conventional microscopy, including optical, atomic force, sanning electronic
microscopy (SEM), and transmission electronic microscopy (TEM), reveal the dispersion
state or quality of CNTs within a very limited area of a given nanofiller composite [67]. High
resolution-TEM image of the MWCNTs-PS (Figure 8) shows that the surface of the
MWCNTs-PS is covered with 4–5nm thick amorphous PS layers while the wall surface of
purified MWCNTs was smooth, without any detectable polymer Layer [91].

Figure 8. HR-TEM image of PS-g-MWCNT. Reprinted from [91] with permission of Elsevier.

Controlled radical polymerisation techniques such as nitroxide mediated polymerisation
(NMP), atom transfer radical polymerisation (ATRP) and radical adition fragmentation
transfer (RAFT) have been also used to graft polymer chains from the CNT surface [92-103]
(see figure 9 as example).
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3. Carbon nanotubes nanocomposites based on Polyolefins

Polyethylene (PE) is one of the most widely used commercial polymer due to the excellent

combination of low coefficient of friction, chemical stability and excellent moisture barrier

properties [104]. The combination of a soft polymer matrix such as PE with nanosized rigid

filler particles may provide new nanocomposite materials with largely improved modulus

and strength. To improve the stiffness and rigidity of PE, CNTs can be used to make

CNT/PE composites [104-107]. The mechanical properties of polyethylene (PE) reinforced by

carbon nanotubes do not improve significantly because the weak polymer-CNT interfacial

adhesion prevents efficient stress transfer from the polymer matrix to CNT [108-110]. The

lack of functional groups and polarity of PE backbone results in incompatibility between PE

and other materials such as glass fibres, clays, metals, pigments, fillers, and most polymers.

A strategy for enhancing the compatibility between nanotubes and polyolefins consists in

functionalising the sidewalls of CNT with polymers either by a ‘grafting to’ or a ‘grafting

from’ approach. As discussed before, the “grafting from” approach involves the growth of

polymers from CNT surfaces via in situ polymerisation of olefins initiated from chemical

species immobilised on the CNT. As an example, Ziegler-Natta or metallocene catalysts for

ethylene polymerisation can be immobilised on nanotubes to grow PE chains from their sur‐

face. However, covalent linkages or strong interactions between PE chains and nanotubes

cannot be created during polymerisation [90, 111-113]. The “grafting to” technique involves

the use of addition reactions between the polymer with reactive groups and the CNT sur‐

face. However, the synthesis of end-functionalized polyethylene (PE), which is necessary in

the “grafting to” approach, is difficult [114]. Another promising route for a chemical modifi‐

cation of MWCNTs by PE is to use free radical initiators such as peroxides. The general

mechanism of free radical grafting of vinyl compound from hydrocarbon chains detailed by

Russell [115], Chung [116] and Moad [117] seems to express a widespread view. The graft‐

ing reaction starts with hydrogen abstraction by alkoxyl radicals generated from thermal de‐

composition of the peroxide. Then, the active species generated onto the hydrocarbon

backbone react with unsaturated bonds located on the MWCNTs surface. This chemical

modification is thus conceivable during reactive extrusion because the radicals’ lifetimes (in

the range of few milliseconds) are compatible with typical residence time in an extruder

(around one minute).
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3.1. Radical grafting of polyethylene onto MWCNTs

The main drawback of the free radical grafting is the low selectivity of the radical center,

specially at high temperatures (in the range of 150-200°C, required for extrusion of polyethy‐

lene), leading to side reactions such as coupling and chain scission [115, 118]. Moreover, per‐

forming this chemical modification by reactive processing brings in many constraints

inherent to the processing (e.g. short reaction time, viscous dissipation and high tempera‐

ture). For instance, the difference of viscosity between the monomer and the molten polymer

could enhance these side reactions. So, to separate these physical influences from the chemi‐

cal modification, the grafting reaction can be predicted with a model compound approach

based on a radical grafting reaction between peroxide-derived alkoxyl radicals, and a low

molar mass alkane representing characteristics moieties of PE.
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Figure 10. General reactive pathways of free radical grafting of pentadecane onto MWCNTs ; Reproduced from [119]
with permission of Elsevier.

3.1.1. A model compound approach through the use of pentadecane

Covalent functionalization of pentadecane-decorated multiwalled carbon nanotubes

(MWCNTs) has been studied as a model compound approach for the grafting of poly (ethyl‐

ene-co-1-octene) onto MWCNTs by reactive extrusion [119]. It was accomplished through

radical addition onto unsaturated bonds located on the MWCNTs' surface using dicumyl

peroxide as hydrogen abstractor. Pentadecane (C15H32) has been resorted as model for poly‐

ethylene because high boiling points of long chain alkanes permit study under high temper‐

ature conditions, typically over 150°C. It also gives clues about low viscosity at 150°C, on

top of that the formed products in the grafting experiment can hence be analysed more easi‐

ly than in the polymer melt. Figure 10 sums up main reactive pathways of free radical graft‐

ing of pentadecane onto MWCNTs with dicumyl peroxide as initiator. The hydrogen

abstraction reactions from alkyl hydrocarbon bonds was studied starting from the reaction

of DCP-derived radicals with pentadecane.
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Figure 11. Raman spectra of: p-MWCNTs (a) and penta-g-MWCNTs (b).

However, the alkoxy radicals can undergo additional reactions including β-scission leading
to the formation of methyl radicals [117]. These latter preferentially induce coupling reaction
(Fig. 10, route b and h) or attack onto the sp2 carbon of the MWCNTs (Fig. 10, route g)
whereas cumyloxyl radicals are more prone to hydrogen abstraction from pentadecane
[120]. The formed pentadecyl radicals through hydrogen abstraction are able to react with
MWCNTs by radical addition onto sp2 carbon of theMWCNTs (Fig.10, main route a) and
with other radical species via the common radical coupling reactions (Fig. 10, routes d1 and
b). According to the results of Johnston [121,122], based on a study of the crosslinking reac‐
tion of poly (ethylene-co-1-octene) in the presence of DCP at 160 °C, coupling reactions are
four times more prone to happen than scission reactions so the authors assumed that penta‐
decyl radicals do not undergo scission reactions [119]. Direct evidence for covalent sidewall
functionalization has been found by Raman spectroscopy [123-124]. G band is a characteris‐
tic feature of the graphitic layers and corresponds to the tangential vibration of the carbon
atoms. The second characteristic mode is a typical sign for defective graphitic structures (D
band). The AD/AG ratio, which was defined as the intensity ratio of the D-band to G-band of
CNTs, directly indicates the structural changes in nanotubes. Some authors used D to G area
ratios (AD/AG) rather than intensity [125] which is a better indicator. The relatively high area
ratio of the G band relative to D band for penta-g-MWCNT (AD/AG = 1.51) in comparison
with that of p-MWCNT (i.e. (AD/AG =1.20) could be designated as an indicator of grafting
species. The ratio between the G band and D band is a good indicator of the changes in
chemistry of CNTs. Interestingly, Raman spectra of p-MWCNTs and penta-g-MWCNTs
(Figure11a and 11b, respectively) showed two main peaks around 1350cm−1 (D band) and
1586cm−1 (G band). The relatively high intensity of the G band relative to D band (I G/I
D=1.25) for penta-g-MWCNT sample in comparison with that of p-MWCNT (i.e. I G/I D=0.95)
was designated as an indicator of grafting species [119].
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It is important to determine whether the results of a CNT surface modification process agree
qualitatively with expectations, and equally important is the need for a quantitative assess‐
ment of the extent and nature of surface modifications. The course of the generated radical
species and the extent of the grafting reaction in regards to the DCP concentration and tem‐
perature can be studied through gas chromatography and thermogravimetric analysis
(TGA) [119, 126]. TGA permits measurement of the total weight fraction of surface modifiers
introduced onto the surfaces of CNTs if the surface-modified CNTs are free of impurities.
Indeed, it is well known that heating functionalized nanotubes in an inert atmosphere re‐
moves the organic moieties and restores the pristine nanotubes structure. TGA can indicate
the degree of surface modification because the type and quantity of surface modifier is iden‐
tified. It was found that the higher grafting density, as high as 1.46 mmol/g, was obtained at
150°C. At higher temperatures, the grafting density decreases because the β-scission reaction
of cumyloxyl radical accelerates as the temperature increases, leading to the formation of
methyl radicals. These latter preferentially react by combination whereas cumyloxyl radicals
are more prone to hydrogen abstraction from pentadecane. At 150°C, for initiator concentra‐
tion higher than 3wt%, the grafting density decreases from 1.464mmol/g to 0.371mmol/g
upon increasing DCP concentration up to 5%. Thus, to get high grafting efficiency, one
should opt for optimal initiator concentration, i.e. 3wt%, and choose the most favourable re‐
action temperature, i.e. 150°C. Incorporation of TEMPO as radical scavenger in the grafting
reaction of pentadecane onto MWCNTs serves two purposes: firstly, it actively suppresses
radical combination reactions and hence promotes pentadecyl radicals’ addition to nano‐
tubes (~16% increase in grafting density); and secondly, it effectively changes the polarity
balance of the grafted species, making pentadecane and TEMPO functionalised nanotubes
soluble in solvents such as THF and chloroform [126].

3.1.2. Synthesis of PE grafted carbon nanotubes via peroxide

To make full use of the strength of carbon nanotubes in a composite, it is important to have
a high-stress transfer at the matrix-nanotube interface via strong chemical bonding, as dis‐
cussed by Mylvaganam et al [127]. They have investigated the possible polyethylene-nano‐
tube bonding with the aid of a quantum mechanics analysis with the polyethylene chains
represented by alkyl segments, and the nanotubes modeled by nanotube segments with H
atoms added to the dangling bonds of the perimeter carbons. Their study has predicted (i)
covalent bond formation between alkyl radicals and carbon nanotubes is energetically fa‐
vourable; and, (ii) this reaction may take place at multiple sites of nanotubes [126]. Hence
one way to improve the load transfer of carbon nanotubes/PE composite via chemical bonds
at the interface is to use free-radical generators such as peroxide or incorporate nanotubes
by means of in situ polymerisation.

Figure 12 sums up main reactive pathways of free radical grafting of PE onto MWCNTs
with dicumyl peroxide as initiator and TEMPO as radical scavenger.
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Figure 12. Reaction scheme for PE grafting onto MWCNTs with TEMPO as a radical scavenger. Reproduced from [128]
with permission of John Wiley and Sons.

Figure 13. TEM images of p-MWCNTs (1) and PE-g-MWCNTs (2). Reproduced from [128] with permission of John Wi‐
ley and Sons.

The formed PE-based radicals are able to react with MWCNTs by radical addition onto sp2

carbon of the MWCNTs (Figure 12) and with other radical species via the common radical
coupling reactions. As discussed using a model compound approach (section 2.1.1), the
presence of TEMPO radicals creates competitive combinations reactions (that are actually re‐
versible reactions) which may favour the addition of PE-based radicals to MWCNTs (Figure
12). Before carrying out thermogravimetric analysis to gain a quantitative picture of the ex‐
tent of nanotubes’ functionalisation, the adsorbed (non-covalently attached) PE chains were
removed from the grafted ones (covalently attached) by extensive washings with dichloro‐
benzene (DCB). PE-grafted onto MWCNTs are well known to degrade at 300-540°C, which
are nearly the same temperatures as pure PE reactants and the weight of grafted PE is esti‐
mated to be in the range 20-24% depending on the experimental procedure [128]. The corre‐
sponding grafting densities, calculated using a specific surface area (SSA) of 225m2/g for
MWCNTs [115, 129] are varying from 1.1mg.m-2 to 1.4mg.m-2. LDPE grafting density on
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nanotubes is 1.1mg.m-2 while incorporation of TEMPO raises the grafting density to
1.4mg.m-2 [128]. Then, it is usual to examine the morphological structures of p-MWCNTs
and PE-grafted MWCNTs by transmission electron microscopy (TEM). In these experiments,
a few drops of dilute solutions of PE-grafted nanotubes in hot DCB are initially deposited
onto a carbon-coated copper grid and further observed in a dried state after evaporation of
the solvent (Figure 13).

A “grafting to” approach based on a radical process can also involve a polymer with reac‐
tive end groups.

3.1.3. Synthesis of PE grafted carbon nanotubes via end functionalised PE

Recently, D’Agosto and Boisson [130-134] developed new strategies that rely on a one step
in situ functionalisation reaction within an ethylene polymerisation reactor to introduce a
variety of functional groups including alkoxyamine [130-132] and thiol [132,134] functions at
the end of polyethylene chains. Di-polyethylenyl magnesium compound (MgPE2) were pre‐
pared using a neodymium metallocene complex which catalysed polyethylene chain growth
on magnesium compounds. MgPE2 was in situ reacted with 2,2,6,6-tetramethylpiperidin‐
yl-1-oxy (TEMPO) radical or elemental sulphur to provide a macroalcoxyamine (PE-TEM‐
PO) and polysulphur based product (PE-Sn-PE) respectively. PE-SH was obtained by simple
reduction of PE-Sn-PE. According to these results, a strategy based on the use of those poly‐
ethylenes was investigated to generate radical-terminated chains formed either by thermal
loss of a nitroxide (PE-TEMPO) or H-abstraction onto a thiol (PE-SH) and graft them onto
CNTs (Figure 14) [128].

Indeed, Lou [87] showed an efficient attachment of poly(2-vinylpyridine) (P2VP) end-cap‐
ped by TEMPO to CNT sidewalls by heating of TEMPO-terminated P2VP. Using the same
strategy Liu [137] functionalized shortened CNTs with PS and poly[(tert-butyl acrylate)-b-
styrene] and Wang [138] grafted poly(4-vinylpyridine-b-styrene) onto CNTs. In figure 14a,
the homolytic cleavage of TEMPO-terminated PE leads to the formation of stable nitroxyl
radicals and PE radicals. The reversible termination of the polyethylene chain is the key step
for reducing the overall concentration of the radical chain end. The extremely low concen‐
tration of reactive chain ends is expected to minimize irreversible termination reactions,
such as combination or disproportionation [135] (Figure 14a). Thiol-terminated polyethylene
has been also grafted onto CNTs using a similar procedure. The thiol based compounds are
widely used for controlling molar mass in free radical polymerizations via a chain transfer
process. The chain transfer process displays two contiguous steps: transfer of the thiyl hy‐
drogen to the growing polymer chain followed by re-initiation, whereby a thiyl radical adds
to a monomeric double bond. In the presence of DCP-derived radicals and MWCNTs, thiyl
radicals are formed and are expected to react by radical addition onto sp2 carbon of the
MWCNTs. For both samples PE-TEMPO and PE-SH, the weight loss observed by thermog‐
ravimetric analysis (TGA) has been increased to 36% and 34%, respectively despite their low
molar masses (e.g. 1400g/mol and 980g/mol) in comparison with that of LDPE (weight loss =
20-24% ; Mw = 90000g/mol ; see section 2.1.2.). These results indicated that the use of short
end-functionalized PE chains has permitted a significant increase of the grafting density

Syntheses and Applications of Carbon Nanotubes and Their Composites94

(e.g. 1.78 and 2.80µmol.m-2, respectively). These values are approximately increased by two

orders of magnitude in comparison with the LDPE grafting density (e.g. 0.012µmol.m-2) sug‐

gesting that longer polymer chains cover a larger surface decreasing the grafting density, as

previously described by Jerome et al [87,136] for the attachment of poly(2-vinylpyridine)

(P2VP) and polystyrene (PS) onto MWCNTs. Indeed, they observed that PS grafting density

decreases from 0.045µmol.m-2 to 0.01µmol.m-2 by increasing the molecular weight of PS-

TEMPO from 3000g/mol to 30000g/mol [138]. The TEM observations (Figure 15) were consis‐

tent with the TGA results : the grafted polymer contents can be highered by using end-

functionalized PE [129].

Figure 14. Reaction scheme for end functionalised PE grafting onto MWCNTs: (a) via PE-TEMPO; (b) via PE-SH. Repro‐
duced from [128] with permission of John Wiley and Sons.
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radicals are formed and are expected to react by radical addition onto sp2 carbon of the
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Figure 15. TEM images of PEf-TEMPO-g-MWCNTs (1) and PEf-SH-g-MWCNTs (2). Reproduced from [128] with permission
of John Wiley and Sons.

3.2. Radical grafting of polypropylene on carbon nanotubes

Polypropylene (PP) is a widely used commercial polymer due to the excellent combination
of mechanical resistance, chemical stability and excellent moisture barrier properties [104].
Although physical blending with CNTs is an economic way to modify polypropylene per‐
formance, compatibilizing agents are necessary for creating strong interface between filler
particles and the polymer phase. Maleic anhydride grafted polypropylene (MA-g-PP) is of‐
ten used as a compatibilizer which can improve the PP/CNTs composite properties by
strong hydrogen bonding between hydroxyl groups located on the acidic-treated CNTs sur‐
face and anhydride groups of MA-g-PP [139, 140]. Recently, an original and simple method
for promoting mobility sensitivity of carbon nanotubes (CNTs) to an external stress field in
polypropylene (PP) matrix was developed [141]. In particular, an interfacial melt reaction in‐
itiated by free radicals were used as a tool to prepare PP/CNTs nanocomposites. The pres‐
ence of tetrakis(phenylmethyl)thioperoxydi(carbothioamide) (TBzTD) increased the
interfacial reaction between the PP chains and the CNTs. In addition, the grafted TBzTD to
PP backbone could form a physical interaction with CNTs via a π–π interaction [141]. Ac‐
cording to their previous results [119, 126] based on a study of the radical grafting of poly‐
ethylene derivatives onto MWCNTs, Farzi et al. investigated MWCNTs' sidewall
functionalization by tetramethylpentadecane and PP in the presence of 1wt% DCP at 160°C.

3.2.2. A model compound approach through the use of 2,6,10,14-tetramethylpentadecane

Simlilarly to the pentadecane grafting procedure (see section 2.1.1.), 2,6,10,14-tetramethyl‐
pentadecane (TMP, C19H40) has been used as model for the grafting reaction of PP onto
MWCNTs [129]. Thermolysis of dicumyl peroxide initiator performed in TMP and in pres‐
ence of MWCNTs is depicted in Figure 16.
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Figure 16. Reaction scheme for the addition of TMP onto CNT in the presence of DCP. Reproduced from [129] with
permission of Elsevier.

As shown in Figure 16, the formed peroxide radicals are prone to hydrogen abstraction from
hydrocarbon substrates and it is expected that the active species generated onto the hydro‐
carbon backbone react with unsaturated bonds located on the MWCNTs surface keeping in
mind that side reactions such as chain scission for PP derivatives may occur at high temper‐
atures (Figure16) [115, 118]. For experiments conducted in dichlorobenzene (DCB) as solvent
at 160°C with 1.5wt% DCP, TMP grafting density was as high as 0.92 mg/m2.

3.2.2. Synthesis of PP grafted carbon nanotubes via peroxide

Farzi et al. [129] have successfully grafted PP onto MWCNTs through a radical grafting reac‐
tion, carried out under similar experimental conditions to PE [128] and TMP [129] (1.5wt%
DCP, 160°C) and using 1,2-dichlorobenzene (DCB) as solvent able to solubilize PP partially
at elevated temperature. The corresponding PP-grafted nanotubes were analysed by TGA
after a purification by soxhlet extraction in DCB. However, the authors were not able to ob‐
tain reproductible results with weight losses varying from 50% to 80% for the above-men‐
tioned experiment. This behaviour was attributed to the purification procedure which did
not permit to remove all the free PP chains. The authors have also speculated on the degra‐
dation behaviour of PP through the well-known β-scission reaction occurring in the pres‐
ence of radical species therefore the authors were not able to give a PP grafting density.
Then, the aforementioned PP coated MWCNTs have been dispersed within a commercially
available PP matrix using a contra-rotating Haake Rheomixer and the amount of nanofiller
in the final composites has been fixed to 3wt%. The evaluation of MWCNTs dispersion has
been examined by using scanning electron microscopy (SEM) (Figure 17).

SEM images of the PP/PP-g-MWCNTs composites MWCNTs containing of 3wt% (Figure 17)
demonstrated that there were still some areas where PP-g-MWCNTs were not found which
was obviously connected with improper filler distribution. For a simple melt blend of PP
with untreated MWCNTs, SEM images of the resulting material only showed clusters of a
few tens micrometers of diameter evidencing a poor interfacial adhesion in the material
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(Figure 18), as reported by Lee [140] for untreated MWCNT/PP composites MWCNTs con‐
taining of 2wt%.

Figure 17. SEM micrographs of PP/PP-g-MWCNT composites with MWCNTs loading of 3wt%. Reproduced from [129]
with permission of Elsevier.

Figure 18. SEM micrographs of PP/MWCNTs composites with MWCNTs loading of 3wt%. Reproduced from [129]
with permission of Elsevier.

It was concluded from these results that the grafting of PP onto MWCNTs provided a low
steric barrier against the strong intermolecular Van der Waals interactions among nanotubes
within the PP matrix.

In a similar approach, isotactic polyrpopylene (iPP) was successfully grafted onto multiwal‐
led carbon nanotubes (MWCNTs) by direct macroradical addition by sonication in hot xy‐
lene with BPO as an initiator [142]. It was found that both iPP macromolecular radicals and
small-molecular benzoic acid free radicals were grafted onto MWNTs. iPP-g-MWNTs dis‐
persed more uniformly in iPP than pristine MWNTs.

3.3. Rheological behaviour of polyolefin based carbon nanotubes nanocomposites

It has been well known for a century that the addition of fillers, mostly carbon black, to rub‐
ber compounds has a strong impact on the viscoelastic properties of materials. In recent
years, polymer nanocomposites have been developed as a new class of composites [143]. Ac‐
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tually from a rheological point of view, a direct consequence of incorporation of fillers in
molten polymers is the significant change in the steady shear viscosity behavior and the vis‐
coelastic properties. The level of filler dispersion is expected to play a major role in deter‐
mining the filler effects on non linear responses of nanocomposites. Generally speaking,
thermoplastic polymers filled with nano-particles show a solid-like behavior response
which includes a non–terminal zone of relaxation, apparent yield stress and a shear-thin‐
ning dependence of viscosity on particle concentration, aspect ratio and dispersion.

Since the melt rheological properties of filled polymers are sensitive to the structure, concen‐
tration, particle size, shape and surface characteristics of the fillers, rheology offers original
means to assess the state of the dispersion in nanocomposites and to investigate the influ‐
ence of flow conditions upon nano-filler dispersion itself [144]. As discussed previously, one
of the most important challenges in filled polymer developments and applications is to ob‐
tain a homogeneous dispersion of CNT in polymer matrix by overcoming the van der Waals
interaction between elementary tubes. As a result, it can be expected that the rheological
percolation, and subsequently the non-linearity effect, depend on nanotube dispersion and
aspect ratio. As matter of fact, a great level of activity in the domain of the rheology of poly‐
mers filled with CNT is reported in the more recent scientific literature. The rheological be‐
havior of melt thermoplastic polymer filled with NTC was reported to depend on nanotube
dispersion, aspect ratio and alignment under flow. However, among the different studies on
liquid systems filled with carbon nanotubes two types of relaxation mechanisms of CNT
must be differentiated according to the matrix viscosity: Do the carbon nanotubes behave as
Brownian particles? The Doi-Edwards theory for dilute regime (the nantotubes are free to
rotate without any contacts) allows the rotary diffusivity D r0 of a rod (Length: L and diame‐
ter: d) in an isotropic suspension to be calculated by equation (1), in which kB is the Boltz‐
mann constant and ηm is the viscosity of the suspending medium

Dr0 =
3kBT (ln(L / d )−0.8)

πηmL 3 (1)

In semi-dilute regime, the rotary diffusivity D r can be written as equation (2), where A is a
dimensionless constant whose value is generally large (A~1000).

Dr = ADr0(νL 3)−2 (2)

Consequently, the rotary diffusion of CNT varies according to matrix viscosity:

Drα1 / ηm (3)

Actually, the rheological behavior of CNT suspension is observed close to the Doi-Edwards
theory on the Brownian dynamics of rigid rods. However, it was observed that low shear
deformations induced an aggregation mechanism, but these aggregates broke down at high
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(Figure 18), as reported by Lee [140] for untreated MWCNT/PP composites MWCNTs con‐
taining of 2wt%.

Figure 17. SEM micrographs of PP/PP-g-MWCNT composites with MWCNTs loading of 3wt%. Reproduced from [129]
with permission of Elsevier.

Figure 18. SEM micrographs of PP/MWCNTs composites with MWCNTs loading of 3wt%. Reproduced from [129]
with permission of Elsevier.
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liquid systems filled with carbon nanotubes two types of relaxation mechanisms of CNT
must be differentiated according to the matrix viscosity: Do the carbon nanotubes behave as
Brownian particles? The Doi-Edwards theory for dilute regime (the nantotubes are free to
rotate without any contacts) allows the rotary diffusivity D r0 of a rod (Length: L and diame‐
ter: d) in an isotropic suspension to be calculated by equation (1), in which kB is the Boltz‐
mann constant and ηm is the viscosity of the suspending medium

Dr0 =
3kBT (ln(L / d )−0.8)

πηmL 3 (1)

In semi-dilute regime, the rotary diffusivity D r can be written as equation (2), where A is a
dimensionless constant whose value is generally large (A~1000).

Dr = ADr0(νL 3)−2 (2)

Consequently, the rotary diffusion of CNT varies according to matrix viscosity:

Drα1 / ηm (3)

Actually, the rheological behavior of CNT suspension is observed close to the Doi-Edwards
theory on the Brownian dynamics of rigid rods. However, it was observed that low shear
deformations induced an aggregation mechanism, but these aggregates broke down at high

Polymer Nanocomposites Containing Functionalised Multiwalled Carbon NanoTubes
http://dx.doi.org/10.5772/50710

99



shear, forming small aggregates with less entanglements [145]. The shear rheology of such
carbon nanotube suspensions was reviewed by Hobbie [146] from the perspective of colloid
and polymer science.

According to the Doi-Edwards theory, Marceau et al [147] have shown that the suspensions
of CNT, at low concentration (ϕ=0.2%) and in low fluid matrix (ηm=5 Pa.s), behave as Brow‐
nian entities (Dr=5.0x10-5 s-1). The diffusion time of these CNTs is then τr =1 / 2Dr ≈104s . If we
imagine that these same CNT are dispersed in high viscous polymer matrix such as molten
PP (ηm~1x103 Pa.s), their relaxation time will be then: τr ≈2x106s . The order magnitude of
the relaxation time is then one month! Consequently, the carbon nanotubes cannot be con‐
sidered anymore as Brownian entities in most of the papers that have been addressed to the
viscoelastic behavior of carbon nanotubes dispersed in high viscous molten polymers. The
main challenge in such nanocomposite systems is to control the dispersion of the nanotubes
in high viscous fluid in order to have the lowest percolation threshold regarding the electri‐
cal properties. For example, by improving the CNT dispersion using functionalized single
wall nanotubes, Mitchell et al [148] observed that the percolation threshold dropped from
3wt% to 1.5% in PS nanocomposites.

Actually, the dispersion of CNT in polymer matrix is strongly difficult mainly due to the
nanotube-nanotube interactions higher than the nanotube-polymer interaction. However,
optimal dispersion of CNTs can be achieved in polar polymers such as polyamides, polyest‐
ers or polycarbonate. This optimal dispersion is generally measured, at least from a qualita‐
tive point of view, from the electrical and/or rheological percolation threshold. Nevertheless,
the dispersion of CNT in polyolefin (PP, PE or copolymer of ethylene) is most of the time a
real challenge due to unfavorable and low nanotube-polymer interactions. On the other
hand, the fact that CNT have a high aspect ratio and are not Brownian in polymer matrix
leads to the conclusion that the different works of the literature are difficult to compare. The
samples, studied in rheology or electric conductivity, have generally undergone different
processing conditions. As a result, CNT nanocomposites are totally out of isotropic disper‐
sion and the isotropic equilibrium of CNTs can never be achieved. However, general trends
in CNT nancomposite can be described from the open literature.

From a sample preparation point of view, dispersion of CNTs in polyolefins were generally
prepared via conventional melt processing, i.e melt blending in batch mixer or in twin screw
extruder). Marginal methods may also be used as for example solid-state shear pulveriza‐
tion [149] or in situ lubrication methods [150]. Numerous studies [151-156] have been devot‐
ed to the linear viscoelasticity of PP nanocomposites based on CNT dispersion.

All of these papers reported an increase in shear viscosity and storage and loss moduli of the
nanocomposites with increasing the CNT concentration as shown in Figure 19.

Furthermore, a general rheological trend for nanocomposites studied in most of these pa‐
pers is the appearance of a transition from a liquid-like behaviour to a solid-like behaviour,
i.e. the apparition of a plateau (second plateau modulus, Go = lim

ω→0
G '(ω) ) of the storage mod‐

ulus at low frequency which is obviously higher than the loss modulus. Obviously, it is ad‐
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mitted that the increase of the CNT concentration is driving this transition. Above this
critical transition, generally associated with the percolation threshold, these nanocomposites
show a solid-like behavior response, which includes a non-terminal zone of relaxation lead‐
ing to apparent yield stress and a shear-thinning dependence on viscosity |η * (ω)|αω −1 .

Figure 19. Variation versus frequency of the storage shear modulus G’(ω) and absolute complex viscosity η*(ω) at dif‐
ferent concentrations of CNT (1 to 7%). Reproduced from [151] with permission of John Wiley and Sons.

This non-terminal frequency behavior is generally attributed to the formation of an intercon‐
nected nanotube network in the polymer matrix. Therefore, the solid-like behavior is associat‐
ed nanotube–nanotube interactions which increase with the CNT content. Eventually, these
interactions lead to percolation and the formation of an interconnected structure of nanotubes
in the matrix. Due to the high aspect ratio of CNT (generally, L/d>150), the existence of this per‐
colation threshold is expected at low concentration. For example, from Fig 19, the percolation
threshold can be estimated to be less than 2% of CNT. This percolation threshold is generally
observed in the range 0.5%-5% depending on CNT nature (aspect ratio, surface chemical mod‐
ification) and on the processing methods for nanocomposite preparation.

If a lot of works have been devoted to the linear viscoelasticity of CNT nanocomposites
whereas a few works have been reported on non-linear properties such as for example the
melt flow instabilities. Interestingly, Palza et al [157] showed that carbon nanotubes modify
the main characteristics of the spurt instability developed by the linear polyethylene. Fur‐
thermore, the sharkskin instability, developed in short chain branched polyethylene, is re‐
duced at low amounts of MWCNT. Furthermore, the critical shear rate for the on-set of the
spurt and the sharkskin instabilities decreases in the nanocomposites probably due to the
physical interactions between the polymer and the nanofiller. Finally, at high shear rates, the
gross melt fracture instability is completely erased in the nanocomposites based on the line‐
ar polymer whereas in short chain branched polyethylene the amplitude of this bulk distor‐
tion is rather moderated. Clearly, the carbon nanotubes have a drastic effect on the main
flow instabilities observed in polyethylene. Consequently, the processing of CNT nanocom‐
posites, i.e under non-linear deformation, is an open investigation domain.
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tive point of view, from the electrical and/or rheological percolation threshold. Nevertheless,
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real challenge due to unfavorable and low nanotube-polymer interactions. On the other
hand, the fact that CNT have a high aspect ratio and are not Brownian in polymer matrix
leads to the conclusion that the different works of the literature are difficult to compare. The
samples, studied in rheology or electric conductivity, have generally undergone different
processing conditions. As a result, CNT nanocomposites are totally out of isotropic disper‐
sion and the isotropic equilibrium of CNTs can never be achieved. However, general trends
in CNT nancomposite can be described from the open literature.

From a sample preparation point of view, dispersion of CNTs in polyolefins were generally
prepared via conventional melt processing, i.e melt blending in batch mixer or in twin screw
extruder). Marginal methods may also be used as for example solid-state shear pulveriza‐
tion [149] or in situ lubrication methods [150]. Numerous studies [151-156] have been devot‐
ed to the linear viscoelasticity of PP nanocomposites based on CNT dispersion.

All of these papers reported an increase in shear viscosity and storage and loss moduli of the
nanocomposites with increasing the CNT concentration as shown in Figure 19.
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pers is the appearance of a transition from a liquid-like behaviour to a solid-like behaviour,
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critical transition, generally associated with the percolation threshold, these nanocomposites
show a solid-like behavior response, which includes a non-terminal zone of relaxation lead‐
ing to apparent yield stress and a shear-thinning dependence on viscosity |η * (ω)|αω −1 .

Figure 19. Variation versus frequency of the storage shear modulus G’(ω) and absolute complex viscosity η*(ω) at dif‐
ferent concentrations of CNT (1 to 7%). Reproduced from [151] with permission of John Wiley and Sons.

This non-terminal frequency behavior is generally attributed to the formation of an intercon‐
nected nanotube network in the polymer matrix. Therefore, the solid-like behavior is associat‐
ed nanotube–nanotube interactions which increase with the CNT content. Eventually, these
interactions lead to percolation and the formation of an interconnected structure of nanotubes
in the matrix. Due to the high aspect ratio of CNT (generally, L/d>150), the existence of this per‐
colation threshold is expected at low concentration. For example, from Fig 19, the percolation
threshold can be estimated to be less than 2% of CNT. This percolation threshold is generally
observed in the range 0.5%-5% depending on CNT nature (aspect ratio, surface chemical mod‐
ification) and on the processing methods for nanocomposite preparation.

If a lot of works have been devoted to the linear viscoelasticity of CNT nanocomposites
whereas a few works have been reported on non-linear properties such as for example the
melt flow instabilities. Interestingly, Palza et al [157] showed that carbon nanotubes modify
the main characteristics of the spurt instability developed by the linear polyethylene. Fur‐
thermore, the sharkskin instability, developed in short chain branched polyethylene, is re‐
duced at low amounts of MWCNT. Furthermore, the critical shear rate for the on-set of the
spurt and the sharkskin instabilities decreases in the nanocomposites probably due to the
physical interactions between the polymer and the nanofiller. Finally, at high shear rates, the
gross melt fracture instability is completely erased in the nanocomposites based on the line‐
ar polymer whereas in short chain branched polyethylene the amplitude of this bulk distor‐
tion is rather moderated. Clearly, the carbon nanotubes have a drastic effect on the main
flow instabilities observed in polyethylene. Consequently, the processing of CNT nanocom‐
posites, i.e under non-linear deformation, is an open investigation domain.
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4. Conclusion

The most frequent method for preparing polymer nanotubes composites has been mixing
nanotubes and polymer in a suitable solvent and to evaporate the solvent to form composite
film. But to increase the advantages at its best, one needs: (i) high interfacial area between
nanotubes and polymer; and, (ii) strong interfacial interaction. Unfortunately this solvent
technique does not help much in achieving these targets; and as a result a nanocomposite
having properties much inferior to theoretical expectations are obtained. In order to obtain
higher contact area between nanotubes and polymer, the issue of dispersion needs to be ad‐
dressed. Uniform dispersion of these nanotubes produces immense internal interfacial area,
which is the key to enhancement of properties of interest. On the other hand, modification of
nanotubes surface through functionalisation is required for creating an effective interaction
with the host matrix and to make nanotubes soluble and dispersible.

The idea of grafting PE or PP with the help of peroxide during extrusion is exciting. It was
shown that cumlyoxly radical generated by thermolysis of DCP can abstract hydrogen from
polyolefin chains, thus creating polyolefin macroradicals. Then, these macroradicals add to
the unsaturated carbon bonds on the surface of the nanotubes. The upside of this strategy is
that radicals have short lifetimes which make the procedure possible in an extruder where
the residence time is generally low. On the contrary, the downside is the low selectivity of
radicals leading to a competition between radical combination reactions and radical addi‐
tion reactions. Alkanes can be used as model for PE to perform the grafting of PE onto nano‐
tubes. The results were interesting however the degree of PE grafting remained lower than
the model (weight loss by TGA = 22% as compared to a weight loss of 30% in case of penta‐
decane). LDPE grafting density on nanotubes was 1.1mg.m-2 while incorporation of TEMPO
raised the grafting density to 1.4mg.m-2. End functionalised PE can also be used for PE graft‐
ing onto nanotubes with dichlorobenzene as solvent. As emphasized by TEM images, a lay‐
er of considerable thickness has been grafted around the periphery of the nanotubes.

In order to follow the same strategy for nanotubes functionalisation with PP, tetramethyl‐
pentadecane has been selected as a model compound for PP. It was successfully grafted onto
carbon nanotubes with a grafting density of 0.92 mg/m2. However, the grafting of PP onto
nanotubes did not permit to obtain reproductible results. SEM images of the PP-g-MWCNTs
nanocomposites with filler loadings of 3wt% in PP matrix did not show a significant im‐
provement in MWCNTs dispersion within the PP matrix although sizes of the aggregates
were slightly reduced.

In addition, it can be expected that the rheological percolation, and subsequently the non-
linearity effect, depend on nanotube dispersion and aspect ratio. Low shear deformations in‐
duced an aggregation mechanism, but these aggregates broke down at high shear, forming
small aggregates with less entanglements. In a high viscous polymer media, it was shown
that carbon nanotubes could not be considered anymore as Brownian entities. A general
rheological trend for CNTs-based nanocomposites is the appearance of a transition from a
liquid-like behaviour to a solid-like behaviour increasing with the CNT content because it is
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associated to nanotube–nanotube interactions. Due to the high aspect ratio of CNT the per‐
colation threshold can be expected to be less than 2% of CNT.
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1. Introduction

Carbon nanotubes describes a specific topic within solid-state physics, but is also of interest in
other sciences like chemistry or biology. Actually the topic has floating boundaries, because
we are at the molecule level. In the recent years carbon nanotubes have become more and more
popular to the scientists. Initially, it was the spectacularly electronic properties, that were the
basis for the great interest, but eventually other remarkable properties were also discovered.

The first CNTs were prepared by M. Endo in 1978, as part of his PhD studies at the Universi‐
ty of Orleans in France. Although he produced very small diameter filaments (about 7 nm)
using a vapour-growth technique, these fibers were not recognized as nanotubes and were
not studied systematically. It was only after the discovery of fullerenes, C60, in 1985 that re‐
searchers started to explore carbon structures further. In 1991, when the Japanese electron
microscopist Sumio Iijima [1] observed CNTs, the field really started to advance. He was
studying the material deposited on the cathode during the arc-evaporation synthesis of full‐
erenes and came across CNTs. A short time later, Thomas Ebbesen and Pulickel Ajayan,
from Iijima's lab, showed how nanotubes could be produced in bulk quantities by varying
the arc-evaporation conditions. However, the standard arc-evaporation method only pro‐
duced only multiwall nanotubes. After some research, it was found that the addition of met‐
als such as cobalt to the graphite electrodes resulted in extremely fine single wall nanotubes.

The synthesis in 1993 of single-walled carbon nanotubes (SWNTs) was a major event in the
development of CNTs. Although the discovery of CNTs was an accidental event, it opened
the way for a flourishing research into the properties of CNTs in labs all over the world,
with many scientists demonstrating promising physical, chemical, structural, and optical
properties of CNTs.

© 2013 Tarawneh and Ahmad; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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CNTs exhibit a great range of remarkable properties, including unique mechanical and elec‐
trical characteristics. These remarkable high modulus and stiffness properties have led to
the use of CNTs to reinforce polymers in the past few years. Both theoretical (e.g. molecular
structural mechanics and tight-binding molecular dynamics) and experimental studies have
shown SWCNTs to have extremely high elastic modulus (≈1 TPa) [2-3]. The tensile strength
of SWCNTs estimated from molecular dynamics simulation is ≈150 MPa [4]. The experimen‐
tal measurement of 150 MPa was found for the break strength of multi-walled carbon nano‐
tubes (MWCNTs) [5].

The remarkable properties of CNTs offer the potential for improvement of the mechanical
properties of polymers at very low concentrations. In practice, MWCNTs are preferred over
SWCNTs as the reinforcing fillers for polymers due to their lower production cost. Howev‐
er, slippage between the shells of MWCNTs would undermine the capability of the fillers to
bear the external applied load.

Mixed 1 wt.% MWCNTs with polystyrene (PS) in toluene via ultrasonication, achieved
about 36–42% increase in the elastic modulus and a 25% increase in the tensile strength of
the PS–MWCNT film compared to pure PS [6]. They found that nanotube fracture and pull‐
out are responsible for the failure of the composite. The fracture of MWCNTs in a PS matrix
implies that certain load transfer from the PS to the nanotubes has taken place. However,
the pullout of MWCNTs from the PS matrix indicating that the PS–nanotube interfacial
strength is not strong enough to resist debonding of the fillers from the matrix. It is consid‐
ered that some physical interactions exist at the PS–MWCNT interface, thereby enabling
load transfer from the matrix to the fillers.

The additions of 0.25– 0.75 wt.% SWCNTs to polypropylene (PP) considerably its tensile
strength and stiffness as well as storage modulus. The elongation at break reduces from 493
(PP) to 410% with the addition of 0.75 wt.% filler, corresponding to -17% reduction in ductil‐
ity. At 1 wt.% SWNT, both stiffness and strength are significantly reduced due to the forma‐
tion of aggregates [7].

The morphology and mechanical properties of the melt-compounded polyamide 6 (PA6)–
MWNT nanocomposites were studied by [8]. The MWCNTs were purified by dissolving the
catalyst in hydrochloric acid followed by refluxing in 2.6 Mnitric acids to increasing the car‐
boxylic and hydroxyl groups. It was also found that with the addition of only 1 wt.%
MWCNTs, the tensile modulus and the tensile strength are greatly improved by ≈115 and
120%, respectively compared to neat PA6. The tensile ductility drops slightly from 150 to
125%. They attributed the improvements of these mechanical properties to a better disper‐
sion of MWCNTs in PA6 matrix, and to a strong interfacial adhesion between the nanofillers
and PA6 matrix which leads to favorable stress transfer across the polymer to the MWCNTs.

The influence of SWNT and carbon nanofiber additions on the mechanical performances of
silicone rubber was reported by [9]. They reported that SWCNTs are effective reinforce‐
ments for silicone rubber due to their large aspect ratio and low density. The initial modulus
(measured by fitting a straight line to the data below 10% strain) tends to increase almost
linearly with increasing filler content. The effect of SWCNT and carbon fiber additions on
the tensile ductility of silicone rubber is shown that the strain to failure drops from 325 to
275% upon loading with 1 wt.% SWCNTs, corresponding to ≈15% reduction.
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The carbon nanotube additions to polyurethane (PU) improve the mechanical properties
such as increased modulus and yield stress, without loss of the ability to stretch the elasto‐
mer above 1000% before final failure; the addition of CNTs increases the modulus and
strength of PU without degrading deformabilty. The elongation at break decreases very
slightly with CNT loading up to 17 wt.%. At this filler loading, the nanocomposite still
maintains a very high value of elongation at rupture, i.e. 1200% [10].

Theoretical prediction showed an extremely high thermal conductivity (6000 W/mK) of an
isolated SWCNTs [11]. High thermal conductivity of the CNTs may provide the solution of
thermal management for the advanced electronic devices with narrow line width. Revealed
the thermal conductivity of epoxy-based composites reinforced with 1.0 wt.% SWCNTs in‐
creased over 125% reaching a value of ~0.5 W/mK [12]. The variation of thermal conductivi‐
ty with the values of 35 and 2.3 W/mK for a densepacked mat and a sintered sample,
respectively [13]. High thermal conductivity of 42 and ~18W/mK of the aligned and the ran‐
dom bucky paper mats, respectively. However, the thermal conductivity drops significantly
by almost an order of magnitude when the aligned bucky paper mats were loaded with ep‐
oxy, the volume fraction of the aligned bucky paper composites is about 50%[14].

Developed an infiltration method to produce CNTs/epoxy composites and showed a 220%
increase in thermal conductivity (~0.61 W/mK) at 2.3 wt.% SWCNT loading, and they found
that the electrical resistance between SWCNT-polymer is more severe than that of SWCNT–
SWCNT [15]. Prepared SWCNT and MWCNT films and reported the thermal conductivity
of 1.64 and 1.51 W/mK, respectively; they concluded that the intra-tube spacing affects the
thermal transfer more significantly than that of the nanotubes themselves [16].

The thermal conductivities of composites reinforced with 1.0 wt.% SWCNTs and 4.0 wt.%
MWCNTs are 2.43 W/mK and 3.44 W/mK, respectively. Composites reinforced with the un‐
purified CNTs have higher thermal conductivity than that of the purified CNTs reinforced
composite. This is attributed to the generation of defects on the CNT surface during acid
treatment. Moreover, due to longer phonon propagation length, it is found that thermal con‐
ductivity increases with temperatures over the range from 25 to 55°C for both SWCNTs/
Poly (methyl methacrylate) PMMA and MWCNTs/PMMA composites. However, the ther‐
mal conductivities of CNT films decrease with increasing temperature, which results from
phonon scattering during transfer due to the presence of defects coupled with smaller pho‐
non mean free path at higher temperature [17].

The differences in the composite manufacturing methods, powder-(MWCNTs and ball mil‐
led SWCNTs) or liquid- (chemically treated SWCNTs) based approach, can not account for
the differences in the properties, since both methods were used for the SWNT-composites
and resulted in similar thermal behaviour [18]. Thus, they concluded that in this case, there
must be a very large interface resistance to the heat flow associated with poor phonon cou‐
pling between the stiff nanotubes and the (relatively) soft polymer matrix. In addition it is
possible that the phonon vibrations in the SWCNTs are dampened by the matrix interaction,
while in the MWCNTs the phonons can be carried in the inner walls without hindrance.
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CNTs exhibit a great range of remarkable properties, including unique mechanical and elec‐
trical characteristics. These remarkable high modulus and stiffness properties have led to
the use of CNTs to reinforce polymers in the past few years. Both theoretical (e.g. molecular
structural mechanics and tight-binding molecular dynamics) and experimental studies have
shown SWCNTs to have extremely high elastic modulus (≈1 TPa) [2-3]. The tensile strength
of SWCNTs estimated from molecular dynamics simulation is ≈150 MPa [4]. The experimen‐
tal measurement of 150 MPa was found for the break strength of multi-walled carbon nano‐
tubes (MWCNTs) [5].

The remarkable properties of CNTs offer the potential for improvement of the mechanical
properties of polymers at very low concentrations. In practice, MWCNTs are preferred over
SWCNTs as the reinforcing fillers for polymers due to their lower production cost. Howev‐
er, slippage between the shells of MWCNTs would undermine the capability of the fillers to
bear the external applied load.

Mixed 1 wt.% MWCNTs with polystyrene (PS) in toluene via ultrasonication, achieved
about 36–42% increase in the elastic modulus and a 25% increase in the tensile strength of
the PS–MWCNT film compared to pure PS [6]. They found that nanotube fracture and pull‐
out are responsible for the failure of the composite. The fracture of MWCNTs in a PS matrix
implies that certain load transfer from the PS to the nanotubes has taken place. However,
the pullout of MWCNTs from the PS matrix indicating that the PS–nanotube interfacial
strength is not strong enough to resist debonding of the fillers from the matrix. It is consid‐
ered that some physical interactions exist at the PS–MWCNT interface, thereby enabling
load transfer from the matrix to the fillers.

The additions of 0.25– 0.75 wt.% SWCNTs to polypropylene (PP) considerably its tensile
strength and stiffness as well as storage modulus. The elongation at break reduces from 493
(PP) to 410% with the addition of 0.75 wt.% filler, corresponding to -17% reduction in ductil‐
ity. At 1 wt.% SWNT, both stiffness and strength are significantly reduced due to the forma‐
tion of aggregates [7].

The morphology and mechanical properties of the melt-compounded polyamide 6 (PA6)–
MWNT nanocomposites were studied by [8]. The MWCNTs were purified by dissolving the
catalyst in hydrochloric acid followed by refluxing in 2.6 Mnitric acids to increasing the car‐
boxylic and hydroxyl groups. It was also found that with the addition of only 1 wt.%
MWCNTs, the tensile modulus and the tensile strength are greatly improved by ≈115 and
120%, respectively compared to neat PA6. The tensile ductility drops slightly from 150 to
125%. They attributed the improvements of these mechanical properties to a better disper‐
sion of MWCNTs in PA6 matrix, and to a strong interfacial adhesion between the nanofillers
and PA6 matrix which leads to favorable stress transfer across the polymer to the MWCNTs.

The influence of SWNT and carbon nanofiber additions on the mechanical performances of
silicone rubber was reported by [9]. They reported that SWCNTs are effective reinforce‐
ments for silicone rubber due to their large aspect ratio and low density. The initial modulus
(measured by fitting a straight line to the data below 10% strain) tends to increase almost
linearly with increasing filler content. The effect of SWCNT and carbon fiber additions on
the tensile ductility of silicone rubber is shown that the strain to failure drops from 325 to
275% upon loading with 1 wt.% SWCNTs, corresponding to ≈15% reduction.
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The carbon nanotube additions to polyurethane (PU) improve the mechanical properties
such as increased modulus and yield stress, without loss of the ability to stretch the elasto‐
mer above 1000% before final failure; the addition of CNTs increases the modulus and
strength of PU without degrading deformabilty. The elongation at break decreases very
slightly with CNT loading up to 17 wt.%. At this filler loading, the nanocomposite still
maintains a very high value of elongation at rupture, i.e. 1200% [10].

Theoretical prediction showed an extremely high thermal conductivity (6000 W/mK) of an
isolated SWCNTs [11]. High thermal conductivity of the CNTs may provide the solution of
thermal management for the advanced electronic devices with narrow line width. Revealed
the thermal conductivity of epoxy-based composites reinforced with 1.0 wt.% SWCNTs in‐
creased over 125% reaching a value of ~0.5 W/mK [12]. The variation of thermal conductivi‐
ty with the values of 35 and 2.3 W/mK for a densepacked mat and a sintered sample,
respectively [13]. High thermal conductivity of 42 and ~18W/mK of the aligned and the ran‐
dom bucky paper mats, respectively. However, the thermal conductivity drops significantly
by almost an order of magnitude when the aligned bucky paper mats were loaded with ep‐
oxy, the volume fraction of the aligned bucky paper composites is about 50%[14].

Developed an infiltration method to produce CNTs/epoxy composites and showed a 220%
increase in thermal conductivity (~0.61 W/mK) at 2.3 wt.% SWCNT loading, and they found
that the electrical resistance between SWCNT-polymer is more severe than that of SWCNT–
SWCNT [15]. Prepared SWCNT and MWCNT films and reported the thermal conductivity
of 1.64 and 1.51 W/mK, respectively; they concluded that the intra-tube spacing affects the
thermal transfer more significantly than that of the nanotubes themselves [16].

The thermal conductivities of composites reinforced with 1.0 wt.% SWCNTs and 4.0 wt.%
MWCNTs are 2.43 W/mK and 3.44 W/mK, respectively. Composites reinforced with the un‐
purified CNTs have higher thermal conductivity than that of the purified CNTs reinforced
composite. This is attributed to the generation of defects on the CNT surface during acid
treatment. Moreover, due to longer phonon propagation length, it is found that thermal con‐
ductivity increases with temperatures over the range from 25 to 55°C for both SWCNTs/
Poly (methyl methacrylate) PMMA and MWCNTs/PMMA composites. However, the ther‐
mal conductivities of CNT films decrease with increasing temperature, which results from
phonon scattering during transfer due to the presence of defects coupled with smaller pho‐
non mean free path at higher temperature [17].

The differences in the composite manufacturing methods, powder-(MWCNTs and ball mil‐
led SWCNTs) or liquid- (chemically treated SWCNTs) based approach, can not account for
the differences in the properties, since both methods were used for the SWNT-composites
and resulted in similar thermal behaviour [18]. Thus, they concluded that in this case, there
must be a very large interface resistance to the heat flow associated with poor phonon cou‐
pling between the stiff nanotubes and the (relatively) soft polymer matrix. In addition it is
possible that the phonon vibrations in the SWCNTs are dampened by the matrix interaction,
while in the MWCNTs the phonons can be carried in the inner walls without hindrance.
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The precise sectioning of CNTs provides an effective way to shorten carbon nanotubes with
controlled length and minimum sidewall damage [19]. For shortened nanotubes they found
that they are easily dispersed into polymer matrices, which effectively improved the perco‐
lation. The minimum CNT sidewall damage and improved percolation in short SWCNT
composites led to an obvious improvement of thermal conductivity. Hence, their research
suggests an effective way to improve dispersion of CNTs into polymer matrices and also re‐
tain the perfect electronic structure of the CNTs, resulting in desired functional materials.

Accurate measurement of the thermal conductivity of composites and nanocomposites can
be done using the transient hot-wire technique which is capable of measuring the thermal
conductivity of solid materials in an absolute way. The enhancement in the thermal conduc‐
tivity was measured as 27% in relation to the thermal conductivity of the epoxy-resin poly‐
mer, which is satisfactory taking into account the low volume fraction (28%) of the glass
fibres used in the composite [20]. They reported that when 2% by weight C-MWNT were
mixed with the epoxy-resin, the enhancement of thermal conductivity was 9% while using
both glass fibres and C-MWNT the enhancement was 48%.

For sufficient enhancement of most of the nanocomposites’ properties, the dispersion of the
CNTs should be very fine in the polymer matrix, which means that the surface of interaction
between the filler and the matrix should be optimised. However, this is difficult to achieve
since their long length results in them becoming entangled. Moreover, their very large sur‐
face-to-volume ratio and strong van der Waals interactions keep them tied together, which
in most cases leads to the formation of large agglomerates in polymer matrices. The interfa‐
cial adhesion between CNTs and the polymeric matrix is also crucial. In order to increase
the interfacial adhesion between the polymer and the CNTs various routes of surface modi‐
fication of the nanotubes have been considered. One is non-covalent functionalisation of
molecules and the other is covalent functionalisation from the walls of the nanotubes. Non-
covalent functionalisation is based on weak Van der Waals forces [21]. The advantage of
non-covalent functionalisation is that the perfect structure of the nanotubes is not altered
while the covalent attachment can greatly improve the load transfer to the matrix; however,
it usually introduces structural defects on the nanotubes’ surface.

Although both probe style and bath style ultrasonic systems can be used for dispersing
CNTs, it is widely believed that the probe style ultrasonic systems work better for dispers‐
ing CNTs [22]. It is also widely known that adding a dispersing reagent (surfactant) into the
solution will accelerate the dispersion effect.

The most common procedure used for covalent attachment of reactive groups is the treat‐
ment with inorganic acids. Usually the nanotubes are refluxed with a nitric acid solution or
a mixture of nitric and sulfuric acid, sometimes concurrently with the application of high
power sonication [23]. These oxidative treatments usually result in shortening of the CNTs’
length and formation of surface reactive groups, such as hydroxyl, carbonyl and mainly car‐
boxylic acid. Oxidation of the nanotubes starts at the tips and gradually moves towards the
central part of the tube and the layers are removed successively [24].
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The synthesized carbon nanotubes usually exist as agglomerates of the size of several hun‐
dred micrometers [25]. Such entanglements make it difficult to disperse nanotubes uniform‐
ly in a polymer matrix. To overcome the dispersion problem, it is necessary to tailor the
chemical nature of the nanotube surface. One of the most straightforward methods for nano‐
tube dispersion is direct mixing; however, it does not always yield a homogeneous distribu‐
tion of nanotubes because of the lack of compatibility between the MWCNTs and polymer
matrix. Solution processing has been a commonly used method in fabrication of the well-
dispersed carbon nanotube composites. However, it is hard to achieve homogeneous disper‐
sion of nanotubes in a polymer matrix because carbon nanotubes are insoluble and bundled.

Chemical functionalization of the MWCNTs surface increases the interfacial interaction be‐
tween MWCNTs and the polymer matrix. This enhances the adhesion of the MWCNTs in
various organic solvents and polymers, reduces the tendency to agglomerate, and improves
dispersion. The improved interactions between MWCNTs and the polymer matrix govern
the load-transfer from the polymer to the nanotubes and, hence, increase the reinforcement
efficiency. Attachment of oxygen containing functional groups (i.e., carboxyl groups, car‐
bonyl groups, hydroxyl groups, etc.) on the surface of the MWCNTs could be achieved by
applying several chemical treatments.

The chemically functionalized MWCNTs can be easily mixed with the polymer matrix. Acid
treatment of the nanotube is an especially well-known technique to remove catalytic impuri‐
ties, generate functional groups on open ends or sidewalls of nanotubes, and facilitate good
dispersion of MWCNTs in polymeric solutions or melts.

The emergence of thermoplastic elastomers (TPEs) is one of the most important develop‐
ments in the area of polymer science and technology. TPEs are a new class of material that
combines the properties of vulcanized rubber with the ease of processability of thermoplas‐
tics [26]. Thermoplastic elastomers can be prepared by blending thermoplastic and elasto‐
mers at a high shear rate. Thermoplastics, for example, polypropylene (PP), polyethylene
(PE) and polystyrene (PS), and elastomers, such as ethylene propylene diene monomer
(EPDM), natural rubber (NR) and butyl rubber (BR), are among the materials used in ther‐
moplastic elastomer blends.

Blends of natural rubber (NR) and polypropylene (PP) have been widely reported by previ‐
ous researchers [26]. According to them, polypropylene is the best choice for blending with
natural rubber due to its high softening temperature (150°C) and low glass transition tem‐
perature (-60°C, is Tg for NR), which makes it versatile in a wide range of temperatures.
Even though NR and PP are immiscible, their chemical structure is nearly the same. Thus,
stable dispersion of NR and PP is possible. Incompatibility between NR and PP can be over‐
come by the introduction of a compatibiliser that can induce interactions during blending.
Compatibility is important as it may affect the morphology, mechanical and thermal proper‐
ties of the blends. Among the commonly used compatibilisers are dicumyl peroxide (DCP),
m-phenylene bismaleimide (HVA-2) and liquid natural rubber (LNR). Apart from compati‐
bility, mixing torque and curing are interrelated in determining the homogeneity of the
TPNR blend.
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The precise sectioning of CNTs provides an effective way to shorten carbon nanotubes with
controlled length and minimum sidewall damage [19]. For shortened nanotubes they found
that they are easily dispersed into polymer matrices, which effectively improved the perco‐
lation. The minimum CNT sidewall damage and improved percolation in short SWCNT
composites led to an obvious improvement of thermal conductivity. Hence, their research
suggests an effective way to improve dispersion of CNTs into polymer matrices and also re‐
tain the perfect electronic structure of the CNTs, resulting in desired functional materials.

Accurate measurement of the thermal conductivity of composites and nanocomposites can
be done using the transient hot-wire technique which is capable of measuring the thermal
conductivity of solid materials in an absolute way. The enhancement in the thermal conduc‐
tivity was measured as 27% in relation to the thermal conductivity of the epoxy-resin poly‐
mer, which is satisfactory taking into account the low volume fraction (28%) of the glass
fibres used in the composite [20]. They reported that when 2% by weight C-MWNT were
mixed with the epoxy-resin, the enhancement of thermal conductivity was 9% while using
both glass fibres and C-MWNT the enhancement was 48%.

For sufficient enhancement of most of the nanocomposites’ properties, the dispersion of the
CNTs should be very fine in the polymer matrix, which means that the surface of interaction
between the filler and the matrix should be optimised. However, this is difficult to achieve
since their long length results in them becoming entangled. Moreover, their very large sur‐
face-to-volume ratio and strong van der Waals interactions keep them tied together, which
in most cases leads to the formation of large agglomerates in polymer matrices. The interfa‐
cial adhesion between CNTs and the polymeric matrix is also crucial. In order to increase
the interfacial adhesion between the polymer and the CNTs various routes of surface modi‐
fication of the nanotubes have been considered. One is non-covalent functionalisation of
molecules and the other is covalent functionalisation from the walls of the nanotubes. Non-
covalent functionalisation is based on weak Van der Waals forces [21]. The advantage of
non-covalent functionalisation is that the perfect structure of the nanotubes is not altered
while the covalent attachment can greatly improve the load transfer to the matrix; however,
it usually introduces structural defects on the nanotubes’ surface.

Although both probe style and bath style ultrasonic systems can be used for dispersing
CNTs, it is widely believed that the probe style ultrasonic systems work better for dispers‐
ing CNTs [22]. It is also widely known that adding a dispersing reagent (surfactant) into the
solution will accelerate the dispersion effect.

The most common procedure used for covalent attachment of reactive groups is the treat‐
ment with inorganic acids. Usually the nanotubes are refluxed with a nitric acid solution or
a mixture of nitric and sulfuric acid, sometimes concurrently with the application of high
power sonication [23]. These oxidative treatments usually result in shortening of the CNTs’
length and formation of surface reactive groups, such as hydroxyl, carbonyl and mainly car‐
boxylic acid. Oxidation of the nanotubes starts at the tips and gradually moves towards the
central part of the tube and the layers are removed successively [24].
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The synthesized carbon nanotubes usually exist as agglomerates of the size of several hun‐
dred micrometers [25]. Such entanglements make it difficult to disperse nanotubes uniform‐
ly in a polymer matrix. To overcome the dispersion problem, it is necessary to tailor the
chemical nature of the nanotube surface. One of the most straightforward methods for nano‐
tube dispersion is direct mixing; however, it does not always yield a homogeneous distribu‐
tion of nanotubes because of the lack of compatibility between the MWCNTs and polymer
matrix. Solution processing has been a commonly used method in fabrication of the well-
dispersed carbon nanotube composites. However, it is hard to achieve homogeneous disper‐
sion of nanotubes in a polymer matrix because carbon nanotubes are insoluble and bundled.

Chemical functionalization of the MWCNTs surface increases the interfacial interaction be‐
tween MWCNTs and the polymer matrix. This enhances the adhesion of the MWCNTs in
various organic solvents and polymers, reduces the tendency to agglomerate, and improves
dispersion. The improved interactions between MWCNTs and the polymer matrix govern
the load-transfer from the polymer to the nanotubes and, hence, increase the reinforcement
efficiency. Attachment of oxygen containing functional groups (i.e., carboxyl groups, car‐
bonyl groups, hydroxyl groups, etc.) on the surface of the MWCNTs could be achieved by
applying several chemical treatments.

The chemically functionalized MWCNTs can be easily mixed with the polymer matrix. Acid
treatment of the nanotube is an especially well-known technique to remove catalytic impuri‐
ties, generate functional groups on open ends or sidewalls of nanotubes, and facilitate good
dispersion of MWCNTs in polymeric solutions or melts.

The emergence of thermoplastic elastomers (TPEs) is one of the most important develop‐
ments in the area of polymer science and technology. TPEs are a new class of material that
combines the properties of vulcanized rubber with the ease of processability of thermoplas‐
tics [26]. Thermoplastic elastomers can be prepared by blending thermoplastic and elasto‐
mers at a high shear rate. Thermoplastics, for example, polypropylene (PP), polyethylene
(PE) and polystyrene (PS), and elastomers, such as ethylene propylene diene monomer
(EPDM), natural rubber (NR) and butyl rubber (BR), are among the materials used in ther‐
moplastic elastomer blends.

Blends of natural rubber (NR) and polypropylene (PP) have been widely reported by previ‐
ous researchers [26]. According to them, polypropylene is the best choice for blending with
natural rubber due to its high softening temperature (150°C) and low glass transition tem‐
perature (-60°C, is Tg for NR), which makes it versatile in a wide range of temperatures.
Even though NR and PP are immiscible, their chemical structure is nearly the same. Thus,
stable dispersion of NR and PP is possible. Incompatibility between NR and PP can be over‐
come by the introduction of a compatibiliser that can induce interactions during blending.
Compatibility is important as it may affect the morphology, mechanical and thermal proper‐
ties of the blends. Among the commonly used compatibilisers are dicumyl peroxide (DCP),
m-phenylene bismaleimide (HVA-2) and liquid natural rubber (LNR). Apart from compati‐
bility, mixing torque and curing are interrelated in determining the homogeneity of the
TPNR blend.
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Mechanical blending of PP and NR with the addition of LNR as a compatibiliser has been
reported to be optimal at a temperature of 175-185°C and a rotor speed of 30-60rpm. The
percentage of LNR used depends on the ratio of NR to PP. For a NR:PP ratio of 30:70 the
best physical properties are obtained at 10% LNR [27]. The compatibiliser helps to induce
the interaction between the rubber and plastic interphase and thereby increases the homoge‐
neity of the blend.

MWCNTs/TPNR composites with different amounts of MWCNT were prepared and their
thermal properties have been investigated by [28]. The higher thermal conductivity was ach‐
ieved in the samples with 1 and 3wt% of MWCNTs compared to the pristine TPNR. Any
sample with MWCNTs content higher than 3wt% caused the conductivity to decrease. In
addition, the improvement of thermal diffusivity and specific heat was also achieved at the
same percentage. DMA confirmed that the glass transition temperature (Tg) increased with
the increase in the amount of MWCNTs.

The tensile strength, tensile modulus, and also the impact strength of TPNR/MWCNTs are
improved significantly while sacrificing high elongation at break by incorporating
MWCNTs. The reinforcing effect of MWCNTs was also confirmed by DMA where the addi‐
tion of nanotubes has increased the storage modulus, the loss modulus, and also the glass
transition temperature (Tg). Homogeneous dispersion of MWCNTs throughout the TPNR
matrix and strong interfacial adhesion between MWCNTs and matrix as confirmed by SEM
images are proposed to be responsible for the significant mechanical enhancement [29].

The reinforcing effect of two types of MWCNTs has also confirmed by dynamic mechanical
analysis where the addition of nanotubes have increased in the storage modulus E', and the
loss modulus E'', in the addition the glass transition temperature (Tg) increased with an in‐
crease in the amount of MWCNTs. The addition of MWCNTs in the TPNR matrix improved
the mechanical properties. The tensile strength and elongation at break of MWCNTs 1 in‐
creased by 23%, and 29%, respectively. The Young's modulus had increased by increasing
the content of MWCNTs. For MWCNTs 2 the optimum result of tensile strength and
Young's modulus was recorded at 3% which increased 39%, and 30%, respectively. The laser
flash technique was used to measure the thermal conductivity, thermal diffusivity and spe‐
cific heat, from the results obtained. The high thermal conductivity was achieved at 1 wt%
and 3 wt% of MWCNTs compared with TPNR after 3 wt% it decreased, also the improve‐
ment of thermal diffusivity and specific heat was achieved at the same percentage. The
MWCNTs 1 and 2/TPNR nanocomposites were fabricated and the tensile and properties
were measured [30].

In this chapter, the effect of multi-walled carbon nanotubes with and without acid treatment
on the properties of thermoplastic natural rubber (TPNR) was investigated. Two types of
MWCNTs were introduced into TPNR, which are untreated multi-walled carbon nanotubes
(UTMWCNTs) (without acid treatment) and treated multi-walled carbon nanotubes
(TMWCNTs) (with acid treatment). Using this method, MWCNTs are dispersed homogene‐
ously in the TPNR matrix in an attempt to increase the properties of these nanocomposites.
The effect of MWCNTs on the mechanical and thermal properties of TPNR nanocomposites
is reported in this chapter.
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2. Experiment Details

Polypropylene, with a density of 0.905 g cm-3, was supplied by Propilinas (M) Sdn. Bhd,
natural rubber was supplied by Guthrie (M) Sdn. Bhd, and polypropylene (PP) with a densi‐
ty of 0.905 g/cm3 was supplied by Polipropilinas (M) Sdn. Bhd were used in this research.
Maleic anhydride–grafted–polypropylene (MAPP) with a density of 0.95 g/cm3 was sup‐
plied from Aldrich Chemical Co., USA. Liquid natural rubber (LNR) was prepared by the
photochemical degradation technique.

A Multi-walled carbon nanotubes (MWCNTs) were provided by Arkema (Graphis‐
trengthTM C100). Table 1 shows the properties of multi-walled carbon nanotubes
(MWCNTs).

MWCNTs Purity Length Diameter Manufactured

MWCNTs "/90% 0.1-10 μm 10-15 nm.

Catalytic Chemical Vapour

Deposition

(CVD)

Table 1. Properties of multi-walled carbon nanotubes (MWCNTs).

2.1. Preparation of TPNR-Multi-Walled Carbon Nanotubes (MWCNTs) Composite

Mixing was performed by an internal mixer (Haake Rheomix 600P). The mixing tempera‐
ture was 180°C, with a rotor speed of 100 rpm and 13 min mixing time. The indirect techni‐
que (IDT) was used to prepare nanocomposites, this involved mixing the MWCNTs with
LNR separately, before it was melt blended with PP and NR in the internal mixer. TPNR
nanocomposits were prepared by melt blending of PP, NR and LNR with MWCNTs in a ra‐
tio of 70 wt% PP, 20 wt% NR and 10wt% LNR as a compatibiliser and 1,3,5 and 7%
MWCNTs.

2.2. Acid Treatment of MWCNTs

Two types of MWCNTs were introduced to the TPNR which is untreated MWCNTs
(MWCNTs 1) and treated MWCNTs (MWCNTs 2), MWCNTs 2 were treated by immersing
neat MWCNTs in a mixture of nitric and sulfuric acid with a molar ratio of 1:3, respectively.
In a typical experiment, 1g of raw MWCNTs was added to 40ml of the acid mixture. Then,
the oxidation reaction was carried out in a two-necked, round-bottomed glass flask equip‐
ped with reflux condenser, magnetic stirrer and thermometer. The reaction was carried out
for 3 hours at 140°C. After that, this mixture was washed with distilled water on a sintered
glass filter until the pH value was around 7, and was dried in a vacuum oven at 70°C for
24hours [31].
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Mechanical blending of PP and NR with the addition of LNR as a compatibiliser has been
reported to be optimal at a temperature of 175-185°C and a rotor speed of 30-60rpm. The
percentage of LNR used depends on the ratio of NR to PP. For a NR:PP ratio of 30:70 the
best physical properties are obtained at 10% LNR [27]. The compatibiliser helps to induce
the interaction between the rubber and plastic interphase and thereby increases the homoge‐
neity of the blend.

MWCNTs/TPNR composites with different amounts of MWCNT were prepared and their
thermal properties have been investigated by [28]. The higher thermal conductivity was ach‐
ieved in the samples with 1 and 3wt% of MWCNTs compared to the pristine TPNR. Any
sample with MWCNTs content higher than 3wt% caused the conductivity to decrease. In
addition, the improvement of thermal diffusivity and specific heat was also achieved at the
same percentage. DMA confirmed that the glass transition temperature (Tg) increased with
the increase in the amount of MWCNTs.

The tensile strength, tensile modulus, and also the impact strength of TPNR/MWCNTs are
improved significantly while sacrificing high elongation at break by incorporating
MWCNTs. The reinforcing effect of MWCNTs was also confirmed by DMA where the addi‐
tion of nanotubes has increased the storage modulus, the loss modulus, and also the glass
transition temperature (Tg). Homogeneous dispersion of MWCNTs throughout the TPNR
matrix and strong interfacial adhesion between MWCNTs and matrix as confirmed by SEM
images are proposed to be responsible for the significant mechanical enhancement [29].

The reinforcing effect of two types of MWCNTs has also confirmed by dynamic mechanical
analysis where the addition of nanotubes have increased in the storage modulus E', and the
loss modulus E'', in the addition the glass transition temperature (Tg) increased with an in‐
crease in the amount of MWCNTs. The addition of MWCNTs in the TPNR matrix improved
the mechanical properties. The tensile strength and elongation at break of MWCNTs 1 in‐
creased by 23%, and 29%, respectively. The Young's modulus had increased by increasing
the content of MWCNTs. For MWCNTs 2 the optimum result of tensile strength and
Young's modulus was recorded at 3% which increased 39%, and 30%, respectively. The laser
flash technique was used to measure the thermal conductivity, thermal diffusivity and spe‐
cific heat, from the results obtained. The high thermal conductivity was achieved at 1 wt%
and 3 wt% of MWCNTs compared with TPNR after 3 wt% it decreased, also the improve‐
ment of thermal diffusivity and specific heat was achieved at the same percentage. The
MWCNTs 1 and 2/TPNR nanocomposites were fabricated and the tensile and properties
were measured [30].

In this chapter, the effect of multi-walled carbon nanotubes with and without acid treatment
on the properties of thermoplastic natural rubber (TPNR) was investigated. Two types of
MWCNTs were introduced into TPNR, which are untreated multi-walled carbon nanotubes
(UTMWCNTs) (without acid treatment) and treated multi-walled carbon nanotubes
(TMWCNTs) (with acid treatment). Using this method, MWCNTs are dispersed homogene‐
ously in the TPNR matrix in an attempt to increase the properties of these nanocomposites.
The effect of MWCNTs on the mechanical and thermal properties of TPNR nanocomposites
is reported in this chapter.
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2. Experiment Details

Polypropylene, with a density of 0.905 g cm-3, was supplied by Propilinas (M) Sdn. Bhd,
natural rubber was supplied by Guthrie (M) Sdn. Bhd, and polypropylene (PP) with a densi‐
ty of 0.905 g/cm3 was supplied by Polipropilinas (M) Sdn. Bhd were used in this research.
Maleic anhydride–grafted–polypropylene (MAPP) with a density of 0.95 g/cm3 was sup‐
plied from Aldrich Chemical Co., USA. Liquid natural rubber (LNR) was prepared by the
photochemical degradation technique.

A Multi-walled carbon nanotubes (MWCNTs) were provided by Arkema (Graphis‐
trengthTM C100). Table 1 shows the properties of multi-walled carbon nanotubes
(MWCNTs).

MWCNTs Purity Length Diameter Manufactured

MWCNTs "/90% 0.1-10 μm 10-15 nm.

Catalytic Chemical Vapour

Deposition

(CVD)

Table 1. Properties of multi-walled carbon nanotubes (MWCNTs).

2.1. Preparation of TPNR-Multi-Walled Carbon Nanotubes (MWCNTs) Composite

Mixing was performed by an internal mixer (Haake Rheomix 600P). The mixing tempera‐
ture was 180°C, with a rotor speed of 100 rpm and 13 min mixing time. The indirect techni‐
que (IDT) was used to prepare nanocomposites, this involved mixing the MWCNTs with
LNR separately, before it was melt blended with PP and NR in the internal mixer. TPNR
nanocomposits were prepared by melt blending of PP, NR and LNR with MWCNTs in a ra‐
tio of 70 wt% PP, 20 wt% NR and 10wt% LNR as a compatibiliser and 1,3,5 and 7%
MWCNTs.

2.2. Acid Treatment of MWCNTs

Two types of MWCNTs were introduced to the TPNR which is untreated MWCNTs
(MWCNTs 1) and treated MWCNTs (MWCNTs 2), MWCNTs 2 were treated by immersing
neat MWCNTs in a mixture of nitric and sulfuric acid with a molar ratio of 1:3, respectively.
In a typical experiment, 1g of raw MWCNTs was added to 40ml of the acid mixture. Then,
the oxidation reaction was carried out in a two-necked, round-bottomed glass flask equip‐
ped with reflux condenser, magnetic stirrer and thermometer. The reaction was carried out
for 3 hours at 140°C. After that, this mixture was washed with distilled water on a sintered
glass filter until the pH value was around 7, and was dried in a vacuum oven at 70°C for
24hours [31].
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2.3. Characterizations

Fourier transform infrared (FTIR) spectroscopy analysis was carried out on the Perkin Elmer
spectrum V-2000 spectrometer by the potassium bromide (KBr) method for MWCNTs. The
samples were scanned between 700 to 4000 cm-1 wave number. Differences in the peaks as
well as the new peaks of MWCNTs and MWCNTs after acid treatment were observed to
identify any functional groups on the MWCNTs tubes surface.

The tensile properties were tested using a Testometric universal testing machine model
M350-10CT with 5 kN load cell according to ASTM 412 standard procedure using test speci‐
mens of 1 mm thickness and a crosshead speed 50 mm min-1. At least five samples were
tested for each composition, and the average value was reported.

The impact test was carried out using a Ray Ran Pendulum Impact System according to ASTM
D 256-90b. The velocity and weight of the hammer were 3.5m/s and 0.898kg, respectively.

Dynamic mechanical analysis for determining the glass transition temperature, storage and
loss modulus was carried out using DMA 8000 (PerkinElmer Instrument), operating in sin‐
gle cantilever mode from -100 to 150°C at a constant frequency of 1 Hz, with a heating rate
of 5°C/min. The dimensions of the samples were 30 x 12.5 x 3 mm.

The thermal conductivity was measured by a laser flash method. Disk-type samples (12.7
mm in diameter and 1mm in thickness) were set in an electric furnace. Specific heat capaci‐
ties were measured with a differential scanning calorimeter DSC. Thermal diffusivity (λ,
Wm_1 K_1) was calculated from thermal diffusivity (α, m2 s_1), density (ρ, g cm_3) and spe‐
cific heat capacity (Cp, J g_1 K_1) at each temperature using the following:

λ =α. ρ. C. (1)

The reference used for the heat capacity calculation was a 12.7mm thick specimen of pyro‐
ceram. The reference sample was coated with a thin layer of graphite before the measure‐
ment was performed. The thermal conductivity of MWCNTs reinforced TPNR matrix
composites of all volume fractions was studied from 30°C to 150°C. The morphology of the
MWCNTs and the composite were examined using a scanning electron microscope (Philips
XL 30). The samples were coated with a thin layer of gold to avoid electrostatic charging
during examination.

3. Results and Discussion

3.1. Fourier-Transform Infrared Spectroscopy

The method used to functionalize the pristine MWCNTs in this study was the acid treatment
method, which is described in section 2.2. Through this process, MWCNTs were oxidized and
purified by eliminating impurities such as amorphous carbons, graphite particles, and metal
catalysts [32]; the functional group of the surface of the CNTs are as shown in Figure 1.

Syntheses and Applications of Carbon Nanotubes and Their Composites124

The generation of chemical functional groups on MWCNTs was confirmed using Fourier
transform infrared spectroscopy (FT-IR) spectra which were recorded between 400 cm_1
and 4000 cm_1.

The FT-IR spectra of pure MWCNTs and the surface treated MWCNTs are shown in Figure.
2 and Figure 3. The characteristic bands due to generated functional groups are observed in
the spectrum of each chemically treated MWCNTs. In figure 2 we could not see any band
compared with the treated MWCNTs. The acid treated MWCNTs shows new peaks in com‐
parison with the FT-IR spectrum of the untreated MWCNTs, which lack the hydroxyl and
carbonyl groups. The peaks around 1580 cm_1 are assigned to the O–H band in C-OH, and
the peaks at 674 cm-1 are assigned to COOH, as shown in Figure 3. This demonstrates that
hydroxyl and carbonyl groups have been introduced on the nanotube surface [33].

Figure 1. Example of chemical functionalization of carbon nanotubes.

Figure 2. FTIR spectra of MWCNTs (before acid treatment).
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well as the new peaks of MWCNTs and MWCNTs after acid treatment were observed to
identify any functional groups on the MWCNTs tubes surface.

The tensile properties were tested using a Testometric universal testing machine model
M350-10CT with 5 kN load cell according to ASTM 412 standard procedure using test speci‐
mens of 1 mm thickness and a crosshead speed 50 mm min-1. At least five samples were
tested for each composition, and the average value was reported.

The impact test was carried out using a Ray Ran Pendulum Impact System according to ASTM
D 256-90b. The velocity and weight of the hammer were 3.5m/s and 0.898kg, respectively.

Dynamic mechanical analysis for determining the glass transition temperature, storage and
loss modulus was carried out using DMA 8000 (PerkinElmer Instrument), operating in sin‐
gle cantilever mode from -100 to 150°C at a constant frequency of 1 Hz, with a heating rate
of 5°C/min. The dimensions of the samples were 30 x 12.5 x 3 mm.

The thermal conductivity was measured by a laser flash method. Disk-type samples (12.7
mm in diameter and 1mm in thickness) were set in an electric furnace. Specific heat capaci‐
ties were measured with a differential scanning calorimeter DSC. Thermal diffusivity (λ,
Wm_1 K_1) was calculated from thermal diffusivity (α, m2 s_1), density (ρ, g cm_3) and spe‐
cific heat capacity (Cp, J g_1 K_1) at each temperature using the following:

λ =α. ρ. C. (1)

The reference used for the heat capacity calculation was a 12.7mm thick specimen of pyro‐
ceram. The reference sample was coated with a thin layer of graphite before the measure‐
ment was performed. The thermal conductivity of MWCNTs reinforced TPNR matrix
composites of all volume fractions was studied from 30°C to 150°C. The morphology of the
MWCNTs and the composite were examined using a scanning electron microscope (Philips
XL 30). The samples were coated with a thin layer of gold to avoid electrostatic charging
during examination.

3. Results and Discussion

3.1. Fourier-Transform Infrared Spectroscopy

The method used to functionalize the pristine MWCNTs in this study was the acid treatment
method, which is described in section 2.2. Through this process, MWCNTs were oxidized and
purified by eliminating impurities such as amorphous carbons, graphite particles, and metal
catalysts [32]; the functional group of the surface of the CNTs are as shown in Figure 1.
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The generation of chemical functional groups on MWCNTs was confirmed using Fourier
transform infrared spectroscopy (FT-IR) spectra which were recorded between 400 cm_1
and 4000 cm_1.

The FT-IR spectra of pure MWCNTs and the surface treated MWCNTs are shown in Figure.
2 and Figure 3. The characteristic bands due to generated functional groups are observed in
the spectrum of each chemically treated MWCNTs. In figure 2 we could not see any band
compared with the treated MWCNTs. The acid treated MWCNTs shows new peaks in com‐
parison with the FT-IR spectrum of the untreated MWCNTs, which lack the hydroxyl and
carbonyl groups. The peaks around 1580 cm_1 are assigned to the O–H band in C-OH, and
the peaks at 674 cm-1 are assigned to COOH, as shown in Figure 3. This demonstrates that
hydroxyl and carbonyl groups have been introduced on the nanotube surface [33].

Figure 1. Example of chemical functionalization of carbon nanotubes.

Figure 2. FTIR spectra of MWCNTs (before acid treatment).
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Figure 3. FTIR spectra of MWCNTs (after acid treatment).

3.2. Transmission Electron Microscopy (TEM)

TEM microphotographs of pure MWCNTs are shown in Figure 4 (A and B). The figure
presents unmodified MWCNTs containing particles with diameters of 5–12 nm. The nano‐
particles may be impurities from amorphous carbon and can be removed by acid treatment.
According to the supplier, the unmodified MWCNT contains approximately 5% amorphous
carbon. Figure 4 B demonstrates that most of the nanoparticles were deposited on the sur‐
face of the carbon nanotubes and some of them were dispersed throughout the solution
used to view the MWCNTs by TEM.

Figure 4. TEM micrograph of Pure MWCNTs before acid treatment with different magnifications (A) 45000 (B)
100000.
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Figure 5 (A and B) displayed no nanoparticles in the acid-modified MWCNTs. The particles
might have been removed during acid modification. This reveals that the acid-modified
MWCNTs were straight and that some of them aggregated in bundles, which were dis‐
persed well in the matrix. The length of the MWCNTs were reduced during acid modifica‐
tion, since the mixed acid corroded the MWCNTs. TEM microphotographs of the
unmodified and acid-modified, curled and entangled MWCNTs demonstrate that the
MWCNTs are straight.

Figure 5. TEM micrograph of MWCNTs after acid treatment with different magnifications (A) 45000 (B) 100000.

3.3. Mechanical Properties

3.3.1. Tensile strength

The tensile strengths of TPNR reinforced with MWCNTs (with and without treatment) of
different percentages (1%, 3%, 5% and 7%) are shown in Figure 6. Generally, both MWCNTs
exhibited an increasing trend up to 3wt% content. Further increments in MWCNTs content
decreased the tensile strength compared to the optimum filler loading.

From Figure 6, TPNR with UTMWCNTs and TMWCNTs have optimum results at 3 wt%,
which, compared with TPNR, increased by 23% and 39%, respectively. The tensile strength
increased radically as the amount of MWCNTs concentration increased. The mechanical
performance, such as tensile properties, strongly depends on several factors such as the
properties of the filler reinforcement and matrix, filler content, filler length, filler orientation,
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presents unmodified MWCNTs containing particles with diameters of 5–12 nm. The nano‐
particles may be impurities from amorphous carbon and can be removed by acid treatment.
According to the supplier, the unmodified MWCNT contains approximately 5% amorphous
carbon. Figure 4 B demonstrates that most of the nanoparticles were deposited on the sur‐
face of the carbon nanotubes and some of them were dispersed throughout the solution
used to view the MWCNTs by TEM.

Figure 4. TEM micrograph of Pure MWCNTs before acid treatment with different magnifications (A) 45000 (B)
100000.
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might have been removed during acid modification. This reveals that the acid-modified
MWCNTs were straight and that some of them aggregated in bundles, which were dis‐
persed well in the matrix. The length of the MWCNTs were reduced during acid modifica‐
tion, since the mixed acid corroded the MWCNTs. TEM microphotographs of the
unmodified and acid-modified, curled and entangled MWCNTs demonstrate that the
MWCNTs are straight.

Figure 5. TEM micrograph of MWCNTs after acid treatment with different magnifications (A) 45000 (B) 100000.

3.3. Mechanical Properties

3.3.1. Tensile strength

The tensile strengths of TPNR reinforced with MWCNTs (with and without treatment) of
different percentages (1%, 3%, 5% and 7%) are shown in Figure 6. Generally, both MWCNTs
exhibited an increasing trend up to 3wt% content. Further increments in MWCNTs content
decreased the tensile strength compared to the optimum filler loading.

From Figure 6, TPNR with UTMWCNTs and TMWCNTs have optimum results at 3 wt%,
which, compared with TPNR, increased by 23% and 39%, respectively. The tensile strength
increased radically as the amount of MWCNTs concentration increased. The mechanical
performance, such as tensile properties, strongly depends on several factors such as the
properties of the filler reinforcement and matrix, filler content, filler length, filler orientation,
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and processing method and condition. The improvement in the tensile strength may be
caused by the good dispersion of MWCNTs in the TPNR matrix, which leads to a strong in‐
teraction between the TPNR matrix and MWCNTs. These well-dispersed MWCNTs may
have the effect of physically crosslinking points, thus, increasing the tensile strength.
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Figure 6. Tensile strength of TPNR reinforced with MWCNTs (with and without treatment).

A good interface between the CNTs and the TPNR is very important for a material to stand
the stress. Under load, the matrix distributes the force to the CNTs, which carry most of the
applied load. The order of these value is TPNR/TMWCNTs > TPNR/UTMWCNTs > TPNR.
The better properties in tensile strength for the TPNR/TMWCNTs nanocomposites could be
due to the improved dispersion of the MWCNTs, as well as the response to the opportuni‐
ties offered by the acid treated MWCNTs. Furthermore, the MWCNTs after acid treatment
contain many defects as well as acidic sites on CNTs, such as carboxylic acid, carbonyl and
hydroxyl groups. These will greatly enhance the combination of CNTs in a polymer matrix,
thus improving the mechanical strength of the nanocomposites [34]. When the content of
MWCNTs is higher, the MWCNTs cannot disperse adequately in the TPNR matrix and ag‐
glomerate to form a big cluster. This is because of the huge surface energy of MWCNTs as
well as the weak interfacial interaction between MWCNTs and TPNR, which leads to inho‐
mogeneous dispersion in the polymer matrix and negative effects on the properties of the
resulting composites that cause a decrease in the tensile strength [35].
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3.3.2. Young's Modulus

Figure 7 shows the effect of filler content on the tensile modulus of TPNR reinforced by
TMWNTs and UTMWCNTs. The same trend as for the tensile strength in Figure 6 was ob‐
served for the tensile modulus of TMWCNTs. Figure 6 clearly shows that the presence of
MWCNTs has significantly improved the tensile modulus of the TPNR.

The remarkable increase of Young's modulus with TMWCNTs content shows a greater im‐
provement than that seen in the tensile strength at high content, which indicates that the
Young’s modulus increases with an increase in the amount of the TMWCNTs. At 3 wt% of
TMWCNTs the Young’s modulus is increased by 34 % compared to TPNR. The Young's
modulus of UTMWCNTs increased with the increase in the amount of UTMWCNTs. The
maximum result was achieved at 3wt%, with an increase of about 22%, which was due to
the good dispersion of nanotubes displaying perfect stress transfer [36].The improvement of
modulus is due to the high modulus of MWCNTs [37]. The further addition of TMWCNTs
and UTMWCNTs from 5 to 7 wt% increased the Young modulus dropped respectively.

As explained before, a reduction in performance occurred at higher filler contents for both
types of MWCNTs, as depicted in Figure 7. Initially it increases with filler content and then
decreases when exceeding the filler loading limit due to the diminishing interfacial filler-
polymer adhesion. It is assumed that aggregates of nanotube ropes effectively reduce the as‐
pect/ratio (length/diameter) of the reinforcement.
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Figure 7. Young's Modulus of TPNR reinforced with MWCNTs (with and without treatment).
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and processing method and condition. The improvement in the tensile strength may be
caused by the good dispersion of MWCNTs in the TPNR matrix, which leads to a strong in‐
teraction between the TPNR matrix and MWCNTs. These well-dispersed MWCNTs may
have the effect of physically crosslinking points, thus, increasing the tensile strength.
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Figure 6. Tensile strength of TPNR reinforced with MWCNTs (with and without treatment).

A good interface between the CNTs and the TPNR is very important for a material to stand
the stress. Under load, the matrix distributes the force to the CNTs, which carry most of the
applied load. The order of these value is TPNR/TMWCNTs > TPNR/UTMWCNTs > TPNR.
The better properties in tensile strength for the TPNR/TMWCNTs nanocomposites could be
due to the improved dispersion of the MWCNTs, as well as the response to the opportuni‐
ties offered by the acid treated MWCNTs. Furthermore, the MWCNTs after acid treatment
contain many defects as well as acidic sites on CNTs, such as carboxylic acid, carbonyl and
hydroxyl groups. These will greatly enhance the combination of CNTs in a polymer matrix,
thus improving the mechanical strength of the nanocomposites [34]. When the content of
MWCNTs is higher, the MWCNTs cannot disperse adequately in the TPNR matrix and ag‐
glomerate to form a big cluster. This is because of the huge surface energy of MWCNTs as
well as the weak interfacial interaction between MWCNTs and TPNR, which leads to inho‐
mogeneous dispersion in the polymer matrix and negative effects on the properties of the
resulting composites that cause a decrease in the tensile strength [35].
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3.3.2. Young's Modulus

Figure 7 shows the effect of filler content on the tensile modulus of TPNR reinforced by
TMWNTs and UTMWCNTs. The same trend as for the tensile strength in Figure 6 was ob‐
served for the tensile modulus of TMWCNTs. Figure 6 clearly shows that the presence of
MWCNTs has significantly improved the tensile modulus of the TPNR.

The remarkable increase of Young's modulus with TMWCNTs content shows a greater im‐
provement than that seen in the tensile strength at high content, which indicates that the
Young’s modulus increases with an increase in the amount of the TMWCNTs. At 3 wt% of
TMWCNTs the Young’s modulus is increased by 34 % compared to TPNR. The Young's
modulus of UTMWCNTs increased with the increase in the amount of UTMWCNTs. The
maximum result was achieved at 3wt%, with an increase of about 22%, which was due to
the good dispersion of nanotubes displaying perfect stress transfer [36].The improvement of
modulus is due to the high modulus of MWCNTs [37]. The further addition of TMWCNTs
and UTMWCNTs from 5 to 7 wt% increased the Young modulus dropped respectively.

As explained before, a reduction in performance occurred at higher filler contents for both
types of MWCNTs, as depicted in Figure 7. Initially it increases with filler content and then
decreases when exceeding the filler loading limit due to the diminishing interfacial filler-
polymer adhesion. It is assumed that aggregates of nanotube ropes effectively reduce the as‐
pect/ratio (length/diameter) of the reinforcement.
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Figure 7. Young's Modulus of TPNR reinforced with MWCNTs (with and without treatment).
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3.3.3 Elongation at Break

The elongation at the break of TPNR with TMWCNTs and UTMWCNTs is shown in Figure

8. For TMWCNTs and UTMWCNTs, the elongation at break decreased with the increase in

the amount of MWCNTs, compared with TPNR.

It can be deduced that the reinforcing effect of MWCNTs is very marked. As the MWCNTs

content in the TPNR increases, the stress level gradually increases, however, the strain of the

nanocomposites decreased at the same time. This is because the MWCNTs included in the

TPNR matrix behave like physical crosslinking points and restrict the movement of polymer

chains. This indicates that, when the amount of CNTs incorporated into the rubber increase

it tends to decrease the ductility and the material become stronger and tougher, however, at

the same time, it is also
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Figure 8. Elongation at Break of TPNR reinforced with MWCNTs (with and without treatment).
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3.3.4 Impact Strength

5

10

15

20

0% 1% 3% 5% 7%
wt %   of  MWCNTs

Im
pa

ct
 s

tr
en

gt
h 

(K
J/

m
^ 

2)

TPNR TPNR+UTMWCNTs TPNR+TMWCNTs

Figure 9. Impact Strength of TPNR reinforced with MWCNTs (with and without treatment).

The effect of filler loading on the impact strength of TPNR/TMWCNTs and TPNR/
UTMWCNTs nanocomposites is given in Figure 9. It shows that incorporation of MWCNTs
into TPNR considerably affects the impact strength of TPNR nanocomposites.

The results exhibited better impact strength for TMWCNTs and UTMWCNTs at 3 wt% with
an increase of about 82% and 46%, respectively. This is due to the better dispersion of car‐
bon nanotubes in the matrix, which generated a significant toughening effect on the TPNR/
TMCWNTs nanocomposite compared with TPNR/UTMWCNTs nanocomposites. However,
when the load is transferred to the physical network between the matrix and the filler, the
debonding of the chain segments from the filler surface facilitates the relaxation of the ma‐
trix entanglement structure, leading to higher impact toughness.

The low impact energy was attributed to the filler content being more than 3wt%. This will
reduce the ability of reinforced composites to absorb energy during fracture propagation.
However, in the case of elastomer-toughened polymer, the presence of the elastomer basi‐
cally produces stress redistribution in the composite, which causes micro cracking or craz‐
ing at many sites, thereby resulting in a more efficient energy dissipation mechanism [38].

Consequently, because of their higher surface energy and large aspect ratio, it will be diffi‐
cult for the nanotubes to disperse in the TPNR when the TMWCNTs and UTMWCNTs con‐
tent are higher. This will lead to less energy dissipating in the system due to the poor
interfacial bonding and induces micro spaces between the filler and polymer matrix. This
causes micro-cracks when impact occurs, which induces easy crack propagation. Therefore,
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The effect of filler loading on the impact strength of TPNR/TMWCNTs and TPNR/
UTMWCNTs nanocomposites is given in Figure 9. It shows that incorporation of MWCNTs
into TPNR considerably affects the impact strength of TPNR nanocomposites.

The results exhibited better impact strength for TMWCNTs and UTMWCNTs at 3 wt% with
an increase of about 82% and 46%, respectively. This is due to the better dispersion of car‐
bon nanotubes in the matrix, which generated a significant toughening effect on the TPNR/
TMCWNTs nanocomposite compared with TPNR/UTMWCNTs nanocomposites. However,
when the load is transferred to the physical network between the matrix and the filler, the
debonding of the chain segments from the filler surface facilitates the relaxation of the ma‐
trix entanglement structure, leading to higher impact toughness.

The low impact energy was attributed to the filler content being more than 3wt%. This will
reduce the ability of reinforced composites to absorb energy during fracture propagation.
However, in the case of elastomer-toughened polymer, the presence of the elastomer basi‐
cally produces stress redistribution in the composite, which causes micro cracking or craz‐
ing at many sites, thereby resulting in a more efficient energy dissipation mechanism [38].

Consequently, because of their higher surface energy and large aspect ratio, it will be diffi‐
cult for the nanotubes to disperse in the TPNR when the TMWCNTs and UTMWCNTs con‐
tent are higher. This will lead to less energy dissipating in the system due to the poor
interfacial bonding and induces micro spaces between the filler and polymer matrix. This
causes micro-cracks when impact occurs, which induces easy crack propagation. Therefore,
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the higher agglomeration of MWCNTs can cause the mechanical properties of the compo‐

sites to deteriorate [39].

3.4. Thermal Properties

3.4.1. Glass Transition Temperature

The dynamic mechanical data shows that the glass transition temperature of the TPNR/

UTMWCNTs and TPNR/TMWCNTs is affected by the addition of the different amounts of

MWCNTs, as depicted in Figure 10.

From the figures, the Tg for the TPNR/TMWCNTs nanocomposites is higher than the corre‐

sponding temperature for the TPNR and TPNR/UTMWCNTs nanocomposites, usually the

Tg of a polymeric matrix tends to increase with the addition of carbon nanotubes. The rise in

Tg in any polymeric system is associated with a restriction in molecular motion, reduction in

free volume and/or a higher degree of crosslinking (TPNR/TMWCNTs > TPNR/

UTMWCNTs) due to the interactions between the polymer chains and the nanoparticles,

and the reduction of macromolecular chain mobility.

With the high amount of MWCNTs (after 3wt %) of TMWCNTs and UTMWCNTs the Tg

drops. This might be due to the phase separation/agglomeration of MWCNTs, this allows

the macromolecules to move easily. When the content of MWCNTs is higher, the MWCNTs
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The improvement in thermal conductivity in TMWCNTs/TPNR may stem from the im‐
proved percolation because of the better dispersion and formation of a network [40]. The
dispersion of 1wt% and 3wt% TMWCNTs is better than 5wt% and 7wt% in TPNR, at 5%
and 7% the TMWCNTs agglomerated inside TPNR. Therefore, the large amounts of junc‐
tions among the carbon nanotubes form a single conducting path, which is believed to be
the reason why the measured thermal conductivity is low. For the UTMWCNTs the conduc‐
tivity at 3wt% and 1wt% is better than 5wt% and 7wt%, respectively.

The significant enhancement in the thermal conductivity of CNT nanocomposites is possi‐
bly attributed to the kinks or twists of UTMWCNTs. When the phonon travels along the
nanotubes, if it meets the kinks or twists it would be blocked at those sites. The existence
of such kinks or twists in CNTs would lead to a decrease in the effective aspect ratio of the
nanotubes [41] when the amount of UTMWCNTs increases, and, thus, the thermal conduc‐
tivity of UTMWCNTs-TPNR nanocomposites would be reduced. Therefore, the acid treat‐
ment of MWCNTs in TPNR could reduce these kinks or twists of TMWCNTs due to the
good dispersion of MWCNTs in TPNR, causing the thermal conductivity of the nanocom‐
posites to increase.

Two factors have been proposed to explain the significant enhancement of thermal conduc‐
tivity with TMWCNTs (1) the rigid linkage between TMWCNTs and TPNR matrix with pro‐
vides good interface compatibility which may reduce interface thermal resistance; (2) the
good interface compatibility allows TMWCNTs to disperse well in the matrix, consequently,
the results of the TEM indicate that TMWCNTs possess good dispersion and good compati‐
bility in the TPNR matrix.

The formation of the UTMWCNTs bundles restrict the phonon transport in composites,
which maybe be attributed to two reasons (1) the UTMWCNTs aggregation reduces the as‐
pect ratio, consequently, decreasing the contact area between the UTMWCNTs and the
TPNR matrix; (2) the UTMWCNTs bundles cause the phenomenon of reciprocal phonon
vector, which acts like a heat reservoir and restricts heat flow diffusion.

The resistance to phonon movement from one nanotube to another through the junction
will hinder phonon movement and, hence, limit the thermal conductivity. The low ther‐
mal conductivity could be partly due to the non-uniform diameter and size, as well as, the
defects in and the nano-scale dimension of UTMWNTs. However, the numerous junctions
between carbon nanotubes involved in forming a conductive path and the exceptionally
low thermal conductance at the interface [42] are believed to be the main reason for the
low thermal conductivity.

The effect of reducing the thermal conductivity is the transfer of phonons from nanotube to
nanotube. This transition occurs by direct coupling between CNTs, in the case of the im‐
proper impregnated ropes, CNT-junctions and agglomerates, or via the matrix. In all these
cases, the transition occurs via an interface and, thus, the coupling losses can be attributed to
an intense phonon boundary scattering. At the same time the thermal conductivity decreas‐
es with the increase in temperature (if the temperature is near the melting point of the ma‐
trix). This indicates that the thermal conductivity of the composites is dominated by the
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which maybe be attributed to two reasons (1) the UTMWCNTs aggregation reduces the as‐
pect ratio, consequently, decreasing the contact area between the UTMWCNTs and the
TPNR matrix; (2) the UTMWCNTs bundles cause the phenomenon of reciprocal phonon
vector, which acts like a heat reservoir and restricts heat flow diffusion.

The resistance to phonon movement from one nanotube to another through the junction
will hinder phonon movement and, hence, limit the thermal conductivity. The low ther‐
mal conductivity could be partly due to the non-uniform diameter and size, as well as, the
defects in and the nano-scale dimension of UTMWNTs. However, the numerous junctions
between carbon nanotubes involved in forming a conductive path and the exceptionally
low thermal conductance at the interface [42] are believed to be the main reason for the
low thermal conductivity.

The effect of reducing the thermal conductivity is the transfer of phonons from nanotube to
nanotube. This transition occurs by direct coupling between CNTs, in the case of the im‐
proper impregnated ropes, CNT-junctions and agglomerates, or via the matrix. In all these
cases, the transition occurs via an interface and, thus, the coupling losses can be attributed to
an intense phonon boundary scattering. At the same time the thermal conductivity decreas‐
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interface thermal transport between the nanotube/matrix or nanotube/nanotube interface.
Thus, it is believed that the decreased effective thermal conductivity of the studied compo‐
sites could be due to the high interface thermal resistance across the nanotube/matrix or
nanotube/nanotube interfaces.

As shown in Figure 11 and Figure 12, the thermal conductivity of TMWCNTs reinforced
TPNR matrix composites for all volume fractions studied from 30°C to 150°C is better than
UTMWCNTs. The effect of temperature on the thermal conductivity is clear from 30°C to
90°C, as shown in the figures. This is because of the opposing effect of temperature on the
specific heat and thermal diffusivity. Eventually, at high temperatures, as the phonon mean
free path is lowered, the thermal conductivity of the matrix approaches the lowest limit and
the corresponding thermal resistivity approaches the highest limit.

3.4.3. Morphological Examination

The TEM can observe the morphology of UTMWCNTs/TPNR and TPNR/TMWCNTs nano‐
composites, which indicates the dispersion abilities of MWCNTs in TPNR matrix before and
after treatment of MWCNTs, which summarizes the TEM images of TPNR with 1wt%, 3wt%
and 7wt% UTMWCNTs as shown in figure 12-14. Figure 13 shows the good dispersion of
3wt% of UTMWCNTs inside TPNR, and exhibits the better interfacial adhesion of
UTMWCNTs and TPNR, Figure 14, 7wt% of UTMWCNTs, shows the poor dispersion and
the large UTMWCNTs agglomerates of UTMWCNTs. This is because of the huge surface en‐
ergy of MWCNTs, as well as, the weak interfacial interaction between UTMWCNTs and
TPNR, which leads to inhomogeneous dispersion in the polymer matrix and negative effects
on the properties of the resulting composites that causes a decrease in the tensile strength.
This supports our results for thermal behavior, which due to the kinks or twists of CNTs can
affect the thermal conductivity. Therefore, so when the phonon travels along the nanotube
and the phonon meets the kinks or twists, it could be blocked at those sites. The existence of
those kinks or twists in CNTs would result in a decrease in the effective aspect ratio of nano‐
tubes at 7wt% UTMWCNTs because of agglomeration compared with 3wt% of MWCNTs
due to the good dispersion. The homogenous dispersion of TMWCNTs in the composites is
confirmed by TEM after acid treatment. Figure 15 shows the 3% TMCWNTs, which are very
well dispersed in the matrix, there by suggesting a strong polymer nanotubes interfacial.
Strong interfacial adhesion is essential for efficient stress transfer from the matrix to the
nanotubes; this supports our observation that the higher efficiency of carbon nanotubes as‐
sists in enhancing the properties of TPNR. Low magnification was necessary to observe the
poor dispersion of 7wt% of TMWCNTs in TPNR as depicted in Figure 17. The figure clearly
shows a large number of unbroken carbon nanotubes but less than Figure 14, indicating a
poor polymer/nanotube adhesion which is attributed to the reduction in the properties of
TPNR/MWCNTs nanocompsites.
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Figure 13. TPNR with 1wt% UTMWCNTs.

Figure 14. TPNR with 3wt% UTMWCNTs.

Figure 15. TPNR with 7wt% UTMWCNTs.
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Figure 16. TPNR with 1wt% TMWCNTs.

Figure 17. TPNR with 3wt% TMWCNTs.

Figure 18. TPNR with 7wt% TMWCNTs.
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4. Conclusion

Recently, it is believed that single-wall carbon nanotubes (SWCNTs), multi-walled carbon
nanotubes (MWCNTs), coiled nanotubes and carbon nanofibers (CNFs) can be used as filler
in the polymer matrix leading to composites with many enhanced properties, especially in
mechanical properties. Furthermore, the inclusion of CNTs in a polymer holds the potential
to improve the mechanical, electrical or thermal properties by orders of magnitude well
above the performance possible with traditional fillers. In addition many researchers re‐
vealed that using functionalized MWCNTs or surface modification of MWCNTs as filler en‐
hanced the properties of nanocomposites. This enhancement was probably suggested
because of the homogenous dispersion and stronger interaction between the MWCNTs and
the polymer matrix. After being treated with an acid, some functional groups were intro‐
duced onto the MWCNTs surface, which can form a physical interaction with the polymer
chain. In this chapter, the effect of multi-walled carbon nanotubes with and without acid
treatment on the properties of thermoplastic natural rubber (TPNR) was investigated. Two
types of MWCNTs were introduced into TPNR, which are untreated UTMWCNTs (without
acid treatment) and treated TMWCNTs (with acid treated MWCNTs). The acid treatment of
MWCNTs removed catalytic impurities and generated functional groups such as hydroxyl,
carbonyl and mainly carboxylic acid.

The results in this chapter show that the properties of MWCNTs can be improved by using
this method. The TEM micrograph has shown that the effect of acid treatment has rough‐
ened the MWCNTs surface and also reduced the agglomeration. Various functional groups
have been confirmed using FTIR. The TPNR nanocomposite was prepared using the melt
blending method. MWCNTs are incorporated in the TPNR nanocomposite at different com‐
positions which is 1, 3, 5 and 7 wt%. The addition of MWCNTs in the TPNR matrix im‐
proved the mechanical properties. At 3wt%, the tensile strength and Young's modulus of
TPNR/UTMWCNTs increased 23% and 22%, respectively. For TPNR/TMWCNTs the opti‐
mum result of tensile strength and Young's modulus was recorded at 3% which increased
39% and 34%, respectively. In the addition the elongation of break decreased by increasing
the amount of both types of MWCNTs.

The results exhibited better impact strength for UTMWCNT and TMWCNT at 3 wt% with
an increase of almost 46 % and 82%, respectively. The reinforcing effect of two types of
MWCNTs  was  also  confirmed  by  dynamic  mechanical  analysis  where  the  addition  of
MWCNTs have increased in the glass transition temperature (Tg) with an increase in the
amount of MWCNTs (optimum at 3wt %) and it increased with the TMWCNTs more than
the  UTMWCNTs.  Thermal  conductivity  improved  with  TMWCNTs  compared  to  the
UTMWCNTs. The homogeneous dispersion of two types of the MWNTs throughout the
TPNR matrix and strong interfacial adhesion between the MWCNTs and the matrix as con‐
firmed by the TEM images are proposed to be responsible for the significant mechanical
enhancement.
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1. Introduction

The past decade has witnessed an increased interest in the study of mixtures [1–3] of various
soft materials and nanoparticles. A characteristic feature of a nanoparticle is that at least one
of its dimensions is limited to between 1 and 100 nm. It is of interest to find combinations
where each component introduces a qualitatively different behavior into the system. Such
systems are expected to play an important role in the emerging field of nanotechnology and
also in composites with extraordinary material properties.

In several cases various liquid crystalline phases [4] are chosen as a soft carrier matrix. Their
main advantageous properties are as follows. LCs are optically anisotropic and transparent.
Their structure can be readily controlled by the confining surfaces and by applying an
external electric or magnetic field. LCs exhibit a rich pallet of different structures and phases
that can display almost all physical phenomena. In addition the chemistry of LCs is relatively
well developed, which can mean the synthesis of LC molecules with the desired properties.
As a result of these properties, even pure LC systems have found several applications, in
particular in the electro-optics industry.

In our study we will confine our interest to the nematic LC phase formed by rod-like
anisotropic molecules. The molecules tend to be parallel, at least locally. In bulk equilibrium
nematic phase LC molecules are on the average aligned homogeneously along a single
symmetry breaking direction, while translational ordering is absent. In thermotropic LCs
nematic ordering is reached from the isotropic (ordinary liquid) phase by lowering the
temperature via a weakly first order phase transition. Reversely, in lyotropic LCs the nematic
ordering could be obtained via a first order phase transition by increasing packing density
of LC molecules .

©2012 Popa-Nita et al., licensee InTech. This is an open access chapter distributed under the terms of the
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use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Various NPs are added to LC matrices in order to introduce additional quality into the
system. It has been shown that in such mixtures one can obtain dramatically enhanced
[2] or even new material properties [5] (e.g., multiferroics), which is of particular interest
for composite materials with exceptional properties. Because the LC phases are reached
via continuous symmetry-breaking phase transitions, the presence of NPs can stabilize the
LC domain structures and consequently give rise to topological defects [3]. These can
strongly interact with NPs, yielding different patterns that depend on the conditions at the
LC-molecule-NP interface.

In several studies one uses as NPs carbon nanotubes (CNTs) [6–12]. Most of CNTs
extraordinary properties of potential use in various applications could be realized in
relatively well aligned samples. Recently it has been shown that liquid crystal alignment
could trigger spontaneous ordering of CNTs with remarkably high degree of ordering
[9–12]. CNTs orient parallel to average direction of liquid crystal (LC) alignment with an
orientational order parameter between 0.6 to 0.9 [13–16]. Both, thermotropic [13, 14, 16] and
lyotropic nematic LC phases [15] have been successfully applied as aligning solvents.

The theoretical study of the collective behavior of anisotropic nanoparticles dispersed in
isotropic solvents or in liquid crystals is based on the observation that they can be consider
essentially as rigid-rod polymers with a large aspect ratio [17]. The Onsager’s theory for
the electrostatic repulsion of long rigid rods has been used to investigate the phase behavior
of SWNTs dispersed into organic and aqueous solvents [18]. In a good solvent, when the
van der Waals attractive interaction between CNTs is overcome by strong repulsive interrods
potential, the ordered phases of CNTs can form at room temperature. On the contrary,
if the solvent is not good, the van der Waals attractive interactions between the rods are
strong and as a result, only extremely dilute solutions of SWNTs are thermodynamically
stable and no liquid crystal phases form at room temperature. The liquid crystallinity of
CNTs with and without van der Waals interactions has been analyzed by using the density
functional theory [19]. In the presence of van der Waals interaction, the nematic as well as the
columnar phases occur in the temperature-packing fraction phase diagram in a wide range
of very high temperatures. In the absence of van der Waals interaction, with an increase of
packing fraction, the system undergoes an isotropic-nematic phase transition via a biphasic
region. The isotropic-nematic packing fraction decreases with the increase of the aspect ratio
of CNTs. To describe the dispersion of SWNTs in superacids, the Onsager theory for rigid
rods was extended to include the length polydispersity and solvent mediated attraction and
repulsion [20]. The main conclusion of these theoretical models is that to obtain liquid crystal
phases of CNTs at room temperature the strong van der Waals interaction between them must
be screened out. This requires a good solvent with an ability to disperse CNTs down to the
level of individual tube.

In the previous papers [6–8] we have presented a phenomenological theory for predicting the
alignment of length monodisperse CNTs dispersions in thermotropic nematic liquid crystals.
We combined the Landau-de Gennes free energy for thermotropic ordering of the liquid
crystal solvent and the Doi free energy for the lyotropic nematic ordering of CNTs caused by
excluded-volume interactions between them. In the first paper [6], the interaction between
CNTs and liquid crystal molecules is thought to be sufficiently weak to not cause any director
field deformations in the nematic host fluid. The principal results of this first study could be
summarized as follows. (i) The coupling between the CNTs and a LC seems to be dominated
by an anisotropic surface tension not by any deformation of the director field because the
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rods are thin on the scale of the extrapolation length. This means that CNTs dispersed in
NLCs are in the weak-anchoring limit. (ii) The first order nematic-isotropic phase transition
of CNTs dispersed in a LC disappears for a strong enough coupling to the nematic host
fluid. A tricritical point can be defined that within the Landau-de Gennes model exhibits
universal characteristics if expressed in the right dimensionless variables. (iii) Although in
the weak-anchoring limit, the coupling between the CNTs and the LC host is so strong that
in practice one should expect CNTs always to be in the strong-coupling limit, i.e., above
the tricritical point. This means CNTs in LCs are always strongly paranematic. (iv)The
degree of alignment of CNTs in NLCs can be tuned by varying the CNT concentration or the
temperature.

The phase and structural behavior of a mixture of CNT and LC using a mean field-type
phenomenological model in the strong anchoring regime was presented in the second paper
[7]. We have considered cases where the nematic director field is either nonsingular or where
topological defects are present in the LC medium. The effective field experienced by CNTs
yields pretransitional ordering below the critical point. Above the critical point, a gradual
variation of orientational order of CNTs appears. In practice one should expect CNTs always
to be in the strong-coupling limit, i.e., far above the critical point. This means CNTs in the
nematic phase of LC are always strongly paranematic. The model predicts an increase of
nematic-isotropic phase transition temperature of LC with the volume fraction of CNTs as
well as the presence of a triple point in the phase diagram. For realistic values of the coupling
constant, the degree of ordering of CNTs is enslaved by the properties of the host nematic
fluid.

The comparison of the results for weak anchoring and strong anchoring regimes, respectively
was presented in the third paper [8]. In both anchoring cases, the first-order nematic
- isotropic phase transition of CNTs dispersed in the nematic phase transforms into
a continuous transition for a strong enough coupling to the nematic host fluid. The
corresponding critical value of the coupling parameter increases with increasing temperature
being larger in the strong anchoring limit case. The numerical estimate of the coupling
constants in the two anchoring regimes indicates that the coupling is so strong that CNTs
are far above the critical point, meaning that the nematic-isotropic phase transition is a
continuous one. In both cases, we have plotted the phase diagram of the homogeneous
mixture for the same value of the coupling parameter. In both cases, three regions of the
phase diagram could be distinguished and correspondingly the existence of triple points
are shown. We mention that in both anchoring cases, the nematic-isotropic phase transition
temperature of LC increases with the volume fraction of CNTs, a well-known experimental
result.

Usually, after the acid treatment and ultrasonication (to enhance the dispersion and stability
of the CNTs suspensions), depending on the temperature of water bath and time of
ultrasonication, the obtained CNTs have different lengths and diameters [14, 21]. The
influence of length bidispersity on the phase diagram and alignment of CNTs is the subject
of the present paper. As the first step we extend our mesoscopic model [6–8] and consider
length bidispersity of CNTs. We mention that the effect of bidispersity of the long rigid rods
has been discussed in the framework of Onsager theory [22–25]. We shall refer to their results
in the last section of the paper.
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phase diagram could be distinguished and correspondingly the existence of triple points
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result.

Usually, after the acid treatment and ultrasonication (to enhance the dispersion and stability
of the CNTs suspensions), depending on the temperature of water bath and time of
ultrasonication, the obtained CNTs have different lengths and diameters [14, 21]. The
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The plan of the paper is as follows. In the first part of the paper we focus on mixtures of
nematic LCs and isotropic NPs. A simple phenomenological model is used which is sufficient
to identify key mechanisms which might trigger phase separation. Conditions for efficient
trapping of NPs to cores of topological defects is discussed. In the second part we confine
our interest to mixtures of nematic LCs and carbon nanotubes. Using a simple model we
take into account length dispersity of CNTs and analyze corresponding phase diagrams. In
the last section we summarize the main results.

2. Binary nematogen - nonnematogen mixtures

We first consider a mixture of nematic LC and isotropic NPs using a relatively simple
phenomenological model. We identify key phase separation triggering mechanisms. We also
discuss conditions enabling efficient trapping of NPs within cores of topological defects or
strongly localized elastic distortions. If these trapping sites are relatively uniformly spatially
distributed they might prevent phase separation.

2.1. Free energy

We use semiphenomenological model within which the volume concentration of isotropic
NPs is given by the conserved parameter φ. The orientational order of LC molecules is
described by the symmetric and traceless tensor order parameter [4] Q = ∑

3
i=1 λi

−→e i ⊗
−→e i,

where λi and −→e i stand for its eigenvalues and corresponding eigenvectors, respectively. In
the case of uniaxial ordering Q is commonly expressed in terms of the nematic director field
−→n and the uniaxial orientational order parameter S as [4]

Q = S

(

−→n ⊗
−→n −

1

3
I

)

. (1)

Here I stands for the identity tensor. The unit vector −→n points along the local uniaxial
ordering direction, where states ±

−→n are equivalent (the so called head-to-tail invariance).
The extent of fluctuations is determined by S, where S = 1 and S = 0 reflect rigid alignment
along −→n and isotropic liquid ordering, respectively. If strong distortions are present biaxial
states could be locally entered. Degree of biaxiality is assessed via parameter [26]

β2 = 1 −
6(trQ3)2

(trQ2)3
, (2)

ranging in the interval [0, 1]. Uniaxial configurations correspond to β2 = 0 and an ordering
with the maximum degree of biaxiality is signaled by β2 = 1.

The free energy F of a mixture is expressed as

F =
∫

(

fm + fc + fe + fiδ(
−→r −

−→r i)
)

d3−→r . (3)

The quantity δ stands for the delta measure, −→r i locates NP-LC interfaces and the integral
runs over the LC volume. The role of different contributions in Eq.(3) is as follows.
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The mixing term fm describes the isotropic mixing of the two components. Within the Flory
theory [27] it is expressed as

fm =
kBT

vlc
(1 − φ) ln(1 − φ) +

kBT

vnp
φ ln φ + χφ(1 − φ). (4)

Here kB is the Boltzmann constant, T is the absolute temperature, and χ stands for the
Flory-Huggins parameter [27]. The volume of a LC molecule and of a nanoparticle is given
by vlc and vnp, respectively,

The condensation contribution fc enforces orientational LC ordering below a critical
temperature TNI . Is is expressed as [4]

fc =
3a(T − T∗)

2
QijQij −

9B

2
QijQjkQkj +

9C

4
(QijQij)

2, (5)

where summation over repeated indices is assumed. The quantities a, B, C, are material
constants and T∗ denotes the spinodal temperature limit of the isotropic phase of the pure
LC. This condensation free energy term describes a weakly first order nematic-isotropic

phase transition. At T = TNI = T∗ + B2/(4aC), the two phases, nematic (S(NI) = B/(2C))
and isotropic (S = 0) coexist in equilibrium.

The deviations from homogeneous nematic ordering are penalized by the elastic term

fe =
L

2
Qjk,iQjk,i, (6)

which is expressed within a single elastic constant approximation. Here L is the
representative bare nematic elastic constant.

The conditions at the NP-LC interface are determined by the term fi. We express it as

fi = −wekQkjej, (7)

where w > 0 is the anchoring strength favoring the nematic ordering at an interface and −→e
stands for the local surface normal.

2.2. Phase separation tendency

We proceed by identifying key mechanisms favoring phase separation tendency in a mixture
of NPs and nematic liquid crystal. We describe global LC orientational ordering with a
spatially averaged order parameter S and volume concentration of nanoparticles φ. Here the

over-bar (..) denotes the spatial average. Relative presence of NPs and LC molecules in the
mixture is therefore given by φ = Nnpvnp/V and 1 − φ, respectively. Here Nnp counts the
number of NPs and V stands for the volume of the sample.

The resulting average free energy density is expressed as f = f m + f c + f e + f i, where
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take into account length dispersity of CNTs and analyze corresponding phase diagrams. In
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Here I stands for the identity tensor. The unit vector −→n points along the local uniaxial
ordering direction, where states ±

−→n are equivalent (the so called head-to-tail invariance).
The extent of fluctuations is determined by S, where S = 1 and S = 0 reflect rigid alignment
along −→n and isotropic liquid ordering, respectively. If strong distortions are present biaxial
states could be locally entered. Degree of biaxiality is assessed via parameter [26]
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(trQ2)3
, (2)

ranging in the interval [0, 1]. Uniaxial configurations correspond to β2 = 0 and an ordering
with the maximum degree of biaxiality is signaled by β2 = 1.

The free energy F of a mixture is expressed as

F =
∫

(

fm + fc + fe + fiδ(
−→r −

−→r i)
)

d3−→r . (3)

The quantity δ stands for the delta measure, −→r i locates NP-LC interfaces and the integral
runs over the LC volume. The role of different contributions in Eq.(3) is as follows.
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Here kB is the Boltzmann constant, T is the absolute temperature, and χ stands for the
Flory-Huggins parameter [27]. The volume of a LC molecule and of a nanoparticle is given
by vlc and vnp, respectively,
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where summation over repeated indices is assumed. The quantities a, B, C, are material
constants and T∗ denotes the spinodal temperature limit of the isotropic phase of the pure
LC. This condensation free energy term describes a weakly first order nematic-isotropic

phase transition. At T = TNI = T∗ + B2/(4aC), the two phases, nematic (S(NI) = B/(2C))
and isotropic (S = 0) coexist in equilibrium.

The deviations from homogeneous nematic ordering are penalized by the elastic term
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Qjk,iQjk,i, (6)

which is expressed within a single elastic constant approximation. Here L is the
representative bare nematic elastic constant.

The conditions at the NP-LC interface are determined by the term fi. We express it as

fi = −wekQkjej, (7)

where w > 0 is the anchoring strength favoring the nematic ordering at an interface and −→e
stands for the local surface normal.

2.2. Phase separation tendency

We proceed by identifying key mechanisms favoring phase separation tendency in a mixture
of NPs and nematic liquid crystal. We describe global LC orientational ordering with a
spatially averaged order parameter S and volume concentration of nanoparticles φ. Here the

over-bar (..) denotes the spatial average. Relative presence of NPs and LC molecules in the
mixture is therefore given by φ = Nnpvnp/V and 1 − φ, respectively. Here Nnp counts the
number of NPs and V stands for the volume of the sample.

The resulting average free energy density is expressed as f = f m + f c + f e + f i, where
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f m ∼
kBT

vlc
(1 − φ) ln(1 − φ) +

kBT

vnp
φ ln φ + χφ(1 − φ), (8)

f c ∼
(

1 − φ
)

(

a(T − T∗)S
2
− BS

3
+ CS

4
)

, (9)

f e ∼
(

1 − φ
)

LS
2
/ξd

2
, (10)

f i ∼ −
(

1 − φ
)

φwS. (11)

The factor
(

1 − φ
)

present in terms f c and f e accounts for the part of the volume not taken

up by LC. Furthermore, the factor
(

1 − φ
)

φ in f i accounts for absence of this term if φ = 0 or
φ = 1. Note that in general T∗ = T∗(φ). Simple binary modeling [28] suggests T∗ = T0 − λφ,
where T0 and λ are positive material constants. It accounts for weaker interactions among LC
molecules due to presence NPs. In general NPs could introduce spatially nonhomogeneous
orientational ordering of LC molecules which is taken into account by f e. On average degree

of elastic distortions in −→n is approximated by the average domain length ξd.

From the expression for f one can extract the effective Flory-Huggins [27] parameter

χe f f = χ + aλS
2
− wS. (12)

The phase transition takes place if χe f f exceeds a threshold value χc. In typical LCs it holds
[29] χ << a0λ and χ < χc. Henceforth we limit our attention to such cases. Consequently,
in the isotropic phase (where S = 0) homogeneous mixtures are established. On entering
orientational ordered phase different scenaria can be realized. We first consider cases where
the wetting interaction between LCs and NPs is negligible weak (i.e., w ∼ 0). In this case

phase separation is very likely. It is triggered providing χ + aλS
2
∼ aλS

2
> χc. However,

strong enough surface wetting interaction could suppress phase separation providing χ +

aλS
2
− wS < χc.

Next, we consider cases where there exist localized regions in LC ordering exhibiting strong
local distortions. Therefore, in some parts ξd entering the expression for f e is relatively small.
From Eq.(10) we infer that local free energy penalties could be reduced if they are occupied
by NPs (i.e., φ ∼ 1). Therefore, the structure of expression for f suggests that NPs tend to
assemble at local elastic distortions in order to reduce the total free energy penalty of the
system.

2.3. Interaction between NPs and topological defects

In this section we investigate in more detail interaction between NPs and localized elastic
distortions. We estimate general conditions for which this interaction is attractive. For this
purpose we study a specific example where we enforce a topological defect within a cell.
We add NPs exhibiting different surface constraints and determine conditions for which
attractive interaction is enabled.
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We consider LC ordering within a cylindrical plane-parallel cell of thickness h and radius R.
The cell is schematically depicted in Fig.1.

Figure 1. Schematic presentation of the hybrid plan-parallel cell hosting a nanoparticle at its symmetry axis. The diameter and

the height of cylindrically shaped NP is in simulation set to be equal to the biaxial correlation length ξb. Furthermore, we set

h = 2R = 10ξb, where h describes the height and R the radius of the cell.

We use the cylindrical coordinate system determined by unit vectors {
−→e ρ,−→e ϕ,−→e z}. Here

−→e ρ is the radial unit vector, −→e z points along the z-coordinate, while −→e ϕ = −→e z ×
−→e ρ. We

enforce a topological defect (boojum) [30] by imposing strong hybrid anchoring conditions
at the confining plates. At the top plate (z = h) strong uniaxial radial anchoring is set

imposed, i.e., we enforce Q(z = h) = Qrad ≡ Seq

(

−→e ρ ⊗
−→e ρ −

1
3 I
)

. Here Seq stands for the

equilibrium nematic order parameter. At the bottom plate we impose strong homeotropic

anchoring, i.e. Q(z = h) = Qhom ≡ Seq

(

−→e z ⊗
−→e z −

1
3 I
)

. At the lateral wall we set free

boundary conditions. The resulting equilibrium equations were solved numerically, where
technical details are given in [30] and [31].

The boojum structure is well characterized by its biaxial spatial profile shown in Fig. 2.

Figure 2. The cross-section through the boojum where we plot the degree of biaxiality β2. A biaxial shell joins the isotropic

finger tip and the upper surface. Along the cylindrical axis the system exhibits uniaxial ordering due to topological reasons

(dashed line: negative uniaxiality, dotted line: positive uniaxiality). In the illustration the anchoring strength at the top plane is

finite. The characteristic defect size is comparable to the biaxial correlation length. On the right side of the figure the grayscale

bar of 1 − β2 is shown.
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In this section we investigate in more detail interaction between NPs and localized elastic
distortions. We estimate general conditions for which this interaction is attractive. For this
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We consider LC ordering within a cylindrical plane-parallel cell of thickness h and radius R.
The cell is schematically depicted in Fig.1.

Figure 1. Schematic presentation of the hybrid plan-parallel cell hosting a nanoparticle at its symmetry axis. The diameter and

the height of cylindrically shaped NP is in simulation set to be equal to the biaxial correlation length ξb. Furthermore, we set

h = 2R = 10ξb, where h describes the height and R the radius of the cell.

We use the cylindrical coordinate system determined by unit vectors {
−→e ρ,−→e ϕ,−→e z}. Here

−→e ρ is the radial unit vector, −→e z points along the z-coordinate, while −→e ϕ = −→e z ×
−→e ρ. We

enforce a topological defect (boojum) [30] by imposing strong hybrid anchoring conditions
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. At the lateral wall we set free

boundary conditions. The resulting equilibrium equations were solved numerically, where
technical details are given in [30] and [31].

The boojum structure is well characterized by its biaxial spatial profile shown in Fig. 2.

Figure 2. The cross-section through the boojum where we plot the degree of biaxiality β2. A biaxial shell joins the isotropic

finger tip and the upper surface. Along the cylindrical axis the system exhibits uniaxial ordering due to topological reasons

(dashed line: negative uniaxiality, dotted line: positive uniaxiality). In the illustration the anchoring strength at the top plane is

finite. The characteristic defect size is comparable to the biaxial correlation length. On the right side of the figure the grayscale
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We plot β2(ρ, z) dependence (see Eq.(2)) in the plane through the defect core. Note that the
system exhibits cylindrical symmetry. The boojum is characterized by a finger-like structure,
where the finger tip is melted by topologically reasons. The boojum core structure is analyzed
in detail in [30] and here we briefly summarize its main characteristics. The defect core is
dominated by a finger protruding into the cell’s interior along its symmetry axis. The center
of the finger, residing at the cylinder axis, is negatively uniaxial (S < 0). It ends in a melted
(isotropic) point (S = 0) to which we refer as the finger tip. It is placed roughly at the distance
ξ f ∼ ξb from the surface, where ξb stands for the biaxial correlation length. Below the finger
tip the nematic configuration is positively uniaxial (S > 0) at the symmetry axis. The finger is
enclosed within a biaxial shell exhibiting maximal biaxiality [26, 30] which joins the finger tip
with the upper surface. By topological reasons the nematic order parameter melts only at the
finger tip for realistic anchoring strengths. Note that in Fig. 2 the biaxial profile is plotted for
a more realistic finite anchoring strength for which the finger-like profile is well pronounced.

At the cylinder axis we place a cylindrically shaped NP. The height and diameter of the NPs is
set equal to ξb. Our interest is to estimate impact of NP surface treatment on interaction with
its surrounding. For this purpose we impose three qualitatively different strong boundary
conditions at the NP surface which is determined by the position vector −→r i: i) Q(−→r i) = 0,
ii) Q(−→r i) = Qrad, iii) Q(−→r i) = Qhom. These conditions locally enforce melting, radial, and
spatially homogeneous configuration, respectively. We calculate the LC free energy within
the cell as a function of the NP position along the z axis. Note that three qualitatively different
areas exist within the cell. These are: i) region surrounding the melted point at the boojum
finger tip, ii) prevailing radial ordering at z ∼ h, and iii) the homogeneous ordering along −→e z

at z ∼ 0. We vary the position of NP along the z-axis, and for each position we calculate the
free energy of the system. In Fig. 3 we plot the total free energy as a function of z-coordinate
for three different surface treatments.

Figure 3. The free energy F of the system as a function of the nanoparticle position along the symmetry axis. The free energy
is scaled with respect to the minimum of free energy F0 calculated for the melted boundary condition. One sees that for the

i) melted ii) radial and iii) homogeneous boundary condition the free energy exhibits minimum at i) the finger tip ii) z = h, iii)
z = 0, respectively.
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We see that NP enforcing i) melting, ii) radial, iii) homogeneous configuration tends to
migrate towards the i) finger tip, ii) top plate, iii) bottom plate, respectively. Simulations
shows that NPs tend to migrate towards regions which exhibit a similar local structure with
respect to the conditions at the NP surface. Therefore, to assemble efficiently NPs at a
defect core it is essential to make the surface coating such that the effective NP configuration
resembles the defect core structure.

We next assume that NPs environment resembles a defect core structure and therefore tend
to be trapped within the core of the defect. In the following we estimate the free energy gain
if the NP is trapped within the core. For illustration we consider a line defect (disclination)
of length h. Note that lattices of topological defects can be stabilized either by inherent
LC property (e.g. chirality [3]) or imposed geometrically by imposing frustrating boundary
conditions [32]. The corresponding condensation free energy penalty ∆Fc for introducing the
defect line inside an orientational ordered medium is roughly given by

∆Fc ∼ a(TNI − T)S
2
πξ2h. (13)

Here TNI refers to I-N phase transition temperature and T < TNI . The core average radius
is roughly given by the relevant (uniaxial or biaxial) order parameter correlation length ξ.
Within the core the LC order is either essentially melted (i.e. S ∼ 0) or strongly biaxial [33].

We next assume that NPs are added to the LC medium and that they collect at the disclination
line. If NPs do not apparently disrupt the defect core structure then the condensation free
energy penalty is decreased due to the reduced volume occupied by the energetically costly
essentially isotropic (or strongly biaxial) phase [34]. One refers to these effect as the Defect
Core Replacement mechanism [3]. The resulting decrease in ∆Fc penalty reads

∆Fc() ∼ a(TNI − T)S
2
(

πξ2h − N
(de f )
np vnp

)

, (14)

where N
(de f )
np counts number of NPs trapped within the core.

3. Dispersions of carbon nanotubes

We next consider mixtures of nematic LCs and carbon nanotubes with length bidispersity.
We furthermore assume homogeneous uniaxial orientational alignment of all components
along a single symmetry breaking direction.

3.1. Free energy of three component mixtures

The mixture is characterized by the volume fractions of the three components:

Φi =
Nivi

3
∑

i=1
Njvj

with
3

∑
i=1

Φi = 1, (15)
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We plot β2(ρ, z) dependence (see Eq.(2)) in the plane through the defect core. Note that the
system exhibits cylindrical symmetry. The boojum is characterized by a finger-like structure,
where the finger tip is melted by topologically reasons. The boojum core structure is analyzed
in detail in [30] and here we briefly summarize its main characteristics. The defect core is
dominated by a finger protruding into the cell’s interior along its symmetry axis. The center
of the finger, residing at the cylinder axis, is negatively uniaxial (S < 0). It ends in a melted
(isotropic) point (S = 0) to which we refer as the finger tip. It is placed roughly at the distance
ξ f ∼ ξb from the surface, where ξb stands for the biaxial correlation length. Below the finger
tip the nematic configuration is positively uniaxial (S > 0) at the symmetry axis. The finger is
enclosed within a biaxial shell exhibiting maximal biaxiality [26, 30] which joins the finger tip
with the upper surface. By topological reasons the nematic order parameter melts only at the
finger tip for realistic anchoring strengths. Note that in Fig. 2 the biaxial profile is plotted for
a more realistic finite anchoring strength for which the finger-like profile is well pronounced.

At the cylinder axis we place a cylindrically shaped NP. The height and diameter of the NPs is
set equal to ξb. Our interest is to estimate impact of NP surface treatment on interaction with
its surrounding. For this purpose we impose three qualitatively different strong boundary
conditions at the NP surface which is determined by the position vector −→r i: i) Q(−→r i) = 0,
ii) Q(−→r i) = Qrad, iii) Q(−→r i) = Qhom. These conditions locally enforce melting, radial, and
spatially homogeneous configuration, respectively. We calculate the LC free energy within
the cell as a function of the NP position along the z axis. Note that three qualitatively different
areas exist within the cell. These are: i) region surrounding the melted point at the boojum
finger tip, ii) prevailing radial ordering at z ∼ h, and iii) the homogeneous ordering along −→e z

at z ∼ 0. We vary the position of NP along the z-axis, and for each position we calculate the
free energy of the system. In Fig. 3 we plot the total free energy as a function of z-coordinate
for three different surface treatments.

Figure 3. The free energy F of the system as a function of the nanoparticle position along the symmetry axis. The free energy
is scaled with respect to the minimum of free energy F0 calculated for the melted boundary condition. One sees that for the

i) melted ii) radial and iii) homogeneous boundary condition the free energy exhibits minimum at i) the finger tip ii) z = h, iii)
z = 0, respectively.
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We see that NP enforcing i) melting, ii) radial, iii) homogeneous configuration tends to
migrate towards the i) finger tip, ii) top plate, iii) bottom plate, respectively. Simulations
shows that NPs tend to migrate towards regions which exhibit a similar local structure with
respect to the conditions at the NP surface. Therefore, to assemble efficiently NPs at a
defect core it is essential to make the surface coating such that the effective NP configuration
resembles the defect core structure.

We next assume that NPs environment resembles a defect core structure and therefore tend
to be trapped within the core of the defect. In the following we estimate the free energy gain
if the NP is trapped within the core. For illustration we consider a line defect (disclination)
of length h. Note that lattices of topological defects can be stabilized either by inherent
LC property (e.g. chirality [3]) or imposed geometrically by imposing frustrating boundary
conditions [32]. The corresponding condensation free energy penalty ∆Fc for introducing the
defect line inside an orientational ordered medium is roughly given by

∆Fc ∼ a(TNI − T)S
2
πξ2h. (13)

Here TNI refers to I-N phase transition temperature and T < TNI . The core average radius
is roughly given by the relevant (uniaxial or biaxial) order parameter correlation length ξ.
Within the core the LC order is either essentially melted (i.e. S ∼ 0) or strongly biaxial [33].

We next assume that NPs are added to the LC medium and that they collect at the disclination
line. If NPs do not apparently disrupt the defect core structure then the condensation free
energy penalty is decreased due to the reduced volume occupied by the energetically costly
essentially isotropic (or strongly biaxial) phase [34]. One refers to these effect as the Defect
Core Replacement mechanism [3]. The resulting decrease in ∆Fc penalty reads

∆Fc() ∼ a(TNI − T)S
2
(

πξ2h − N
(de f )
np vnp

)

, (14)

where N
(de f )
np counts number of NPs trapped within the core.

3. Dispersions of carbon nanotubes

We next consider mixtures of nematic LCs and carbon nanotubes with length bidispersity.
We furthermore assume homogeneous uniaxial orientational alignment of all components
along a single symmetry breaking direction.

3.1. Free energy of three component mixtures

The mixture is characterized by the volume fractions of the three components:

Φi =
Nivi

3
∑

i=1
Njvj

with
3

∑
i=1

Φi = 1, (15)
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where Ni is the number of molecules of component i (i = 1 defines the liquid crystal with
molecules of length L01 = 3 nm and diameter D1 = 0.5 nm, i = 2 the CNTs of length
L02 = 400 nm and diameter D = 2 nm, and i = 3 the CNTs of length L03 = 800 nm and
diameter D = 2 nm) and vi is the volume of a particle of component i. For latter convenience
we introduce scaled CNT lengths Li = L0i/D (i = 2, 3).

The degree of alignment of every component of the mixture is characterized by the scalar
order parameter Si [4]. The corresponding isotropic liquid of the component i is characterized
by Si = 0 while a perfectly oriented nematic phase would correspond to Si = 1.

The free energy per unit volume of the mixture is expressed as

f = fCNT + fLC + fC, (16)

where fCNT describes contribution of the two CNT components dispersed in the LC fluid,
fLC represents the free energy density of nematic liquid crystal order, while fC takes into
account the coupling between LC molecules and CNTs, respectively.

The free energy density of CNTs is given by [6, 7]

fCNT

kBT
=

3

∑
i=1

Φi

vi
ln Φi +

3

∑
i=2

LiΦ
2
i

6vi

[(

3

LiΦi
− 1

)

S2
i −

2

3
S3

i + S4
i

]

−
γ23

kBT
Φ2Φ3S2S3. (17)

The first sum represents the entropic isotropic contribution due to mixing of the two CNT
components and LC neglecting their orientational degree of ordering [27]. The second sum
describes a first order orientational phase transition of the i-species of CNT from the isotropic
phase with Si = 0, to the nematic phase with Si = (1 +

√
9 − 24/LiΦi)/4. The first order

nematic-isotropic phase transition takes place at Φ
(NI)
i = 2.7/Li and S

(NI)
i = 1/3. It is

obtained starting from the Onsager theory [35] and using the Smoluchovsky equation [36, 37].
The model neglects the van der Waals attractions between CNTs which are responsible for
their tendency to form bundles. The last term in Eq. (17) represents the interaction energy
between the different CNTs species, where the interaction parameter γ23 is given by

γ23 = 8kBT/πD3
≈ 106 N/m2.

This expression for γ23 is obtained using the same Doi procedure [36, 37] starting with the
Onsager theory for a bidisperse hard rods system.

The second term in Eq. (16) is the Landau-de Gennes free energy density [4] which describes
the weakly first-order nematic-isotropic phase transition of thermotropic LC

fLC = Φ1[a(T − T∗)S2
1 − BS3

1 + CS4
1]. (18)

For representative LC material we chose pentylcyanobiphenyl (5CB), for which T∗ =
307.55 K, a ≈ 5.2 · 104 J/m3K, B ≈ 5.3 · 105 J/m3, C ≈ 9.7 · 105 J/m3 [38]. This choice

yields S
(NI)
1 = 0.275 and TNI = 308.95 K.
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The third term in Eq.(16) represents the coupling between the liquid crystal molecules and
the two CNT species. The resulting coupling term structure in both anchoring limits (weak
and strong) was estimated in [6, 7]. The two limits are defined by the ratio DW/K, where
W is the anchoring energy of a LC-nanotube interface, K is the average Frank nematic elastic
constant. For typical values of D = 2 nm, K ≈ 10−11 N, W ≈ 10−6 N/m, DW/K << 1.
Consequently, only the weak-anchoring limit needs to be considered, as already concluded by
Lynch and Patrick [13]. The corresponding free energy density of coupling is approximately
given by [6]:

fC = −γ12Φ2S1S2

(

1 −
1

2
S2

)

− γ13Φ3S1S3

(

1 −
1

2
S3

)

. (19)

The terms in brackets ensures that Si → 1 when γ12(γ13) → ∞ as it should. The coupling
parameters γ12 and γ13 depend only on the anchoring energy of CNTs at the LC molecules
surface and the diameter of CNTs [6] (no on their lengths). Therefore

γ12 = γ13 = γ1 = 4W/3D ≈ 103 N/m2

and the coupling free energy can be written as

fC = −γ1S1

[

Φ2S2

(

1 −
1

2
S2

)

+ Φ3S3

(

1 −
1

2
S3

)]

. (20)

The free energy per unit volume of a monodisperse system (one species of CNTs of the
diameter D and length L02 (L2 = L02/D, the volume v2 and the volume fraction Φ) dispersed
in a LC (with the molecular volume v1 and the volume fraction 1 − Φ) is given by

f = kBT

[

1 − Φ

v1
ln(1 − Φ) +

Φ

v2
ln Φ

]

+ kBT
L2Φ2

6v2

[(

3

L2Φ2
− 1

)

S2
2 −

2

3
S3

2 + S4
2

]

+ (1 − Φ)[a(T − T∗)S2
1 − BS3

1 + CS4
1]− γ1ΦS1S2

(

1 −
1

2
S2

)

. (21)

3.2. Equilibrium equations

In the bidisperse case, the equilibrium values of the order parameters are obtained by
minimization of the free energy density (Eqs. (16), (17), (18), and (19))with respect to S1,
S2, and S3, respectively. From the corresponding equations we find the equilibrium values of
the order parameters in the nematic phase (Sin) and paranematic phase (Sip), respectively.
Once the minimization procedure has been solved the volume fractions of the coexisting
phases are found by solving the equilibrium conditions:
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where Ni is the number of molecules of component i (i = 1 defines the liquid crystal with
molecules of length L01 = 3 nm and diameter D1 = 0.5 nm, i = 2 the CNTs of length
L02 = 400 nm and diameter D = 2 nm, and i = 3 the CNTs of length L03 = 800 nm and
diameter D = 2 nm) and vi is the volume of a particle of component i. For latter convenience
we introduce scaled CNT lengths Li = L0i/D (i = 2, 3).

The degree of alignment of every component of the mixture is characterized by the scalar
order parameter Si [4]. The corresponding isotropic liquid of the component i is characterized
by Si = 0 while a perfectly oriented nematic phase would correspond to Si = 1.

The free energy per unit volume of the mixture is expressed as

f = fCNT + fLC + fC, (16)

where fCNT describes contribution of the two CNT components dispersed in the LC fluid,
fLC represents the free energy density of nematic liquid crystal order, while fC takes into
account the coupling between LC molecules and CNTs, respectively.

The free energy density of CNTs is given by [6, 7]
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The first sum represents the entropic isotropic contribution due to mixing of the two CNT
components and LC neglecting their orientational degree of ordering [27]. The second sum
describes a first order orientational phase transition of the i-species of CNT from the isotropic
phase with Si = 0, to the nematic phase with Si = (1 +

√
9 − 24/LiΦi)/4. The first order

nematic-isotropic phase transition takes place at Φ
(NI)
i = 2.7/Li and S

(NI)
i = 1/3. It is

obtained starting from the Onsager theory [35] and using the Smoluchovsky equation [36, 37].
The model neglects the van der Waals attractions between CNTs which are responsible for
their tendency to form bundles. The last term in Eq. (17) represents the interaction energy
between the different CNTs species, where the interaction parameter γ23 is given by

γ23 = 8kBT/πD3
≈ 106 N/m2.

This expression for γ23 is obtained using the same Doi procedure [36, 37] starting with the
Onsager theory for a bidisperse hard rods system.

The second term in Eq. (16) is the Landau-de Gennes free energy density [4] which describes
the weakly first-order nematic-isotropic phase transition of thermotropic LC

fLC = Φ1[a(T − T∗)S2
1 − BS3

1 + CS4
1]. (18)

For representative LC material we chose pentylcyanobiphenyl (5CB), for which T∗ =
307.55 K, a ≈ 5.2 · 104 J/m3K, B ≈ 5.3 · 105 J/m3, C ≈ 9.7 · 105 J/m3 [38]. This choice

yields S
(NI)
1 = 0.275 and TNI = 308.95 K.
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The third term in Eq.(16) represents the coupling between the liquid crystal molecules and
the two CNT species. The resulting coupling term structure in both anchoring limits (weak
and strong) was estimated in [6, 7]. The two limits are defined by the ratio DW/K, where
W is the anchoring energy of a LC-nanotube interface, K is the average Frank nematic elastic
constant. For typical values of D = 2 nm, K ≈ 10−11 N, W ≈ 10−6 N/m, DW/K << 1.
Consequently, only the weak-anchoring limit needs to be considered, as already concluded by
Lynch and Patrick [13]. The corresponding free energy density of coupling is approximately
given by [6]:

fC = −γ12Φ2S1S2

(

1 −
1

2
S2

)

− γ13Φ3S1S3

(

1 −
1

2
S3

)

. (19)

The terms in brackets ensures that Si → 1 when γ12(γ13) → ∞ as it should. The coupling
parameters γ12 and γ13 depend only on the anchoring energy of CNTs at the LC molecules
surface and the diameter of CNTs [6] (no on their lengths). Therefore

γ12 = γ13 = γ1 = 4W/3D ≈ 103 N/m2

and the coupling free energy can be written as

fC = −γ1S1

[

Φ2S2

(

1 −
1

2
S2

)

+ Φ3S3

(

1 −
1

2
S3

)]

. (20)

The free energy per unit volume of a monodisperse system (one species of CNTs of the
diameter D and length L02 (L2 = L02/D, the volume v2 and the volume fraction Φ) dispersed
in a LC (with the molecular volume v1 and the volume fraction 1 − Φ) is given by

f = kBT

[

1 − Φ

v1
ln(1 − Φ) +

Φ

v2
ln Φ

]

+ kBT
L2Φ2

6v2

[(

3

L2Φ2
− 1

)

S2
2 −

2

3
S3

2 + S4
2

]

+ (1 − Φ)[a(T − T∗)S2
1 − BS3

1 + CS4
1]− γ1ΦS1S2

(

1 −
1

2
S2

)

. (21)

3.2. Equilibrium equations

In the bidisperse case, the equilibrium values of the order parameters are obtained by
minimization of the free energy density (Eqs. (16), (17), (18), and (19))with respect to S1,
S2, and S3, respectively. From the corresponding equations we find the equilibrium values of
the order parameters in the nematic phase (Sin) and paranematic phase (Sip), respectively.
Once the minimization procedure has been solved the volume fractions of the coexisting
phases are found by solving the equilibrium conditions:
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µ2(S1n, S2n, S3n, Φ2n, Φ3n) = µ2(S1p, S2p, S3p, Φ2p, Φ3p),

µ3(S1n, S2n, S3n, Φ2n, Φ3n) = µ3(S1p, S2p, S3p, Φ2p, Φ3p),

g(S1n, S2n, S3n, Φ2n, Φ3n) = g(S1p, S2p, S3p, Φ2p, Φ3p), (22)

where the chemical potential of the two species of CNTs µ2, µ3, and the grand potential g are
defined by the equations

µ2 =
∂ f

∂Φ2
; µ3 =

∂ f

∂Φ3
; g = f − µ2Φ2 − µ3Φ3. (23)

There are three equilibrium equations with four variables: Φ2n, Φ3n, Φ2p, and Φ2p. We
take Φ3p as freely variable and calculate the other three Φ2n, Φ3n, Φ2p from the coexistence
equations (22).

In the monodisperse case, the equilibrium values of the order parameters (S1p, S2p, S1n,
and S2n)are obtained minimizing the free energy (21) with respect to S1 and S2 and the
equilibrium conditions are given by

µ(S1n, S2n, Φn) = µ(S1p, S2p, Φp),

g(S1n, S2n, Φn) = g(S1p, S2p, Φp), (24)

where the chemical potential of CNTs and the grand potential are defined as: µ = ∂ f /∂Φ,
and g = f − µΦ, respectively.

3.3. Phase behavior

In the first part of this section we present the phase behavior of monodisperse CNTs
immersed in LC as a function of T, Φ and γ1, while in the last part the analyze of the
phase behavior of the bidisperse system is analyzed as a function of T, Φ2, Φ3 and γ1.

3.3.1. Monodisperse CNTs

The coupling term between CNTs and the LC molecules in (21) induces two different region

in the phase diagram separated by a critical line γ
(c)
1 (T). i) For γ1 < γ

(c)
1 , the CNTs exhibit a

first order (discontinuous) phase transition between a paranematic phase (a phase with a low
degree of orientational order) and a nematic phase (the subcritical region). ii) On the contrary,

for γ1 > γ
(c)
1 , CNTs display gradual variation of S2 with Φ (the supercritical regime).

The critical line γ
(c)
1 (T) is obtained by solving the equations ∂ f /∂S1 = ∂ f /∂S2 = ∂2 f /∂S2

2 =

∂3 f /∂S3
2 = 0. They yield at the critical point universal values for the order parameter S

(c)
2 =

1/6 and volume fraction Φ(c) = 18/7L2. The γ
(c)
1 (T) dependence for the two species of CNTs

is presented in Figure 4.
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Figure 4. The critical value of the coupling parameter γ
(c)
1 as function of temperature calculated for both species of CNTs in

the nematic LC phase.

On decreasing the temperature the external field felt by the CNTs is increasing due to
increasing value of S1 and the nematic-isotropic phase transition of CNTs becomes gradual

for lower values of interaction parameter γ
(c)
1 . Furthermore, the critical value of γ1 decreases

with increasing the length of CNTs. Therefore, the continuity of paranematic-nematic phase
transition is favored by longer CNTs.

The phase diagram for the monodisperse system in the subcritical regime, for L2 = 200 and
L2 = 400, respectively is shown in Figure 5.

Depending on temperature, we distinguish two regions in the phase diagram: i) for T < TNI ,
the LC is in the nematic phase and the CNTs exhibit a first order phase transition with
increasing Φ from a paranematic to a nematic phase. With decreasing temperature, the
order parameter jump (S2n − S2p) as well as the difference in the volume fractions (Φn − Φp)
become lower and they cancel at some temperature lower for shorter CNTs. This is due to
the fact that the value of γ1 = 40.33 N/m2 considered, corresponds to a critical temperature
T − TNI = −7.31 K for shorter CNTs (L2 = 200) and T − TNI = −0.45 K for longer CNTs
(L2 = 400), respectively. We emphasize that the longer CNTs become ordered at lower
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where the chemical potential of the two species of CNTs µ2, µ3, and the grand potential g are
defined by the equations

µ2 =
∂ f
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; µ3 =

∂ f

∂Φ3
; g = f − µ2Φ2 − µ3Φ3. (23)

There are three equilibrium equations with four variables: Φ2n, Φ3n, Φ2p, and Φ2p. We
take Φ3p as freely variable and calculate the other three Φ2n, Φ3n, Φ2p from the coexistence
equations (22).

In the monodisperse case, the equilibrium values of the order parameters (S1p, S2p, S1n,
and S2n)are obtained minimizing the free energy (21) with respect to S1 and S2 and the
equilibrium conditions are given by

µ(S1n, S2n, Φn) = µ(S1p, S2p, Φp),

g(S1n, S2n, Φn) = g(S1p, S2p, Φp), (24)

where the chemical potential of CNTs and the grand potential are defined as: µ = ∂ f /∂Φ,
and g = f − µΦ, respectively.

3.3. Phase behavior

In the first part of this section we present the phase behavior of monodisperse CNTs
immersed in LC as a function of T, Φ and γ1, while in the last part the analyze of the
phase behavior of the bidisperse system is analyzed as a function of T, Φ2, Φ3 and γ1.

3.3.1. Monodisperse CNTs

The coupling term between CNTs and the LC molecules in (21) induces two different region

in the phase diagram separated by a critical line γ
(c)
1 (T). i) For γ1 < γ

(c)
1 , the CNTs exhibit a

first order (discontinuous) phase transition between a paranematic phase (a phase with a low
degree of orientational order) and a nematic phase (the subcritical region). ii) On the contrary,

for γ1 > γ
(c)
1 , CNTs display gradual variation of S2 with Φ (the supercritical regime).

The critical line γ
(c)
1 (T) is obtained by solving the equations ∂ f /∂S1 = ∂ f /∂S2 = ∂2 f /∂S2

2 =

∂3 f /∂S3
2 = 0. They yield at the critical point universal values for the order parameter S

(c)
2 =

1/6 and volume fraction Φ(c) = 18/7L2. The γ
(c)
1 (T) dependence for the two species of CNTs

is presented in Figure 4.
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Figure 4. The critical value of the coupling parameter γ
(c)
1 as function of temperature calculated for both species of CNTs in

the nematic LC phase.

On decreasing the temperature the external field felt by the CNTs is increasing due to
increasing value of S1 and the nematic-isotropic phase transition of CNTs becomes gradual

for lower values of interaction parameter γ
(c)
1 . Furthermore, the critical value of γ1 decreases

with increasing the length of CNTs. Therefore, the continuity of paranematic-nematic phase
transition is favored by longer CNTs.

The phase diagram for the monodisperse system in the subcritical regime, for L2 = 200 and
L2 = 400, respectively is shown in Figure 5.

Depending on temperature, we distinguish two regions in the phase diagram: i) for T < TNI ,
the LC is in the nematic phase and the CNTs exhibit a first order phase transition with
increasing Φ from a paranematic to a nematic phase. With decreasing temperature, the
order parameter jump (S2n − S2p) as well as the difference in the volume fractions (Φn − Φp)
become lower and they cancel at some temperature lower for shorter CNTs. This is due to
the fact that the value of γ1 = 40.33 N/m2 considered, corresponds to a critical temperature
T − TNI = −7.31 K for shorter CNTs (L2 = 200) and T − TNI = −0.45 K for longer CNTs
(L2 = 400), respectively. We emphasize that the longer CNTs become ordered at lower
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volume fraction. ii) for T > TNI , the LC is in the isotropic phase (S1 = 0) and the volume
fraction gap of CNTs at the transition does not depend on temperature (the Flory horn [27]).
Again the longer CNTs become aligned at lower volume fractions. It is important to note also
the influence of CNTs on the LC alignment in this region. Above TNI , the transition of CNTs
from isotropic to nematic induces the transition of LC from isotropic to a paranematic phase
(with a very very small degree of ordering for this value of the coupling constant). This
problem of the influence of LC properties by the CNTs is not elucidated neither theoretically,
nor experimentally yet and will be a subject of a future study.

To see in more detail the orientational order developed in the system, we have plotted in
Figures 6 and 7 the order parameter variation as a function of the volume fraction Φ of the
CNTs at a fixed temperature.

In Figure 6a, the temperature corresponds to a subcritical regime (γ1 < γ
(c)
1 ) (see Figure 4),

and the transition of CNTs is a discontinuous one with a jump in the order parameter. On
the contrary, the temperature in Figure 6b corresponds to a supercritical regime because for

this temperature γ1 > γ
(c)
1 (see Figure 4). As a consequence, the CNTs phase transition is
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Figure 6. The order parameter variations for two temperatures lower than TNI in the subcritical regime.

continuous, the order parameter is continuous at the transition. In both figures, the order
parameter of the liquid crystal is constant. Therefore the CNTs are enslaved by LC. The
degree of ordering of CNTs is present even at small volume fractions, so that the CNTs are
in the paranematic phase.

In Figure 7, the temperature is greater than nematic-isotropic phase transition temperature,
so that the LC is in the isotropic phase (even if the degree of ordering exists it is very small
and can not be seen on the figure). For low volume fraction, the CNTs are in the isotropic
phase and becomes nematic by a first order phase transition at some value of Φ.

The phase diagram for the monodisperse system in the supercritical regime, for L2 = 200 and
L2 = 400, respectively is shown in Figure 8.

For a more realistic value of the coupling constant γ1 >> γ
(c)
1 , in the nematic phase of LC,

there is only a gradual variation of the order parameter of CNTs with the volume fraction and
temperature. Above TNI , the transition isotropic-nematic of CNTs is first order and also an
induced first order isotropic-paranematic phase transition takes place in LC. With increasing
temperature, the transitions takes place at a larger volume fractions. For longer CNTs, the
volume fractions at the transition are lower.
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volume fraction. ii) for T > TNI , the LC is in the isotropic phase (S1 = 0) and the volume
fraction gap of CNTs at the transition does not depend on temperature (the Flory horn [27]).
Again the longer CNTs become aligned at lower volume fractions. It is important to note also
the influence of CNTs on the LC alignment in this region. Above TNI , the transition of CNTs
from isotropic to nematic induces the transition of LC from isotropic to a paranematic phase
(with a very very small degree of ordering for this value of the coupling constant). This
problem of the influence of LC properties by the CNTs is not elucidated neither theoretically,
nor experimentally yet and will be a subject of a future study.

To see in more detail the orientational order developed in the system, we have plotted in
Figures 6 and 7 the order parameter variation as a function of the volume fraction Φ of the
CNTs at a fixed temperature.

In Figure 6a, the temperature corresponds to a subcritical regime (γ1 < γ
(c)
1 ) (see Figure 4),

and the transition of CNTs is a discontinuous one with a jump in the order parameter. On
the contrary, the temperature in Figure 6b corresponds to a supercritical regime because for

this temperature γ1 > γ
(c)
1 (see Figure 4). As a consequence, the CNTs phase transition is
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continuous, the order parameter is continuous at the transition. In both figures, the order
parameter of the liquid crystal is constant. Therefore the CNTs are enslaved by LC. The
degree of ordering of CNTs is present even at small volume fractions, so that the CNTs are
in the paranematic phase.

In Figure 7, the temperature is greater than nematic-isotropic phase transition temperature,
so that the LC is in the isotropic phase (even if the degree of ordering exists it is very small
and can not be seen on the figure). For low volume fraction, the CNTs are in the isotropic
phase and becomes nematic by a first order phase transition at some value of Φ.

The phase diagram for the monodisperse system in the supercritical regime, for L2 = 200 and
L2 = 400, respectively is shown in Figure 8.

For a more realistic value of the coupling constant γ1 >> γ
(c)
1 , in the nematic phase of LC,

there is only a gradual variation of the order parameter of CNTs with the volume fraction and
temperature. Above TNI , the transition isotropic-nematic of CNTs is first order and also an
induced first order isotropic-paranematic phase transition takes place in LC. With increasing
temperature, the transitions takes place at a larger volume fractions. For longer CNTs, the
volume fractions at the transition are lower.
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3.3.2. Bidisperse CNTs

The (Φ3, Φ2) phase diagram of the bidisperse CNTs suspension in the LC in the subcritical
regime is shown in Figure 9. In Figure 6a, the LC is in the nematic phase (T − TNI = −0.42K),
while in Figure 9b, the LC is in the isotropic phase (T − TNI = 1.4K). Thick lines indicates
phase boundary, while the thin lines connects the coexisting pairs (Φ2p, Φ3p) and (Φ2n, Φ3n).
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Figure 9. The (Φ3, Φ2) phase diagram in the subcritical regime for the bidisperse system, in nematic and isotropic phase of LC,

respectively. I-isotropic,P-paranematic, and N-nematic.

The Figure 6 reveals two qualitatively different regimes, to which we refer as decoupled and
coupled regime, respectively. In the decoupled regime defined by the conditions Φ3 → 0 and
Φ2 → 0, respectively, the system exhibits monodisperse-type behavior. In the limit of very
low volume fraction of the longer CNTs (Φ3 → 0), the system is monodisperse containing
only one species of CNTs of length L02 = 400 nm. In the limit of very low volume fraction of
the shorter CNTs (Φ2 → 0), the system is monodisperse containing only one species of CNTs
of length L03 = 800 nm. In these two subregions, due to very small values of Φ3 and Φ2,
respectively, the coupling term between CNTs species (the γ23 term in Eq. (17)) is relatively
small and the species are independent. On the contrary, in the coupled region (intermediate
region in Figure 6), the interaction term in Eq. (17) becomes important and the two CNTs
species influence each other. In this region, the volume fraction of the longer CNTs increases
in the nematic phase, while that of the shorter CNTs decreases.
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phase boundary, while the thin lines connects the coexisting pairs (Φ2p, Φ3p) and (Φ2n, Φ3n).

13.2x10
-3

 

13.0

12.8

12.6

12.4

Φ
2

5x10
-3

 43210 Φ3

P

N

P+N

T-TNI=-0.42K

γ1=40.33N/m
2

 γ2=10
4
N/m

2

a)

13.4x10
-3

 

13.2

13.0

12.8

12.6

Φ
2

5x10
-3

 43210 Φ3

T-TNI=1.4K

γ1=40.33N/m
2

γ2=10
4
N/m

2

I

N

I+N

b)

Figure 9. The (Φ3, Φ2) phase diagram in the subcritical regime for the bidisperse system, in nematic and isotropic phase of LC,

respectively. I-isotropic,P-paranematic, and N-nematic.

The Figure 6 reveals two qualitatively different regimes, to which we refer as decoupled and
coupled regime, respectively. In the decoupled regime defined by the conditions Φ3 → 0 and
Φ2 → 0, respectively, the system exhibits monodisperse-type behavior. In the limit of very
low volume fraction of the longer CNTs (Φ3 → 0), the system is monodisperse containing
only one species of CNTs of length L02 = 400 nm. In the limit of very low volume fraction of
the shorter CNTs (Φ2 → 0), the system is monodisperse containing only one species of CNTs
of length L03 = 800 nm. In these two subregions, due to very small values of Φ3 and Φ2,
respectively, the coupling term between CNTs species (the γ23 term in Eq. (17)) is relatively
small and the species are independent. On the contrary, in the coupled region (intermediate
region in Figure 6), the interaction term in Eq. (17) becomes important and the two CNTs
species influence each other. In this region, the volume fraction of the longer CNTs increases
in the nematic phase, while that of the shorter CNTs decreases.
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In the case of a more realistic value of the coupling parameter between the LC molecules and

CNTs γ1 = 2 ∗ 103 N/m2
>> γ

(c)
1 (supercritical regime, the Φ3, Φ2) phase diagram for the

bidisperse CNTs in the isotropic phase of LC (T − TNI = 1.4K is plotted in Figure 10.
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Figure 10. The (Φ3, Φ2) phase diagram in the supercritical regime for the bidisperse system, in the isotropic phase of LC,

respectively. I-isotropic, and N-nematic.

The phase diagram is similar to that of Figure 9 showing again the existence of the decoupled
and coupled regions that we have discussed previously.

4. Conclusions

In the paper we analyze phase behavior of mixtures consisting of LC soft carrier matrix and
immersed NPs. A relatively simple phenomenological modeling is used where we focus on
isotropic and nematic LC ordering.

In the first part we consider isotropic NPs. We derive the effective free energy of the
mixture from which we extract the effective Flory-Huggins parameter. Its structure reveals
that on entering nematic ordering phase separation is very probable. However, it could be
suppressed by LC-NP interfacial contribution providing that it promotes nematic ordering.
From the structure of the average elastic free energy term we also conclude that NPs have in
general tendency to assemble at localized sites exhibiting relatively strong elastic distortions.
We proceed by studying interaction between a nanoparticle and a topological defect, which
is a typical representative of localized strong elastic distortions. It is of interest to identify
conditions for which NPs could be effectively trapped to tunable localized distortions. For
example, in such a way phase separation could be prevented. In addition, localized elastic
distortions could be exploited controlled positional trapping of immersed NPs.

As a model system we use a cylindrical hybrid cell possessing the boojum topological defect.
We consider different surface treatment of the nanoparticle and analyze where it is placed
in order to minimize total free energy of the system. We find out that a nanoparticle is
attracted to a region the structure of which is compatible with configuration enforced by the
nanoparticle. Therefore, one could trap NPs to topological defects if its surface enforces
configuration resembling the defect core structure. We further show that condensation
penalty of forming defects could be in this case significantly reduced due to the Defect Core
Replacement mechanism [3, 34].
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In the second part of the paper we study interaction between nematic LC ordering and CNTs.
We extend the mesoscopic model [6, 7] to include length bidispersity of CNTs dispersed in
LC in the weak anchoring limit of the coupling between LC molecules and CNTs (in this limit,
the coupling is dominated by the anisotropy of the surface tension not by the deformation of
the director field). The main conclusions of our study can be summarized as follows:

1. Depending on the coupling between the LC molecules and CNTs (the value of the

coupling constant γ1), two different regimes can be defined: i) if γ1 < γ
(c)
1 , (the subcritical

regime), the nematic-isotropic phase transition of CNTs dispersed in LC is first order

and ii) if γ1 > γ
(c)
1 (the supercritical regime), the transition is continuous. γ

(c)
1 is the

critical value of the coupling parameter depending on the temperature (Figure 1). In
both regimes, the isotropic phase of CNTs transforms into a phase with a small degree of
ordering, a paranematic phase. Above the critical point this degree of orientational order
is strongly increased.

2. The CNTs species are enslaved by the LC (the nematic LC order parameter depends only
on the temperature not on the volume fractions of the two species).

3. The longer CNTs are driven into the nematic phase (Φ3n − Φ3p > 0 in Figures 6 and 7).

4. The longer CNTs induces a larger volume fractions differences Φ2n − Φ2p > 0 for the
shorter CNTs.

5. In the nematic phase, the longer CNTs are more ordered than the shorter ones (S3n −

S2n > 0).

We emphasize that the last three conclusions are similar with those obtained using the
Onsager theory of nematic-isotropic phase transition of the hard rods [22–25], while the
first two are specific to the dispersion of CNTs into LC.

Finally, we point out the mesoscopic model for length bidisperse CNTs dispersed in LC
presented here is only a first step in considering the important influence of polydispersity on
the ordering of CNTs in nematic fluids. Together with considering the attraction interaction
between CNTs, this subject will be study in a future work.
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that on entering nematic ordering phase separation is very probable. However, it could be
suppressed by LC-NP interfacial contribution providing that it promotes nematic ordering.
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conditions for which NPs could be effectively trapped to tunable localized distortions. For
example, in such a way phase separation could be prevented. In addition, localized elastic
distortions could be exploited controlled positional trapping of immersed NPs.

As a model system we use a cylindrical hybrid cell possessing the boojum topological defect.
We consider different surface treatment of the nanoparticle and analyze where it is placed
in order to minimize total free energy of the system. We find out that a nanoparticle is
attracted to a region the structure of which is compatible with configuration enforced by the
nanoparticle. Therefore, one could trap NPs to topological defects if its surface enforces
configuration resembling the defect core structure. We further show that condensation
penalty of forming defects could be in this case significantly reduced due to the Defect Core
Replacement mechanism [3, 34].
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In the second part of the paper we study interaction between nematic LC ordering and CNTs.
We extend the mesoscopic model [6, 7] to include length bidispersity of CNTs dispersed in
LC in the weak anchoring limit of the coupling between LC molecules and CNTs (in this limit,
the coupling is dominated by the anisotropy of the surface tension not by the deformation of
the director field). The main conclusions of our study can be summarized as follows:

1. Depending on the coupling between the LC molecules and CNTs (the value of the

coupling constant γ1), two different regimes can be defined: i) if γ1 < γ
(c)
1 , (the subcritical

regime), the nematic-isotropic phase transition of CNTs dispersed in LC is first order

and ii) if γ1 > γ
(c)
1 (the supercritical regime), the transition is continuous. γ

(c)
1 is the

critical value of the coupling parameter depending on the temperature (Figure 1). In
both regimes, the isotropic phase of CNTs transforms into a phase with a small degree of
ordering, a paranematic phase. Above the critical point this degree of orientational order
is strongly increased.

2. The CNTs species are enslaved by the LC (the nematic LC order parameter depends only
on the temperature not on the volume fractions of the two species).

3. The longer CNTs are driven into the nematic phase (Φ3n − Φ3p > 0 in Figures 6 and 7).

4. The longer CNTs induces a larger volume fractions differences Φ2n − Φ2p > 0 for the
shorter CNTs.

5. In the nematic phase, the longer CNTs are more ordered than the shorter ones (S3n −

S2n > 0).

We emphasize that the last three conclusions are similar with those obtained using the
Onsager theory of nematic-isotropic phase transition of the hard rods [22–25], while the
first two are specific to the dispersion of CNTs into LC.

Finally, we point out the mesoscopic model for length bidisperse CNTs dispersed in LC
presented here is only a first step in considering the important influence of polydispersity on
the ordering of CNTs in nematic fluids. Together with considering the attraction interaction
between CNTs, this subject will be study in a future work.
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1. Introduction

Recent technological advances and the need for materials with new functionalities and bet‐
ter performance have generated an enormous demand for novel materials. Nanostructures
such as carbon nanotubes (CNTs) possess outstanding mechanical, electrical, thermal and
chemical properties which make them ideal for a wide variety of current or future applica‐
tions [1], especially for the preparation of multifunctional hybrid polymer materials.

The incorporation of CNTs to polymer matrices have demonstrated to improve the mechani‐
cal, electrical, thermal and morphological properties of the produced nanocomposites [2];
however, the full exploitation of CNTs has been severely limited due to difficulties associat‐
ed with dispersion of entangled CNTs during processing, and their poor interfacial interac‐
tion with the polymer matrix. Therefore, significant efforts have been directed toward
improving the dispersion of CNTs by means of surface modification either by non-covalent
functionalization or covalent functionalization [3].

Most strategies designed to functionalize CNTs involve the use of strong acids as reagents
and organic solvents as reaction media, which can become environmental pollution and
health hazard problems. Nowadays, the global environmental trends are seeking greener
chemistry methods to prepare materials, thus, there is plenty of room for developing envi‐
ronmentally-friendly chemistry methods to functionalize CNTs.

© 2013 Ávila-Orta et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Ávila-Orta et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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“Green” chemistry is based on the use of a set of principles that reduces or eliminates the use
of hazardous reagents and solvents in the design, preparation and application of materials
[4]. In this context, functionalization of CNTs using microwaves, plasma, and ultrasound
waves are strategies very promising for greener production of hybrid polymer materials,
due to shorter reaction times, reduced energy consumption, and better yields.

The focus of this chapter will be on the microwaves, ultrasound and plasma assisted func‐
tionalization of CNTs as greener chemistry methods to produce hybrid polymer materials.
After a brief overview on preparation of hybrid polymer materials containing CNTs, we will
present the physical principles, mechanisms and processing conditions involved in the func‐
tionalization of CNTs for each of these “Green” chemistry methods, and then present our
point of view on challenges and opportunities in both the immediate and long-term future.

2. Hybrid polymer materials

In polymer science, we can define a hybrid polymer material as a combination of two or more
materials mixed at the nanometer level, or sometimes at the molecular level (0.1 – 100 nm) in
a predetermined structural configuration, covering a specific engineering purpose. The term
hybrid material is used to distinguish them from the conventionally known composites that are
referred as simple mixtures of two or more materials at micro-scale level (> 1 µm).

Figure 1. Some examples of structural configurations of hybrids of the composite type: (a) sandwich, (b) concentric
cylindrical shells, (c) honeycomb, (d) chopped fibers, (e) particulate, and (f) amorphous blend.

An ideal hybrid polymer material requires an accurate molecular design or structural con‐
trol of its components in order to obtain synergistic properties. As structural configuration
of components moves away from its ideal configuration, the material properties will range
from an arithmetic average value (average of the properties of each component) to below of
that arithmetic value [5]. Thus, the shape and structural configuration of the components in

Syntheses and Applications of Carbon Nanotubes and Their Composites168

a hybrid polymer material play a key role in determining its properties. Figure 1 shows a
scheme of hybrids materials composed by two components, in which one of them is ar‐
ranged so that synergistic properties can be achieved.

The hybrid polymer materials can be classified depending of the nature of interactions be‐
tween their components. In particular, when structural materials in the form of particles,
flakes or fibers are incorporated into polymer matrices, this type of hybrid polymer materi‐
als can be classified in (i) class I hybrid materials, which show weak interactions between the
two components, such as van der Waals, hydrogen bonding or weak electrostatic interac‐
tions, and (ii) class II hybrid materials, which show covalent interactions between both com‐
ponents such that there is no tendency for the components to separate at their interfaces
when the hybrid material is loaded [6].

Hybrid polymer materials  containing CNTs have attracted considerable attention due to
the  unique  atomic  structure,  high  surface  area-to-volume  ratio  and  excellent  electronic,
mechanical  and  thermal  properties  of  carbon  nanotubes.  Although the  incorporation  of
CNTs  to  polymer  matrices  have  significantly  improved  the  mechanical,  electrical  and
morphological properties of polymers, there is plenty of room for controlling the structur‐
al configuration of the hybrid polymer material, thus, different efforts have been focused
in the preparation methods.

3. Polymer-CNTs hybrid materials

3.1. Structural configuration

Since the first ever materials based on polymer-CNTs were reported in 1994 by Ajayan et
al. [7], several processing methods have been developed for fabricating polymer-CNTs hy‐
brid materials. These methods mainly include solution mixing, in-situ polymerization, and
melt blending [8].

Because the unique mechanical properties of CNTs, such as the high modulus, tensile strength
and strain to fracture, there have been numerous efforts to obtain hybrid materials with im‐
proved mechanical properties [2]. Within the structural configurations for this specific applica‐
tion, the “chopped fibers” configuration, as seen in Figure 1(d), has been the most desired.

On the other hand, for other unique properties of CNTs such as high electrical and thermal
conductivity, the obtaining of multiphase polymer amorphous blends, as seen in Figure 1(f),
offers a much higher potential for the development of conductive composites containing
CNTs. The selective localization of the CNTs either in one of the blend phases or at the inter‐
face of an immiscible co-continuous blend can form an ordered network of conductive phase,
creating the so-called segregated systems [9]. In such systems, considerably lower value of per‐
colation threshold compared to “chopped fibers” structural configuration can be achieved.

The building of polymer-CNTs hybrid materials with desired structural configurations is po‐
tentially promising to develop advanced hybrid materials; however, the full exploitation of
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properties of CNTs by means the manufacturing of those desired structural configurations has
been severely limited, because difficulties associated with dispersion of the entangled CNTs
during processing and their poor interfacial interaction with some polymer matrices.

3.2. Chemical and physical functionalization of CNTs

The efficient exploitation of the unique properties associated with CNTs depends on its uni‐
form and stable dispersion in the host polymer matrix, as well as the nature of the interfacial
interactions with the polymer. Thus, obtaining of polymer-CNTs hybrid materials with de‐
sired properties has represented a great challenge, because CNTs exhibit strong inter-tube
van der Waals’ forces of attraction that impede its uniform and stable dispersion in the ma‐
trix, in addition to certain properties of the polymer matrix like wetting, polarity, crystallini‐
ty, melt viscosity, among others [2, 10].

Surface modification of CNTs has been one of the most used strategies in order to improve
its affinity with the polymer matrix, and therefore to achieve a better uniform dispersion.
These methods have been conveniently divided into chemical functionalization and physical
functionalization [3, 11].

Figure 2. Strategies for chemical and physical functionalization of CNTs: a) covalent sidewall functionalization, b) co‐
valent defect sidewall functionalization, c) non-covalent adsorption of surfactants, d) wrapping of polymers, and e)
endohedral functionalization (case for C60).

Chemical functionalization method is based on the covalent linkage of functional groups
such as –COOH or –OH on the surface of CNTs. These methods can be also divided in side‐
wall functionalization and defect functionalization (see Figure 2). The reaction mechanisms
that take place at their sidewall include fluorination and derivate reactions, hydrogenation,
cycloaddition, and radical (R•) attachment; whilst the reaction mechanisms by amidation,
esterification, thiolation, silanization, and polymer grafting (grafting to and grafting from)
takes advantages of chemical transformation of defect sites on CNTs.
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Physical functionalization method is based in the formation of non-covalent interactions be‐
tween molecules and CNTs. These methods include the wrapping of polymer around the
CNTs, the physical adsorption of surfactants and the endohedral method (see Figure 2). In
the latter, molecules are stored in the inner cavity of CNTs through the capillary effect,
where the insertion often takes place at defect sites localized at the ends or on the sidewalls.

In particular, the covalent functionalization of CNTs has been one of the most preferred
methods since it allows an efficient interaction between polymer-CNT interface through the
functional moieties of the CNTs surface and the available functional groups of the polymer.
However, these methods involve rough acid treatment conditions during functionalization
which damage the nanotube framework and decrease the electrical conductivity of the hy‐
brid material. In addition, the use acids and organic solvents as the reaction media represent
problems of environmental pollution and health hazard.

In this context, the global trend of seeking for “Green” chemistry methods is demanding to
researchers in the field to develop environment-friendly methods to functionalize CNTs.

4. Greener production of polymer-CNTs hybrid materials

4.1. “Green” chemistry: definition and principles

Diverse definitions of “Green” chemistry can be found in the literature. According to EPA
(Environment Protection Agency) “Green” chemistry philosophy speaks of chemicals and
chemical processes designed to reduce or eliminate negative environmental impacts, where
the use and production of these chemicals may involve reduced waste products, non-toxic
components, and improved efficiency. Anastas and Warner [12], who are considered the
founders of this field that born in 1990s, define “Green” chemistry as the utilization of a set
of principles that reduce or eliminates the use or generation of hazardous substances in the
design, manufacture and application of chemical products.

The 12 Principles of “Green” chemistry (defined by Anastas and Warner) help us think about
how to prevent pollution when creating new chemicals and materials:

1. Prevention. It is better to prevent waste to treat or clean up waste after it has been created.

2. Atom Economy. Synthetic methods should be designed to maximize the incorporation of
all materials used in the process into the final product.

3. Less Hazardous Chemical Synthesis. Synthetic methods should be designed to use and
generate substances that possess little or no toxicity to people or the environment.

4. Designing Safer Chemicals. Chemical products should be designed to affect their desired
function while minimizing their toxicity

5. Safer Solvents and Auxiliaries. The use of auxiliary substances should be made unnecessa‐
ry whenever possible and innocuous when used.
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6. Design for Energy Efficiency. Energy requirements of chemical processes should be recog‐
nized for their environmental and economic impacts and should be minimized. If possi‐
ble, synthetic methods should be conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks. A raw material or feedstock should be renewable rather that
depleting whenever technically and economically practicable.

8. Reduce Derivatives. Unnecessary derivatization like use of blocking group,
protection/de-protection, and temporary modification of physical/chemical processes,
should be minimized or avoided if possible, because such steps require additional re‐
agents and can generate waste.

9. Catalysis. Catalytic reagents should be superior to stoichiometric reagents.

10. Design for Degradation. Chemical products should be designed so that at the end of their
function they break down into innocuous degradation products and do not persist in
the environment.

11. Real-Time Analysis for Pollution Prevention. Analytical methodologies need to be further
developed to allow for real-time, in-process monitoring and control prior to the forma‐
tions of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention. Substances and the form of a substance
used in a chemical process should be chosen to minimize the potential for chemical ac‐
cidents, including releases, explosions, and fires.

“Green” chemistry is a highly effective approach to pollution prevention since it applies in‐
novative scientific solutions to real-world environmental situations. The preparation of pol‐
ymer-CNTs hybrid materials can be considered as “Green” as more of those principles are
applied to the design, production and processing of hybrid materials.

4.2. Greener processing technologies

4.2.1. Microwaves

4.2.1.1. Background and physical principles

Microwaves are electromagnetic waves with wavelengths ranging from 1 mm to 1 m and
frequencies between 0.3 GHz and 300 GHz, respectively. 0.915 GHz is preferably used for
industrial/commercial microwave ovens and 2.45 GHz is mostly used for household micro‐
wave ovens. Since the first ever report of a microwave-assisted organic synthesis in the 80s,
it is being further developed and extended to polymer science, in particular in the field of
microwave-assisted polymer synthesis and polymer nanocomposites [13].

In polymer chemistry, microwave-assisted reactions present a dramatic increasing in reac‐
tion speed and significant improvements in yield compared with conventional heating.
These advantages are attributed to instantaneous and direct heating of the reactants, which
lead to reduction in reaction time, energy savings and low operating costs. The principles 2,
5, 6 and 11 of ‘Green’ chemistry describe these strengths.
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How does microwave irradiation lead chemical reactions? When a dielectric material (i.e.
molecules containing polar groups in their chemical structure) is placed under microwave
irradiation, the dipolar molecules will tend to align their dipole moment along the field in‐
tensity vector. As the field intensity vector varies sinusoidally with time, the polar molecules
re-align with the electro-magnetic field and generate both translational and rotational mo‐
tions of the dipoles. These movements generate heat because the internal friction, so a por‐
tion of the electromagnetic field is converted in thermal energy.

The power absorbed per unit, P (V/m3) is expressed as [14]:

P =2πf ε0εr
'' | E | 2 (1)

where f is the microwave frequency (GHz), ε0 the permittivity of free space ( ε0 = 8.86x10-12

F/m), εr
'' the dielectric loss factor and E (V/m) is the magnitude of the internal field.

The dielectric loss factor is a measurement of the efficiency with which microwave energy is
converted into heat, and depends on the dielectric conductivity σ and on the microwave fre‐
quency f according to

εr
'' =σ / 2πf (2)

The degree of energy coupling in the reaction system is expressed by the dissipation factor
D, which is defined by the loss tangent tan δ

D =tanδ =εr
'' / εr

' (3)

where εr
' is the relative dielectric constant and describes the ability of molecules to be polar‐

ized by the electric field. Thus, the dissipation factor defines the ability of a medium at a giv‐
en frequency and temperature to convert electromagnetic energy into heat.

Therefore, the absorbed microwave energy into dielectric material produces the molecular
friction, which leads the rapid heating of the reaction medium and the subsequent chemical
reactions. The dramatic rate enhancements of these reactions have been explained by means
of very well-known Arrhenius law:

k = Aexp − Ea / RT (4)

Some authors have suggested that, the microwave dielectric heating increases the tempera‐
ture of the medium in a way that cannot be achieved by conventional heating (superheat‐
ing), so the rate enhancements are considered essentially a result of thermal effects,
although the exact temperature reaction has been difficult to determine experimentally [15].
Other authors, however, suggest that the microwave energy produces an increase in molec‐
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ular vibrations which could affect anyway the pre-exponential factor A, and also produce an
alteration in the exponential factor by affecting the activation energy [16, 17].

After 50 years of research, microwave chemistry is still a research field in expansion and
also seems it as green technology; however, some questions regarding microwave heating
mechanisms remain unsolved.  The microwave-assisted production of  polymer-CNTs hy‐
brid materials is a recent field of research, in which additional questions have emerged.
Beyond to give an overview on microwaves-assisted preparation of hybrid materials, this
section is addressed under one of those questions: how could microwave energy be con‐
trolled  to  prepare  more  efficiently  these  hybrid  materials?  As  discussed  below,  the  an‐
swer to this question is still not understood.

4.2.1.2. Carbon nanotubes-microwaves interaction

Carbon nanotubes have demonstrated to act as highly efficient absorbers of microwave en‐
ergy, producing heating, outgassing and light emission [18]. Over the past few years, the in‐
vestigation on microwave heating mechanisms in CNTs has been a focus of interest. It has
been proposed that the microwave irradiation might cause heating by two plausible mecha‐
nisms [19]: (i) Joule heating and (ii) vibrational heating.

The mechanism of Joule heating postulate that the electric field component of the microwave in‐
duces the motion of the electrons in electrically conductive impurities present at as-synthes‐
ised CNTs such as metallic catalysts, leading a localised superheating at the site of impurities
which increase the temperature of CNTs. In addition, another suggested potential source of lo‐
calized superheating has been the generation of gas plasma from absorbed gases (particularly
H2) in CNTs, introduced during the synthesis phase or via atmospheric absorption.

The sources of superheating in the Joule heating mechanism are focus of discussion. It has
been argued that the nano-sized magnetic particles should be impacted minimally by micro‐
wave irradiation at low frequencies and therefore, plays no significant role in the microwave
energy absorption. Paton et al. work [18], among others, demonstrated that even with the re‐
moval of iron and other catalytic particles, the CNTs still present microwave heating. On the
other hand, regarding to gas plasma, it is still unclear if the plasma is directly generated by
microwave irradiation or by other superheating effect. Moreover, it is doubtful that plasma
be generated under presence of solvents, since their conductivity is higher than air.

Paton et al.  [18] hypothesized that Joule heating  mechanism in CNTs can be explained by
the motion of free electrons distributed on the surface of the CNTs, induced by the elec‐
tric field component of the electromagnetic field. This theory was supported by the meas‐
urements  of  DC  conductivity  of  as-synthesised,  heat  and  acid  treated  CNTs.  The
microwave energy absorption was significantly increased as the crystallinity and electrical
conductivity of CNTs were improved.

Regarding to vibrational heating mechanism, Ye [20] described the heating of non-bounded
CNTs in terms of non-linear dynamics of a vibrating nanotube. CNTs subjected to micro‐
waves undergo superheating due to transverse vibrations attributed to parametric reso‐
nance, similarly to forced longitudinal vibrations of a stretched elastic string. Ye found that
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CNTs present a resonance frequency between 2.0 – 2.5 GHz, which is in the region of the
frequency of microwaves of the most operating systems used in this field (2.45 GHz). How‐
ever, the intensity of vibration modes might be attenuated by the presence of impurities, a
viscous environment, and highly entangled CNTs.

Both Joule heating and vibration heating mechanisms help to explain the different obtained re‐
sults of microwave energy absorption, in the presence of solvents or dry conditions. Howev‐
er, the need of an in-depth understanding of the microwave heating mechanisms is more
tangible as microwave-CNTs systems become more complex.

4.2.1.3. Microwaves-assisted functionalization of CNTs

Within the standard procedures to chemically functionalize CNTs is firstly the purification
phase. The most common techniques include acid reflux, oxidation and filtration, where
most of them involve long processing times or multiple stages, the use of large acid volumes
and some cases the structural damage of CNTs [3]. Microwave-assisted purification of CNTs
has emerged as promising technique for effective purification of CNTs with minimal dam‐
ages and significant reduction of the processing times and use of harmful reactants [19].

Purification has been attributed to generation of highly localized temperatures within metal‐
lic particles which burst any amorphous carbon coating. During purification phase in con‐
ventional techniques, the use of aggressive treatments facilitates the creation of defect sites
on sidewall of CNTs, in order to graft desired functional groups; however, in microwave-
assisted processes the energy absorbed by CNTs leads the activation of vacancy sites on sur‐
face and the subsequent reaction with active functional groups of molecules. At the same
time, the microwave irradiation can supply enough energy to reorient any “damaged” sp3

carbon bonds into sp2 hybridization, thus leading an increase in CNTs quality.

As described previously, the main goal of functionalization of CNTs in the preparation of
hybrid materials is to improve their dispersion degree and interaction with the polymer
matrix. Thus, the challenge of microwave-assisted functionalization is to achieve a desired
degree  of  functionalization  on  CNTs  surface,  whilst  avoiding  damages  of  the  structure
that could compromise the properties of the final product.  A review on recent works in
microwave-assisted  functionalization  of  CNTs  was  published  by  Ling  and  Deokar  [21],
and it  is  not  our intent  to duplicate that  effort  here.  Rather,  we focus on some “Green”
key issues that might improve the preparation of hybrid polymer materials through con‐
trol of microwave energy absorption.

In this context, microwave-assisted functionalization under solvent-free conditions is a prom‐
ising approach for large-scale functionalization of CNTs and paves the way to greener chemis‐
try, because in the absence of solvents, the CNTs and reagents absorb the microwave energy
more directly and so takes full advantage of the strong microwave absorption of such compo‐
nents. In addition, the solvent-free conditions open the possibility to all proposed microwave
heating mechanisms, and therefore increase the absorption of microwave energy.

The use of solvent-free conditions involves the use of bulk CNTs, so dealing with the entan‐
gled CNTs results more complicated. Although some works have carried out using solvent-
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free conditions during microwave irradiation [22-25], a pre-dispersion stage of CNTs with
ultrasound in solvent systems is still used. Recently, Ávila-Orta et al. [26, 27] developed a
method of dispersion of nanostructures in gas phase assisted by ultrasound, enhancing the
dispersion of bulk CNTs under solvent-free conditions.

Figure 3. STEM images of MWCNTs. a) pristine MWCNTs (MWCNT-p), and b) functionalized MWCNTs with Nylon
(MWCNT-Ny6). [28].

Figure 4. Evidence of the formation and grafting of Nylon-6 on surface of MWCNTs: a) FTIR spectrum, and b) RAMAN
spectrum. [28].

González-Morones [28] used the dispersion method developed by Ávila-Orta et al. in order
to functionalize multi-walled carbon nanotubes (MWCNTs) with Nylon through “grafting
from” strategy, using ε-caprolactam and aminocaproic acid as monomers. The MWCNTs
were previously dispersed into a recipient containing air and then blended with ε-caprolac‐
tam powder. The blend was treated for 30 min using a multimodal microwave oven (2.45
GHz) at 250 °C and microwave power of 600 W. Figure 3 shows a STEM image of function‐
alized carbon nanotubes, in which the average thickness of the polymeric coating was 14.2
nm. The contact angle measurements for pristine and functionalized MWCNTs are also
showed in the Figure 3. The reduction in hydrophobic character of MWCNTs-p represented
by a decreasing in their contact angle (from 151° to 48°) suggests the presence of a hydro‐
philic coating. Furthermore, the FTIR spectrum for functionalized MWCNTs shows the
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presence of the characteristic functional groups of Nylon-6 (Figure 4a), which demonstrates
the formation of Nylon-6 by hydrolytic polymerization; whilst the RAMAN spectrum shows
a decreasing in the G band intensity (sp2), suggesting that Nylon-6 are grafted on the surface
of MWCNTs through actives sites created during microwave irradiation.

Although the pre-dispersion stage of CNTs in gas phase assisted by ultrasound reduce the con‐
sumption of solvent (“Green” principle # 5), after the functionalization by microwaves, it is still
necessary the use of organic solvents to eliminate the residual monomer (“Green” principle # 8).
Thus, in order to boost the advantages of this pre-dispersion phase, the efforts should focus on
pathways to increase the conversion of reagents (“Green” principles # 2, 6 and 9).

4.2.1.4. Preparation of polymer-CNTs hybrid materials

Some efforts have been performed in the preparation of hybrid materials under solvent-free
conditions. Virtanen et al. developed a hybrid material with a structural configuration sand‐
wich-like (similar to Figure 1a), composed by two polymer plates (extremes) and a film
made up from functionalized CNTs (center) which were joined by microwave irradiation
[29]. Lin et al. obtained hybrid material from microwave-assisted cured process of epoxy res‐
in containing vertically aligned CNTs [30].

Figure 5. Nylon-6/MWCNTs hybrid material obtained by in-situ polymerization assisted by microwaves. a) STEM im‐
ages of a film made from a hybrid material obtained at microwave power of 600 W, and b) conductivities values of
hybrid materials as function of microwave power. [32].

Because a special interest is placed on one-step processes for preparation of those materials,
the combined process of in-situ functionalization of CNTs by “grafting from” and in-situ bulk
polymerization by microwave irradiation becomes a very attractive approach. In recent
years, Dr. Ávila-Orta’s group has focused on preparation of hybrid materials with electrical
conductivity properties; so a structural configuration with an interconnection between
CNTs is mostly desired. The combined process described above has demonstrated to be a
good approach to enhance this structural configuration.
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In this context, Yañez-Macías et al. [31, 32] prepared Nylon-6/MWCNTs hybrid material
films with high electrical conductivities (values ranged from 10-9 to 10-7 S/cm) using this
combined process. In that work, the MWCNTs were also previously pre-dispersed using the
method developed by Ávila-Orta et al. The influence of microwave power on polymeriza‐
tion was studied for 200, 400 and 600 W. Figure 5 shows STEM images of a film made from
Nylon-6/MWCNTs hybrid material obtained after 90 min of reaction at 600 W. The image
shows as the MWCNTs are interconnected and coated by Nylon-6.

From Yañez-Macías et al. work, the microwave power intensity demonstrated to play a crucial
role in the hydrolytic polymerization. As microwave power intensity increases the yield of Ny‐
lon-6 increases, however, at higher microwave power intensity degradation mechanism oc‐
curs. These results show that efficient production of polymer-based CNTs in solvent-free
conditions can be boosted through control of microwave energy applied to bulk medium.

4.2.1.5. Future perspectives

Microwave irradiation under solvent-free conditions in combination with a pre-dispersion
stage of CNTs in gas phase represents a promising approach to large-scale greener produc‐
tion of polymer-based CNTs hybrid materials. The pre-dispersion stage of CNTs allows in‐
creasing the efficiency in the microwave energy absorption and the available surface to their
functionalization. However, although great efforts have been developed for in-situ prepara‐
tion of polymer-CNTs hybrids, it is still required to improve the yield.

The control in the yield of functionalization and polymerization reactions can be performed
through an in-depth understanding of the mechanisms of microwave heating and kinetic re‐
actions studies. Since the increasing of microwave power intensity increases the temperature
of medium reaction, after further research, an optimum microwave energy supply can be
found as function of microwave power intensity. In addition, the use of mono-modal micro‐
wave ovens can improve the efficiency in the microwave energy absorption, because the mi‐
crowaves are only concentered in a reaction volume and are not dispersed around chamber
volume like multi-modal microwave ovens.

4.2.2. Ultrasound

4.2.2.1. Background and physical principles of sonochemistry

Ultrasound (US) is defined as sound that is beyond human listening range (i.e. 16 Hz to 18
kHz.). In its upper limit, ultrasound is not well defined but is generally considered to 5 MHz
for gases and 500 MHz for liquids and solids, and is also subdivided according to applica‐
tions of interest. The range of 20 to 100 KHz (although in certain cases up to 1 MHz) is desig‐
nated as the region of high power ultrasound (sonochemistry), while the frequencies above 1
MHz are known as high frequency or ultrasound diagnostics (e.g. the imaging technique us‐
ing echolocation, as SONAR system to detect or US in the health care).

Since the first report on the chemical effects of high power ultrasound in 1927, when Loomis
and Richards [33] studied the hydrolysis of dimethyl sulfate and iodine as a catalyst; the stud‐
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ies on chemical effects of ultrasound have further extended to several areas such as organic and
organometallic chemistry, materials science, food, and pharmaceutical, among others [34].

The use of ultrasound to accelerate chemical reactions has proven to be a particularly impor‐
tant tool for meeting the “Green” Chemistry goals of minimization of waste, reduction of ener‐
gy and time requirements (“Green” principles # 6, 8 and 11). Thus, nowadays the applications
of ultrasonic irradiation are playing an increasing role in chemical processes, especially in cas‐
es where classical methods require drastic conditions or prolonged reaction times [35].

Figure 6. Chemical effects of the high power ultrasound derived from bubble collapse.

The chemical effects of ultrasound in liquids systems are derived from the formation,
growth and implosion of small bubbles that appears when the liquid is irradiated by ultra‐
sound waves, phenomenon called "acoustic cavitation" [36]. During bubble collapse, the
conversion of kinetic energy of the liquid into thermal energy generates high temperatures
(1000 – 10,000 K, most often in the range 4500 to 5500 K) and pressure conditions (~ 500
atm), which lead the formation of free radicals and active species as a result of the heating of
the bubble content (Figure 6). On the other hand, the surrounding liquid quenches these
portions of the medium in less than 10-6 seconds. Thus, the high local temperatures and
pressures, combined with extraordinarily rapid cooling, provide a unique means for driving
chemical reactions under extreme conditions [34].

A combination between the capability of ultrasonic irradiation to induce chemical reactions
and also to achieve a full dispersion of nanostructures in different systems represents a syner‐
gistic approach to produce polymer-carbon nanotubes hybrid materials, because surface mod‐
ification  and  dispersion  of  CNTs  might  take  place  at  the  same  time;  however,  unlike
microwaves and plasma technologies, there have been very few efforts for exploring it. In this
section, we discuss some keys issues associated with the functionalization of CNTs, in order to
foster the use of ultrasonic irradiation as greener method for preparation of hybrid materials.

4.2.2.2. Mechanisms for ultrasound activation

The studies on sonochemistry have demonstrated that the ultrasonic irradiation differs from
traditional energy sources (such as heat, light or ionizing radiation), so it has been used as a
source of alternating activation to assist chemical processes, such as in synthetic methods for
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the bubble content (Figure 6). On the other hand, the surrounding liquid quenches these
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pressures, combined with extraordinarily rapid cooling, provide a unique means for driving
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and also to achieve a full dispersion of nanostructures in different systems represents a syner‐
gistic approach to produce polymer-carbon nanotubes hybrid materials, because surface mod‐
ification  and  dispersion  of  CNTs  might  take  place  at  the  same  time;  however,  unlike
microwaves and plasma technologies, there have been very few efforts for exploring it. In this
section, we discuss some keys issues associated with the functionalization of CNTs, in order to
foster the use of ultrasonic irradiation as greener method for preparation of hybrid materials.
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The studies on sonochemistry have demonstrated that the ultrasonic irradiation differs from
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source of alternating activation to assist chemical processes, such as in synthetic methods for
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obtaining organic molecules and macromolecules and inorganic [37, 38], extraction of natu‐
ral and synthetic products [39], and medicine [40]. The enormous local temperatures, pres‐
sures as well as the heating and cooling rates generated during bubble collapse provide an
unusual mechanism for generating high-energy chemistry. However, despite chemical ef‐
fects of ultrasound have been studied for many years, the mechanisms underlying these ef‐
fects are too complex and not well-understood.

It has established that during bubble cavitation, three sites for chemical reactions can be
identified [41]: i) the interior of the bubble, ii) the interface region at around the bubble sur‐
face, and iii) the liquid region outside the interface region (Figure 6). In the interior of a bub‐
ble, volatile solute is evaporated and dissociated due to extreme high temperature, where
depending of the nature of the system, different free radicals and excited species are gener‐
ated. Those chemical species with a relatively long lifetime can diffuse out of the interface
region and chemically react with solutes or the bulk medium; whilst in the interface region,
in addition to high temperatures due to the thermal conduction from the heated interior of a
bubble, the presence of relatively short lifetime species such as OH• and O• can lead more
interesting chemical reactions.

When a solid material is present in a cavitation medium, the high speed of the liquid jet gen‐
erated during bubble collapse produces a violent impact on solid surface, in which some
material can be removed (e.g. ultrasonic cleaning processes). On the other hand, from a
chemical point of view, the shock waves emitted by the pulsating bubbles and the liquid
flow around the bubble enhance a mass transfer toward the solid surface during bubble col‐
lapse, so the free radicals and the active species generated are available to induce different
chemical reactions on solid surface.

4.2.2.3. Ultrasound-assisted functionalization of CNTs

One of the most common methods to functionalize CNTs is acid treatment at elevated tem‐
peratures. In this process, functional groups such as hydroxyl (-OH), carboxyl (-COOH), and
carbonyl (-C=O) can be introduced into a carbon nanotube network through their physical
defects and sites with imperfections. In particular, electron-spin-resonance (ESR) studies on
the acid-oxidized CNTs demonstrated that sites with unpaired electrons are generated on
CNTs surface, and are significantly increased when acid-treatment functionalization is as‐
sisted by high power ultrasound. Moreover, Cabello-Alvarado et al. [42] reported the ultra‐
sound-assisted functionalization oxidation of MWCNTs using H2SO4/HNO3. The MWCNTs
were subjected to ultrasonic radiation by 8 hours at 60 °C, obtaining similar results to those
reported using high temperatures H2SO4/HNO3 mixture [43].

Ultrasound-assisted acid-treatment functionalization is an ideal alternative for reducing reac‐
tion conditions and increase rates of reaction, but the use of strong acids as reagents does not
contribute largely to “Green” chemistry. However, the high speed of the liquid jet generated
during bubble collapse can be strong enough to disperse the CNTs agglomerates and also rup‐
ture some covalent carbon-carbon bonds of CNTs, and so, generates those sites with unpaired
electrons or “active sites” and subsequently induces desired chemical reactions with the sur‐
rounding molecules (Figure 7). As proof of this, in 2006, Chen and Tao reported the functional‐
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ization of SWCNTs with polymethyl methacrylate by “grafting from” [44].  In that work,
SWCNTs were irradiated by ultrasound in methyl methacrylate monomer and polymer graft‐
ed CNTs were obtained by in-situ sonochemically initiated radical polymerization.

Figure 7. Scheme of the activation mechanism of the CNTs surface treated with ultrasound.

However, the damages of the sp2-carbon network derived from rupture of carbon-carbon
bonds trends to reduce both mechanical and electrical properties of CNTs. Therefore, fur‐
ther research on new pathways to preserve such properties is required. In this context, re‐
cently Gebhardt et al. [45] developed a novel covalent sidewall functionalization method of
CNTs that allowing preserves the integrity of the entire σ-framework of SWCNTs in con‐
trast to classical oxidation. The reductive carboxylation of SWCNTs under ultrasonic treat‐
ment resulted in a highly versatile reaction with respect to electronic type selectivity, since
functionalization occurs preferentially on semiconducting CNTs. Also, the degree of func‐
tionalization can be controlled thought handling of external variables such as pressure.

The emerging on new pathways on ultrasound-assisted functionalization methods could
displace to conventional acid treatment methods of CNTs and therefore, opening the possi‐
bility for more efficient and greener chemistry methods.

4.2.2.4. Preparation of polymer-CNTs hybrid materials by sonochemistry

The preparation of polymer-CNTs hybrid materials assisted by ultrasound is a feasibility
approach since ultrasound has influence on the dispersion of the CNTs and activation of
their surface, thereby facilitating interaction between the polymer and the CNTs. In addi‐
tion, the sonochemical activation can lead polymerization reactions, so offers more attrac‐
tive features such as low reaction temperatures and short reaction times compared with
conventional methods.

Thus, the obtaining of polymer-CNTs hybrid materials by in-situ bulk polymerization assist‐
ed by ultrasound represents a viable method to exploit all these features: i) a full dispersion
of CNTs can be obtained in monomer solution, at same time that ii) the effects of bubble col‐
lapse activates the surface of CNTs and lead the in-situ functionalization with monomer
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Thus, the obtaining of polymer-CNTs hybrid materials by in-situ bulk polymerization assist‐
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molecules, in which also iii) the polymerization is started sonochemically. Park et al. report‐
ed the preparation of poly(methyl methacrylate) (PMMA)-MWCNTs nanocomposites with
AIBN and different content of MWCNTs [46]. The molecular weight of polymer matrix in‐
creased as MWCNTs content was increased due to generation of initiator radicals on CNTs
surface. Kim et al. prepared polystyrene-MWCNTs nanocomposites without any added ini‐
tiator, in which an electrical percolation threshold less than 1 wt% was obtained [47].

Although the role of CNTs as effective initiators and control agents for radical polymeriza‐
tions have been recently demonstrated by Gilbert et al. [48], the ultrasound irradiation is
more widely used as an alternative method of dispersion, but not as a source of sonochemi‐
cal activation, leaving large areas of opportunities to explore.

Ultrasound technology is also applied in dispersion and preparation of nanocomposites in
melt blending; however the concepts of sonochemistry and surface activation of CNTs that
address this section might not be applied to such systems, due to cavitation phenomenon is
dramatically suppressed and the chemical effects might be dominated by mechanochemical
phenomenon different from cavitation [49].

4.2.2.5. Future perspectives

Ultrasound is a viable source of “Green” activation in the context of “Green” chemistry, since
it has demonstrated to promote low reaction temperatures, faster reaction rates and higher
yields in functionalization and polymerization processes. Notably, each of these chemical
processes require a source of activation that efficiently furnishes the energy necessary to ac‐
tivate the carbon-carbon bonds in the CNTs network, so in order to perform the “activation”
of the surface of the CNTs, further research on mechanism of interaction between ultra‐
sound-CNTs has to be addressed taking into account factors such as ultrasound power, en‐
vironmental solvents, temperature and being one of the most important the sonication time.
In particular, the use of environmental solvents could be an interesting factor due the sol‐
vent is crucial in the process of bubble cavitation.

4.2.3. Plasma

Plasma, the fourth state of the matter, is generated when atoms and molecules are exposed
to high sources of energy such as those produced by direct current (DC), alternating current
(AC), microwaves and radio frequency (RF). The absorbed energy by such atoms and mole‐
cules induces particle collision processes which generate electrons, photons, and excited
atoms and molecules. Because of the unique active species present in the plasma, this state
of the matter is used in the synthesis [50] and surface modification of CNTs [51].

Regarding to preparation of polymer-CNTs hybrid materials, unlike microwaves and ultra‐
sound technologies described earlier, plasma is mainly used for functionalization of CNTs in
order to later use them in the preparation of hybrid materials by in-situ polymerization [52, 53]
and melt blending [54]. As described before, the surface modification of CNTs leads to im‐
prove the dispersion and interactions between CNTs and polymer matrix and represent a criti‐
cal issue to enhance properties of polymer-CNTs hybrid materials; thus, this section is focused
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on the role of plasma-CNTs interactions in the functionalization of CNTs by polymer grafting,
in order to exploit more efficiently the unique properties of CNTs (Green principles # 2, 6).

4.2.3.1. Plasma-assisted functionalization of CNTs

The functionalization mechanisms of CNTs by plasma are carried out by both etching and
coating processes [55]. A physical etching process is presented when ions bombard to CNTs
leading erosion on CNTs surface and therefore vacancies or “active sites”, whilst a chemical
etching process is induced by surface reactions between reactive ions and CNTs. Chemical
processes are limited to non-inert plasma gases, whilst both inert and reactive gases can pro‐
duce the physical effects. On the other hand, the coating process results from physical or
chemical deposition of the active species present at plasma environment, in which the chem‐
ical deposition is induced through the active sites generated from the etching process. A
scheme of these mechanisms of functionalization of CNTs is presented in Figure 8.

Figure 8. Etching and coating process on CNTs surface.

In order to obtain polymer-CNTs hybrid materials, the functionalization of CNTs with poly‐
mers is one of the most preferred strategies to improve the compatibility of CNTs with poly‐
mer matrices. In this context, the functionalization of CNTs by polymer grafting occurs
when ionized monomers interact with active sites on CNTs surface leading the growth of
polymer chains (grafting from/etching process), and also when polymer chains present into
plasma environment are physically or chemically deposited on CNTs surface (grafting to/
coating process). However, both etching and coating process can occur simultaneously, thus
the surface coating can retard the etching process whilst etching can remove the surface
coating depending of the plasma gas chemistry.

The surface modification of CNTs based on plasma polymerization presents some advantag‐
es compared to wet chemical processes: i) surface modification without altering CNTs bulk
properties (“Green” principles # 2, 6), ii) large amount of reagents and extreme temperatures

Toward Greener Chemistry Methods for Preparation of Hybrid Polymer Materials Based on Carbon Nanotubes
http://dx.doi.org/10.5772/51257

183



molecules, in which also iii) the polymerization is started sonochemically. Park et al. report‐
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on the role of plasma-CNTs interactions in the functionalization of CNTs by polymer grafting,
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are avoided (“Green” principles #3, 5 and 6), and iii) a product with no or very low amount
of residual monomer can be obtained (“Green” principles # 2 and 8).

Despite these “Green” advantages, there are few reports about functionalization of CNTs
based on plasma polymerization. Chen et al. reported the functionalization of CNTs using
the monomers acetaldehyde and ethylenediamine [51]; Shi et al. reported the plasma deposi‐
tion of polypyrrole on CNTs surface [56]; Ávila-Orta et al. modified MWCNTs using ethyl‐
ene glycol as monomer [57]; and more recently, Chen et al. reported the preparation of
MWCNTs grafted with polyacrylonitrile [58], and Rich et al. reported the surface modifica‐
tion of MWCNTs using methyl methacrylate and allylamine as monomers [59].

Because of the structural and chemical character of the polymer coating play an important
role on interaction between CNTs and polymer matrix, the structural and chemical nature of
the polymer coating obtained by plasma can be controlled through processing parameters.
Recently, González-Morones [28] studied the effect of power excitation on chemical nature
of the polymer deposited on CNTs surface by plasma polymerization of acrylic acid. In that
work, firstly the CNTs were pre-dispersed using the method developed by Ávila-Orta et al.
[27], then the CNTs were exposed to acrylic acid plasma. It was observed that at low power
excitation (20 W) the CNTs surface is partially coated by polyacrylic acid and –COOH
groups. At power excitation of 40 W, the polyacrylic acid and -COOH groups are mostly re‐
moved since the etching process is favored. Whilst at power excitation of 100 W, the CNTs
are partially coated by the polymer and functional groups, thus suggesting a competition
between etching and coating process. Figure 9a shows FTIR spectra of the functionalized
CNTs at different power excitation. For each case, the solubility in water of the functional‐
ized CNTs is showed in a photograph. A STEM image of the polymer coating on the CNT
surface obtained at 20 W is also showed in Figure 9b.

Within the actions that can be executed in order to increase the efficiency of the plasma pol‐
ymerization process and achieving some of the “Green” principles are the following:

1. Frequency and power excitation: An increase in value of these factors will result in an in‐
crease in both the level of ionization of the species and polymer deposition rates.
(“Green” principles # 2, 6 and 8).

2. Monomer flow rate/pressure: Low flow rates and pressure lead an increase in the level of
ionization of the species. (“Green” principles # 2 and 8).

3. Geometry of the plasma reactor: Reactors with cylindrical geometry (without corners) dis‐
tribute homogeneously the generated plasma. (“Green” principles # 6, 8 and 12).

4. Temperature of substrate:  Very low temperatures promote a higher insertion of mono‐
mer molecules on CNTs surface with minimal molecular modifications. (“Green” prin‐
ciples # 2, 6, 8).

5. Treatment time: This factor will depend on desired final structure and morphology. Long
treatment times could produce thick polymer coatings or a rugous surface. The later,
due to competition between the etching and coating process. (“Green” principle # 2).
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Another interesting modification to plasma polymerization process includes the pre-treat‐
ment of CNTs with an inert of non-inert gas in order to induce the etching process and the
saturation of the CNTs surface with active sites. Subsequently, the active CNTs are subjected
to monomer plasma so a better polymer coating can be achieved [58].

Figure 9. Functionalized CNTs with polyacrylic acid by plasma polymerization. a) FTIR spectra and tests of solubility in
water. b) STEM images of pristine MWCNTs (left) and MWCNTs functionalized at 20W (right). [28].

Plasma polymerization is a complex process which makes difficult to achieve an efficient
functionalization of CNTs. Due to high number of involved factors, one or two factors have
been only studied.

4.2.3.2. Future perspectives

Plasma-assisted functionalization has demonstrated to be a successful method for creating
environmentally  friendly  polymer  coatings  on  CNTs  surface.  The  functionalization  of
CNTs with desired structural and chemical characteristics can be performed by means of
control of the involved processing conditions; however, there is a need for a complete un‐
derstanding of the interactions between plasma-CNTs which allow controlling successful‐
ly the etching and coating process.

A better understanding of the plasma-CNTs interactions can be enhanced if the efficiency of
the plasma-CNTs interactions is improved. The stages of pre-dispersion and pre-activation
of CNTs should be added previous to plasma polymerization, which allow increasing the
surface area exposed to plasma as well as the interactions with the active species, respective‐
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mer molecules on CNTs surface with minimal molecular modifications. (“Green” prin‐
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Another interesting modification to plasma polymerization process includes the pre-treat‐
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saturation of the CNTs surface with active sites. Subsequently, the active CNTs are subjected
to monomer plasma so a better polymer coating can be achieved [58].
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CNTs with desired structural and chemical characteristics can be performed by means of
control of the involved processing conditions; however, there is a need for a complete un‐
derstanding of the interactions between plasma-CNTs which allow controlling successful‐
ly the etching and coating process.

A better understanding of the plasma-CNTs interactions can be enhanced if the efficiency of
the plasma-CNTs interactions is improved. The stages of pre-dispersion and pre-activation
of CNTs should be added previous to plasma polymerization, which allow increasing the
surface area exposed to plasma as well as the interactions with the active species, respective‐
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ly. Further research on such issues could launch to plasma polymerization process to large-
scale applications.

5. Summary and final remarks

The properties of CNTs and its application in the preparation of polymer hybrid materials
have been very active research fields over the last decade. The preparation of polymer-CNTs
hybrid materials faces considerable research challenges because their performance depends
on the dispersion of CNTs in the polymer matrix and interfacial interactions between the
CNTs and the polymer. In order to achieve the maximum performance, the surface modifi‐
cation of CNTs through several functionalization methods is one of the most used strategies
to achieve this goal. Nowadays, the global environmental trends provide convincing reasons
for exploring greener chemistry methods for functionalization of CNTs, which represent ad‐
ditional research challenges.

Microwave, ultrasound and plasma technology have emerged as promising green ap‐
proaches since they have demonstrated to reduce the energy consumption, shorter reaction
times and increase yields. These greener methods offer a range of energies that are not avail‐
able from other conventional sources such as thermal, so leave open the possibility to ex‐
plore more efficient functionalization routes, taking into account the 12 principles of “Green”
chemistry as a framework.

Despite the progress described within this chapter, there are still considerable research chal‐
lenges within this field that remain to be addressed. The successful functionalization of
CNTs depends on availability of active sites on CNTs surface; however, the mechanisms
that generate these sites remain unclear. Therefore, an in-depth understanding of the mecha‐
nisms of interaction between microwave/ultrasound/plasma-CNTs is required. For satisfy‐
ing this need, further studies on correlation between the irradiation conditions and the level
of the functionalization are suggested, in order to establish the most efficient and greener
conditions for each particular system.

In addition, the incorporation of a dispersion stage of CNTs in gas phase previous to irradia‐
tion is highly recommended, because the surface area exposed to irradiation is increased
and therefore the interactions with the matter are highly promoted.

As a general statement, the “Green” chemistry methods based on microwave, ultrasound
and plasma energy can be easily incorporated to emerging fields of nanotechnology, in par‐
ticular into strategies for preparation polymer-CNTs hybrid materials. However, there are
still a number of important research challenges to study.
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1. Introduction

Carbon nanotubes (CNTs), a fascinating material with outstanding properties has inspired
the scientist, engineer and technologist for wide range of potential applications in many
areas [1]. Since all these properties are concerned directly to the atomic structure of nano‐
tubes, it is quite necessary to have a thorough understanding of the phenomenon to control
nanotube size, the number of shells (walls), the helicities and the structure during growth.
The full potential of nanotubes for applications will not be realized until the structure of
nanotubes during their growth is optimized and well controlled. For utilization of CNTs
properties in real world applications, like composite preparation, it is desired to obtain high
quality and in bulk quantity using growth methods that are simple, efficient and inexpen‐
sive. Significant work has been carried out in this field and various methods have been stud‐
ied to synthesize CNTs by several researchers.

2. Properties

Carbon nanotubes are endowed with exceptionally high material properties, very close to
their theoretical limits, such as electrical and thermal conductivity, strength, stiffness, tough‐
ness and low density.

2.1. Mechanical properties of CNTs

The strength of C-C bond gives a large interest in mechanical properties of nanotubes. Theoreti‐
cally, these should be stiffer than any other known substance. Young's modulus of the single
walled carbon nanotubes (SWCNTs) can be as high as 2.8-3.6 TPa and 1.7-2.4 TPa for multiwal‐
led carbon nanotubes (MWCNTs) [2]which is approximately 10 times higher than steel, the
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strongest metallic alloy known. Experimental values of Young’s modulus for SWCNTs are re‐
ported as high as to 1470 GPa and 950 GPa [3, 4] for MWCNTs, nearly 5 times of steel. There are no
direct mechanical testing experiments that can be done on individual nanotubes (nanoscopic
specimens) to determine directly their axial strength. However, the indirect experiments like
AFM provide a brief view of the mechanical properties as well as scanning probe techniques that
can manipulate individual nanotubes, have provide some basic answers to the mechanical be‐
havior of the nanotubes [5]. The analysis performed on several MWCNTs gave average Young’s
modulus values of 1.8 TPa, which is higher than the in – plane modulus for single crystal graph‐
ite. So the high stiffness and strength combined with low density implies that nanotubes could
serve as ideal reinforcement in composite materials and provide them great potential in applica‐
tions such as aerospace and other military applications.

2.2. Electrical properties of CNTs

The nanometer dimensions of CNTs, together with the unique electronic structure of a graphene
sheet, make the electronic properties of these one-dimensional (1D) structures extraordinary.
The one dimensional structure of CNTs helps them in making a good electric conductor. In a 3D
conductor the possibility of scattering of electrons is large as these can scatter at any angle. Espe‐
cially notable is the fact that SWCNTs can be metallic or semiconducting depending on their
structure and their band gap can vary from zero to about 2 eV, whereas MWCNTs are zero-gap
metals. Thus, some nanotubes have conductivities higher than that of copper, while others be‐
have more like silicon. Theoretically, metallic nanotubes having electrical conductivity of 105 to
106 S/m can carry an electric current density of 4 × 109 A/cm2 which is more than 1000 times great‐
er than copper metal and hence can be used as fine electron gun for low weight displays. Due to
the large diameter of MWCNTs, their transport properties approaches those of turbostatic
graphite. Theoretical study also shows that in case of MWCNTs the overall behavior is deter‐
mined by the electronic properties of the external shell. Conductivities of individual MWCNTs
have been reported to range between 20 and 2 × 107 S/m [6], depending on the helicities of the out‐
ermost  shells  or  the  presence  of  defects  [7].The  electronic  properties  of  larger  diameter
MWCNTs approach those of graphite. Nanotubes have been shown to be superconducting at
low temperatures. As probably CNTs are not perfect at ends and end defects like pentagons or
heptagons are found to modify the electronic properties of these nanosystems drastically. There
is great interest in the possibility of constructing nanoscale electronic devices from nanotubes
and some progress is being made in this area. SWCNTs have been recently used to form conduct‐
ing and semiconducting layers (source, drain and gate electrodes) in thin films transistors. So the
high electrical conductivity of CNTs makes them an excellent additive to impart electrical con‐
ductivity in otherwise insulating polymers. Their high aspect ratio means that a very low load‐
ing is needed to form a connecting network in a polymer compared to make them conducting.

2.3. Thermal properties of CNTs

CNTs are expected to be very good thermal conductors along the tube, but good insulators
laterally to the tube axis. Experiments on individual tubes are extremely difficult but meas‐
urements show that a SWCNT has a room-temperature thermal conductivity along its axis
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of about 3500 W m−1 K−1 and MWCNTs have a peak value of ~ 3000 W m−1 K−1 at 320 K; com‐
pare this to copper, a metal well-known for its good thermal conductivity, which transmits
385 W m−1 K−1 [8]. Although for bulk MWCNTs foils, thermal conductivity limits to 20 W m
−1 K−1 suggesting that thermally opaque junctions between tubes severely limit the large
scale diffusion of phonons. The thermal conductivity of CNTs across axis (in the radial di‐
rection) is about 1.52 W m−1 K−1, which is about as thermally conductive as soil. Both
SWCNT and MWCNT materials and composites are being actively studied for thermal man‐
agement applications, either as “heat pipes” or as an alternative to metallic addition to low
thermal conductive materials. In case of composites, the important limiting factors are quali‐
ty of dispersion and interphase thermal barriers.

3. Synthesis of CNTs

A variety of synthesis methods now exist to produce carbon nanotubes. The three main pro‐
duction methods used for synthesis of CNTs are d.c. arc discharge, laser ablation and chemi‐
cal vapor deposition (CVD).

3.1. d.c. arc discharge technique

The carbon arc discharge method, initially used for producing C60 fullerenes, is the most
common and perhaps easiest way to produce carbon nanotubes as it is rather simple to un‐
dertake. In this method two carbon rods placed end to end, separated by approximately
1mm, in an enclosure that is usually filled with inert gas (helium, argon) at low pressure (be‐
tween 50 and 700 mbar) as shown in Figure 1. Recent investigations have shown that it is
also possible to create nanotubes with the arc method in liquid nitrogen [9]. A direct current
of 50 to 100 A driven by approximately 20 V creates a high temperature (~4000K) discharge
between the two electrodes. The discharge vaporizes one of the carbon rods (anode) and
forms a small rod shaped deposit on the other rod (cathode). Large-scale synthesis of
MWCNTs by a variant of the standard arc-discharge technique was reported by Ebbesen
and Ajayan [10]. A potential of 18 V dc was applied between two thin graphite rods in heli‐
um atmosphere. At helium pressure of ~500 Torr, the yield of nanotubes was maximal of
75% relative to the starting graphitic material. The TEM analysis revealed that the samples
consisted of nanotubes of two or more concentric carbon shells. The nanotubes had diame‐
ters between 2 and 20 nm, and lengths of several micrometers. The tube tips were usually
capped with pentagons.

If SWCNT are preferable, the anode has to be filled with metal catalyst, such as Fe, Co, Ni, Y
or Mo. Experimental results show that the width and diameter distribution depends on the
composition of the catalyst, the growth temperature and the various other growth condi‐
tions. If both electrodes are graphite, the main product will be MWCNTs. Typical sizes for
MWCNTs are an inner diameter of 1-3nm and an outer diameter of approximately 10nm.
Because no catalyst is involved in this process, there is no need for a heavy acidic purifica‐
tion step. This means MWCNT can be synthesized with a low amount of defects.
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Figure 1. Schematic diagram of dc-arc discharge set-up

In most of the studies, SWCNTs are synthesized using the dc-arc discharge process by filling
the catalyst powder into a hole drilled in a graphite elctrode act as an anode and arcing
takes place between this anode and a pure graphite based cathode in optimized chamber
conditions. In one of the study by Mathur et al. [11] SWCNTs and MWCNTs were synthe‐
sized simultaneously in a single experiment selectively. In their experiment, However, in‐
stead of filling the catalyst powder into a hole drilled in a graphite electrode; they prepared
a catalyst/graphite composite electrode. Coke powder, catalyst powder, natural graphite
powder and binder pitch were thoroughly mixed together in a ball mill in appropriate pro‐
portions and molded into green blocks using conventional compression molding technique.
A mixture of Ni and Co powders was used as catalyst. The green blocks were heated to
1200o C in an inert atmosphere to yield carbonized blocks with varying compositions of
coke, natural graphite powder, Ni and Co. These electrodes were used as the anodes in the
arcing process and a high density graphite block was used as the cathode. A uniform gap of
1– 2 mm was maintained between the electrodes during the arcing process with the help of a
stepper motor for a stable arc-discharge (dc voltage 20–25 V, current 100–120 A, 600 torr he‐
lium).The SWCNTs yield was found to be doubled in this case.

3.1.1. Characteristics of CNTs produced by d.c. arc discharge technique

Arc discharge is a technique that produces a mixture of components and requires separating
nanotubes from the soot and the catalytic metals present in the crude product. In this techni‐
que both SWCNT and MWCNT can be produced and it has been described by several re‐
searchers.

The scanning electron microscope (SEM) and transmission electron microscope (TEM) are
generally used to observe the physical appearance of any carbon based soot. Similarly, Ma‐
thur et al. [11] used SEM and TEM for the observation of SWCNT and MWCNT produced
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from the arc discharge technique as shown in Figure 2. In this technique, the carbon material
deposits on the chamber and cathode. The arcing process resulted in the formation of web-
like deposits on the inner walls of the arc chamber. A typical SEM micrograph of such de‐
posit (Figure 2a) revealed the presence of SWNT bundles along with the amorphous carbon
and catalyst particles. Rod-like microstructures aligned preferentially along the length of the
cathode were also found at the tip of the cathode as shown in Figure 2b. The inset in Figure
2b shows the presence of graphitized carbon and sharp needle-like nanostructure when
these rods are powdered. Upon detailed electron microscopic examination, these needles ex‐
hibited the MWCNT structure with an outer diameter of 20–25 nm (Figure 2c).

Figure 2. (a) SEM micrograph of the chamber deposit showing the presence of long and flexible carbon nanotubes.
(b) SEM micrograph of the cathode deposit showing the presence of rod-like microstructures. The inset figure shows
the presence of needle-like nanostructures present within each microstructure. (c) TEM micrograph of a single needle-
like nanostructure (Reprinted with permission from Elsevier (11))
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The nature of the soot can be identified using Raman spectrometer and generally used for
confirmation of the quality of CNTs. The nature of these two deposits obtained using this
arc discharge process was confirmed from their respective Raman spectrum (Figure 3). The
Raman spectrum of the chamber deposit showed the characteristic radial breathing and tan‐
gential bands at 165–183 and 1591 cm-1, respectively. The strong G-band at 1580 cm-1 in the
Raman spectrum of the cathode deposit and its TEM image depicted in Figure 2c, confirmed
that the cathode deposit predominantly contained MWCNTs. The prominent D-band
around 1350 cm-1seen in both spectrum is attributed to the presence of disordered carbona‐
ceous material present in the as-prepared deposits. In their study, Mathur et al. [11] show
that SWCNTs deposit on the arc chamber and MWCNTs on cathode deposit.

Figure 3. Room temperature Raman spectrum of the chamber and cathode deposit (Reprinted with permission from
Elsevier (11))

3.2. Chemical vapor deposition

Pyrolysis of organometallic precursors such as metallocenes (e.g. ferrocene) in a furnace pro‐
vides a straight forward procedure to prepare CNT by CVD technique. Different hydrocar‐
bons, catalyst and inert gas combinations have been used by several researchers in the past
for the growth of CNT by CVD technique. In one of the study by Mathur et al. [12], CNTs
were grown inside the quartz reactor by thermal decomposition of hydrocarbons, e.g. tol‐
uene in presence of iron catalyst obtained by the decomposition of organometallic like ferro‐
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cene. The furnace provided a constant temperature zone of 18 cm in the centre as shown in
Figure 4. The reaction zone was maintained at 750oC. Once the temperature was reached, the
solution containing a mixture of ferrocene and toluene in particular proportion (0.077 g fer‐
rocene in 1 ml toluene) was injected in the reactor at a point where the temperature was
200oC. Argon was also fed along with the charge as a carrier gas and its flow rate was ad‐
justed so that the maximum amount of precursor is consumed inside the desired zone.

Figure 4. Schematic diagram of the CVD reactor along with the temperature profile (Reprinted with permission from
Elsevier (12))

3.2.1. Characteristics of CNTs Produced by CVD Technique

CNTs are produced in the form of big bundles using CVD technique. The physical appear‐
ance of the as produced CNTs is shown in Figure 5a and Figure 5b for SEM and TEM re‐
spectively. Figure 5a shows a big CNT bundle of length >300µm and the inset image of
Figure 5a shows very good quality of uniform CNTs. Figure 5b shows the TEM image of as
produced CNTs confirming the presence of MWCNT with metallic catalytic impurites either
on the tip of the tube or in the cavity of of CNTs (inset of Figure 5b).

Further confirmation of the quality and type of CNTs can be obtained using Raman spec‐
trometer as shown in Figure 6. This shows the tangential band at 1580 cm-1 (G band) of high
intensity and the disorder-induced band at 1352 cm-1 (D band) as a perfect MWCNT nature
[13]. The ratio of intensity of G to D band gives the information regarding the quality of the
CNTs. The high value of intensity ratio of G/D band confirms the better quality of CNTs.
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Figure 5. (a) SEM image of aligned CNT bundle synthesized by CVD technique.The inset figure shows the very good
quality of uniform CNTs (b) TEM image of as grown MWCNT and inset image shows the MWCNTs with encapsulated
metallic impurities

Figure 6. Raman spectrum of CVD-grown MWCNTs.

3.3. Laser ablation

In the laser ablation process, a pulsed laser vaporizes a graphite target containing small
amounts of a metal catalyst [14] as shown in Figure 7. The target is placed in a furnace at
roughly 1200°C in an inert atmosphere. The nanotubes develop on the cooler surface of the
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reactor, as the vaporized carbon condenses. The yield of nanotube synthesis by this process
is roughly 70%.

Figure 7. Schematic diagram of Laser ablation set-up for CNT synthesis

3.3.1. Characteristics of CNTs produced by laser ablation technique

The laser-ablation prepared samples usually contain >70% nearly endless, highly tangled
ropes of SWCNTs along with nanoscale impurities. The SWCNTs formed in this case are
bundled together by van der Waals forces. Laser vaporisation results in a higher yield for
SWCNT synthesis and a narrower size distribution than SWCNTs produced by arc-dis‐
charge [15]. The nanotubes generated by the laser ablation and arc discharge technique are
relatively impure, with presence of unwanted carbonaceous impurities and not operated at
higher scale; therefore, the overall production costs are high.

Compared to other methods for synthesis of CNTs, more parameters, including tempera‐
ture, feeding gases, flow rate, catalyst components and heating rate are accessible to control
the growth process in CVD. By changing the growth conditions, we can control the proper‐
ties of the produced CNTs such as length, orientation and diameter to some extent. It has
been observed that the gas phase processes produces CNTs with fewer impurities and are
most amenable to large scale processing. So the gas phase techniques such as CVD, for
nanotube growth offer the greatest potential for scaling up nanotube production for process‐
ing of composites.

4. Purification

During CNTs synthesis, impurities in the form of catalyst particles, amorphous carbon and
non tubular fullerenes are also produced. The most of the production methods involve the
use of catalysts which are normally transition metals (Fe, Co, Ni or Y), these remains in the
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resulting nanotubes as spherical or cylindrical particles after experiments. Through careful
control of process parameters one could minimize the formation of amorphous carbon parti‐
cles, so that the main impurities in CNTs are the remaining catalyst particles. However as
most of these catalytic particles may either hide in internal cavity or stick firmly to the walls
of CNTs, it is almost impossible to get rid of these effectively without damaging the nano‐
tubes. Several purification methods have been tried to overcome these impurities. In one of
the study by Mathur et al. [11], SWCNT soot prepared by dc arc discharge process was puri‐
fied by removing various forms of impurities, such as amorphous carbon, graphitic nano‐
shells and catalyst particles present in the chamber deposit by applying a judicious
combination of wet and dry chemical methods (acid treatment and oxidation). In this proc‐
ess, initially SWCNT soot were oxidized at 350 oC for 6h in air which remove the amorphous
carbon followed by refluxing in HCl for the removal of metallic impurities like Ni and Co
and again oxidation at 550oC for 30 min for the removal of graphitic nanoshell.The final
product gives 97% purified SWCNT. The MWCNTs produced by CVD technique contains
mainly ~10% metallic impruites which can be removed by heating it in the inert atmosphere
at 2500oC in graphitization furnace. This process gives >99% pure MWCNTs and also helps
in annealing out the defects in the tubes. This graphitization process at high temperature can
also be useful for removal of impurities in the arc discharge produced SWCNTs soots with
the combination of other purification steps.

5. Nanocomposites

Because of the high strength and stiffness of CNTs, they are ideal candidates for structural
applications. For example, they may be used as reinforcements in high strength, low weight
and high performance composites. Presently there is a great interest in exploiting the excit‐
ing properties of these CNTs by incorporating them into some form of polymer matrix.

5.1. Composite fabrication techniques

A large number of techniques have been used for the fabrication of CNT-polymer nanocom‐
posites based on the type of polymer used.

5.1.1. Solvent casting

The solution casting is most valuable technique to form CNTs/polymer nanocomposites.
However, its use is restricted to polymers that are soluble. Solvent casting facilitates nano‐
tube dispersion and involves preparing a suspension of CNTs in the desirable polymer solu‐
tion via energetic agitation (magnetic stirring or sonication) and then allowing the solvent to
evaporate to produce CNT-polymer nanocomposites. A lot of study is available in open lit‐
erature for the formation of CNT nanocomposites by this method [16-18]. Mathur et al. [18]
cast the solutions of the MWCNT/polystyrene (PS)/toluene and MWCNT/ polymethyl meth‐
acrylate (PMMA)/toluene suspensions after sonication into a petry dish to produce nano‐
tubes composites with enhanced electrical and mechanical properties. Benoit et al. [19]
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obtained electrically conductive nanocomposites by dispersing CNT and PMMA in toluene,
followed by the drop casting on substrate. The choice of solvent is generally made based on
the solubility of the polymer. The solvent selection for nanotube dispersion also had a signif‐
icant influence on the properties of the nanocomposites and studied by Lau and co-workers
[20].Their results demonstrates that, contrary to the general belief that small traces of CNTs
alone will serve to strengthen the epoxy composites, the choice of the solvent used in the
dispersion of CNTs also can have a significant impact. The change trend of the mechanical
properties was found to be related to the boiling point of respective solvent used. In the
samples observed in their study, only acetone-dispersed nanocomposites displayed im‐
provements in flexural strength over the pure epoxy, while ethanol and DMF used in CNTs
dispersion actually countered the benefits of CNTs in the resulting nanocomposites.It is rea‐
sonable that, easier the solvent can evaporate, less solvent will remain to affect the curing
reaction. Their results of thermogravimetric analysis (TGA) proved the existence of residual
solvent in the resulting nanocomposites. Further evidence of the solvent influence was ob‐
tained by Fourier transform infrared (FTIR) spectra, which displayed the difference in the
molecular structure of the final nanocomposites depending on the solvent used. The solvent
influence is attributed to the different amount of unreacted epoxide groups and the extent of
cure reaction in the manufacturing process. The presence of residual solvent may alter the
reaction mechanism by restricting the nucleophile–electrophile interaction between the
hardener and epoxy, henceforth, affect the cross-linking density and thus degrade the trans‐
port properties [21]and mechanical properties of the cured structures. The residual solvent
may absorb some heat energy from the composite systems in the pre-cured process, causing
a change in local temperature. Nanocomposites with other thermoplastic materials with en‐
hanced properties have been fabricated by solvent casting [16-18, 22]. The limitation of this
method is that during slow process of solvent evaporation, nanotubes may tend to agglom‐
erate, that leads to inhomogeneous nanotube distribution in polymer matrix. The evapora‐
tion time can be decreased by dropping the nanotube/polymer suspension on a hot substrate
(drop casting) [19]or by putting suspension on a rotating substrate (spin-casting) [23]. Du et
al. [24] developed a versatile coagulation method to avoid agglomeration of CNTs in
PMMA-CNT nanocompositses that involves pouring a nanotube/polymer suspension into
an excess of solvent. The precipitating polymer chains entrap the CNT, thereby preventing
the CNT from bundling.

5.1.2. Melt mixing method

The alternative and second most commonly used method is melt mixing, which is mostly
used for thermoplastics and most compatible with current industrial practices. This techni‐
que makes use of the fact that thermoplastic polymers softens when heated. Melt mixing
uses elevated temperatures to make substrate less viscous and high shear forces to disrupt
the nanotubes bundle. Samples of different shapes can then be fabricated by techniques such
as compression molding, injection molding or extrusion. Andrews and co-workers [25]
formed composites of commercial polymers such as high impact polystyrene, polypropy‐
lene and acrylonitrile–butadiene–styrene (ABS) with MWCNT by melt processing. Initially
these polymers were blended in a high shear mixer with nanotubes at high loading level to
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resulting nanotubes as spherical or cylindrical particles after experiments. Through careful
control of process parameters one could minimize the formation of amorphous carbon parti‐
cles, so that the main impurities in CNTs are the remaining catalyst particles. However as
most of these catalytic particles may either hide in internal cavity or stick firmly to the walls
of CNTs, it is almost impossible to get rid of these effectively without damaging the nano‐
tubes. Several purification methods have been tried to overcome these impurities. In one of
the study by Mathur et al. [11], SWCNT soot prepared by dc arc discharge process was puri‐
fied by removing various forms of impurities, such as amorphous carbon, graphitic nano‐
shells and catalyst particles present in the chamber deposit by applying a judicious
combination of wet and dry chemical methods (acid treatment and oxidation). In this proc‐
ess, initially SWCNT soot were oxidized at 350 oC for 6h in air which remove the amorphous
carbon followed by refluxing in HCl for the removal of metallic impurities like Ni and Co
and again oxidation at 550oC for 30 min for the removal of graphitic nanoshell.The final
product gives 97% purified SWCNT. The MWCNTs produced by CVD technique contains
mainly ~10% metallic impruites which can be removed by heating it in the inert atmosphere
at 2500oC in graphitization furnace. This process gives >99% pure MWCNTs and also helps
in annealing out the defects in the tubes. This graphitization process at high temperature can
also be useful for removal of impurities in the arc discharge produced SWCNTs soots with
the combination of other purification steps.

5. Nanocomposites

Because of the high strength and stiffness of CNTs, they are ideal candidates for structural
applications. For example, they may be used as reinforcements in high strength, low weight
and high performance composites. Presently there is a great interest in exploiting the excit‐
ing properties of these CNTs by incorporating them into some form of polymer matrix.

5.1. Composite fabrication techniques

A large number of techniques have been used for the fabrication of CNT-polymer nanocom‐
posites based on the type of polymer used.

5.1.1. Solvent casting

The solution casting is most valuable technique to form CNTs/polymer nanocomposites.
However, its use is restricted to polymers that are soluble. Solvent casting facilitates nano‐
tube dispersion and involves preparing a suspension of CNTs in the desirable polymer solu‐
tion via energetic agitation (magnetic stirring or sonication) and then allowing the solvent to
evaporate to produce CNT-polymer nanocomposites. A lot of study is available in open lit‐
erature for the formation of CNT nanocomposites by this method [16-18]. Mathur et al. [18]
cast the solutions of the MWCNT/polystyrene (PS)/toluene and MWCNT/ polymethyl meth‐
acrylate (PMMA)/toluene suspensions after sonication into a petry dish to produce nano‐
tubes composites with enhanced electrical and mechanical properties. Benoit et al. [19]
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obtained electrically conductive nanocomposites by dispersing CNT and PMMA in toluene,
followed by the drop casting on substrate. The choice of solvent is generally made based on
the solubility of the polymer. The solvent selection for nanotube dispersion also had a signif‐
icant influence on the properties of the nanocomposites and studied by Lau and co-workers
[20].Their results demonstrates that, contrary to the general belief that small traces of CNTs
alone will serve to strengthen the epoxy composites, the choice of the solvent used in the
dispersion of CNTs also can have a significant impact. The change trend of the mechanical
properties was found to be related to the boiling point of respective solvent used. In the
samples observed in their study, only acetone-dispersed nanocomposites displayed im‐
provements in flexural strength over the pure epoxy, while ethanol and DMF used in CNTs
dispersion actually countered the benefits of CNTs in the resulting nanocomposites.It is rea‐
sonable that, easier the solvent can evaporate, less solvent will remain to affect the curing
reaction. Their results of thermogravimetric analysis (TGA) proved the existence of residual
solvent in the resulting nanocomposites. Further evidence of the solvent influence was ob‐
tained by Fourier transform infrared (FTIR) spectra, which displayed the difference in the
molecular structure of the final nanocomposites depending on the solvent used. The solvent
influence is attributed to the different amount of unreacted epoxide groups and the extent of
cure reaction in the manufacturing process. The presence of residual solvent may alter the
reaction mechanism by restricting the nucleophile–electrophile interaction between the
hardener and epoxy, henceforth, affect the cross-linking density and thus degrade the trans‐
port properties [21]and mechanical properties of the cured structures. The residual solvent
may absorb some heat energy from the composite systems in the pre-cured process, causing
a change in local temperature. Nanocomposites with other thermoplastic materials with en‐
hanced properties have been fabricated by solvent casting [16-18, 22]. The limitation of this
method is that during slow process of solvent evaporation, nanotubes may tend to agglom‐
erate, that leads to inhomogeneous nanotube distribution in polymer matrix. The evapora‐
tion time can be decreased by dropping the nanotube/polymer suspension on a hot substrate
(drop casting) [19]or by putting suspension on a rotating substrate (spin-casting) [23]. Du et
al. [24] developed a versatile coagulation method to avoid agglomeration of CNTs in
PMMA-CNT nanocompositses that involves pouring a nanotube/polymer suspension into
an excess of solvent. The precipitating polymer chains entrap the CNT, thereby preventing
the CNT from bundling.

5.1.2. Melt mixing method

The alternative and second most commonly used method is melt mixing, which is mostly
used for thermoplastics and most compatible with current industrial practices. This techni‐
que makes use of the fact that thermoplastic polymers softens when heated. Melt mixing
uses elevated temperatures to make substrate less viscous and high shear forces to disrupt
the nanotubes bundle. Samples of different shapes can then be fabricated by techniques such
as compression molding, injection molding or extrusion. Andrews and co-workers [25]
formed composites of commercial polymers such as high impact polystyrene, polypropy‐
lene and acrylonitrile–butadiene–styrene (ABS) with MWCNT by melt processing. Initially
these polymers were blended in a high shear mixer with nanotubes at high loading level to

Carbon Nanotubes and Their Composites
http://dx.doi.org/10.5772/52897

203



form master batches that were thereafter diluted with pure polymer to form lower mass
fraction samples. Compression molding was used to form composite films. A similar combi‐
nation of shear mixing and compression molding is studied by many other groups dis‐
cussed elsewhere [16]. Also Meincke et al. [5] mixed polyamide-6, ABS and CVD-MWCNT
in a twin screw extruder at 260oC and used injection molding to make nanocomposites.
Tang et al. [26] used both compression and twin-screw extrusion to form CNT/polyethylene
composites. Although melt-processing technique has advantages of speed and simplicity, it
is not much effective in breaking of agglomeration of CNTs and their dispersion. Bhatta‐
charyya et al. [27] made 1 wt% CNT/polypropylene (PP) nanocomposites by melt mixing,
but found that melt mixing alone did not provide uniform nanotube dispersion. Niu et el.
[28] studied both methods to prepare polyvinylidene fluoride (PVDF)-CNT nanocomposites
to study electrical properties and found it better in composites formed by solution casting.

5.1.3. In-situ polymerization

In addition to solvent casting and melt mixing the other method which combines nanotubes
with high molecular weight polymers is in-situ polymerization starting with CNTs and mono‐
mers. In-situ polymerization has advantages over other composite fabrication methods. A
stronger interface can be obtained because it is easier to get intimate interactions between the
polymer and nanotube during the growth stage than afterwards [29, 30].The most common in
situ polymerization methods involve epoxy in which the monomer resins and hardeners are
combined with CNTs prior to polymerizing [31]. Pande and coworkers [32] performed the in-
situ polymerization of MWCNT/ PMMA composites for the enhancement in flexural strength
and modulus of composites. Li et al. [33] reported the fabrication and characterization of CNT/
polyaniline (PANI) composites. Xiao and Zhou [34]deposited polypyrrolre (PP) and poly(3-
methylthiophene) (PMet) on the surface of MWCNTs by in situ polymerization. Saini et al. [35]
reported fabrication process of highly conducting polyaniline (PANI)–(MWCNT) nanocompo‐
sites by in-situ polymerization. This material was used in polystyrene for the fabrication of
MWCNT-PANI-PS blend for microwave absorption [36]. Moniruzzaman [17] reported many
other studies of in-situ polymerization of CNTs with different polymers. Generally, in situ poly‐
merization can be used for the fabrication of almost any polymer composites containing CNT
that can be non-covalently or covalently bound to polymer matrix. This technique enables the
grafting of large polymer molecules onto the walls of CNT. This technique is particularly impor‐
tant for the preparation of insoluble and thermally unstable polymers, which cannot be process‐
ed by solution or melt processing.

Some studies have been also carried out using combined methods, such as solvent casting in
conjunction with sonication, followed by melt mixing. Haggenmueller et al. [37] observed
considerable nanotube dispersion in CNT-polymer nanocomposites using combination of
solvent casting and melt mixing. Pande et al. [32, 38] also prepared MWCNT bulk compo‐
sites with PMMA and PS using a two-step method of solvent casting followed by compres‐
sion molding and obtained better electrical and mechanical properties. Singh et al. [39] also
prepared MWCNT-LDPE composites using solvent casting followed by compression
moulding and obtained better electrical conductivity. Jindal et al. [29, 40] prepared
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MWCNT-polycarbonate composite using solvent casting followed by compression mould‐
ing for the enhancement in the impact properties.

The other less commonly known methods for CNT- polymer nanocomposites formation are
twin screw pulverization [41], latex fabrication [42], coagulation spinning [43] and electro‐
phoretic deposition [44].

6. Challenges in MWCNT polymer composites fabrication and possible
solutions

Although these fabrication methods helped to enhance the properties of CNT reinforced
composites over neat polymer but there are several key challenges that hinders the excellent
CNT properties to be fruitful in polymer composite formation.

6.1. Dispersion

Disperion of nanoscale filler in a matrix is the key challenge for the formation of nanocomposite.
Dispersion involves separation and then stabilization of CNTs in a medium. The methods de‐
scribed above for the nanocomposites fabrication require CNTs to be well dispersed either in
solvent or in polymer for maximizing their contact surface area with polymer matrix. As CNTs
have diameters on nanoscale the entanglement during growth and the substantial van der
Waals interaction between them forces to agglomerate into bundles. The ability of bundle for‐
mation of CNTs with its inert chemical structure makes these high aspect ratio fibers dissolving
in common solvents to form solution quite impossible. The SEM of MWCNTs synthesized by
CVD technique seems to be highly entangled and the dimensions of nanotube bundles is hun‐
dreds of micrometer. This shows several thousands of MWCNTs in one bundle as shown in Fig‐
ure 5a. These bundles exhibits inferior mechanical and electrical properties as compared to
individual nanotube because of slippage of nanotubes inside bundles and lower aspect ratio as
compared to individual nanotube. The aggregated bundles tend to act as defect sites which ad‐
versely affect mechanical and electrical properties of nanocomposites. Effective separation re‐
quires the overcoming of the inter-tube van der Waal attraction, which is anomalously strong in
CNT case. To achieve large fractions of individual CNT several methods have been employed.
The most effective methods are by attaching several functional sites on the surface of CNTs
through some chemical treatment or by surrounding the nanotubes with dispersing agents such
as surfactant. Thereafter the difficulty of dispersion can be overcome by mechanical/physical
means such as ultrasonication, high shear mixing or melt blending. Another obstacle in dispers‐
ing the CNTs is the presence of various impurities including amorphous carbon, spherical full‐
erenes  and other  metal  catalyst  particles.  These  impurities  are  responsible  for  the  poor
properties of CNTs reinforced composites [45].

6.2. Adhesion between CNTs and polymer

The second key challenge is in creating a good interface between nanotubes and the poly‐
mer matrix. From the research on microfiber based polymer composites over the past few
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form master batches that were thereafter diluted with pure polymer to form lower mass
fraction samples. Compression molding was used to form composite films. A similar combi‐
nation of shear mixing and compression molding is studied by many other groups dis‐
cussed elsewhere [16]. Also Meincke et al. [5] mixed polyamide-6, ABS and CVD-MWCNT
in a twin screw extruder at 260oC and used injection molding to make nanocomposites.
Tang et al. [26] used both compression and twin-screw extrusion to form CNT/polyethylene
composites. Although melt-processing technique has advantages of speed and simplicity, it
is not much effective in breaking of agglomeration of CNTs and their dispersion. Bhatta‐
charyya et al. [27] made 1 wt% CNT/polypropylene (PP) nanocomposites by melt mixing,
but found that melt mixing alone did not provide uniform nanotube dispersion. Niu et el.
[28] studied both methods to prepare polyvinylidene fluoride (PVDF)-CNT nanocomposites
to study electrical properties and found it better in composites formed by solution casting.

5.1.3. In-situ polymerization

In addition to solvent casting and melt mixing the other method which combines nanotubes
with high molecular weight polymers is in-situ polymerization starting with CNTs and mono‐
mers. In-situ polymerization has advantages over other composite fabrication methods. A
stronger interface can be obtained because it is easier to get intimate interactions between the
polymer and nanotube during the growth stage than afterwards [29, 30].The most common in
situ polymerization methods involve epoxy in which the monomer resins and hardeners are
combined with CNTs prior to polymerizing [31]. Pande and coworkers [32] performed the in-
situ polymerization of MWCNT/ PMMA composites for the enhancement in flexural strength
and modulus of composites. Li et al. [33] reported the fabrication and characterization of CNT/
polyaniline (PANI) composites. Xiao and Zhou [34]deposited polypyrrolre (PP) and poly(3-
methylthiophene) (PMet) on the surface of MWCNTs by in situ polymerization. Saini et al. [35]
reported fabrication process of highly conducting polyaniline (PANI)–(MWCNT) nanocompo‐
sites by in-situ polymerization. This material was used in polystyrene for the fabrication of
MWCNT-PANI-PS blend for microwave absorption [36]. Moniruzzaman [17] reported many
other studies of in-situ polymerization of CNTs with different polymers. Generally, in situ poly‐
merization can be used for the fabrication of almost any polymer composites containing CNT
that can be non-covalently or covalently bound to polymer matrix. This technique enables the
grafting of large polymer molecules onto the walls of CNT. This technique is particularly impor‐
tant for the preparation of insoluble and thermally unstable polymers, which cannot be process‐
ed by solution or melt processing.

Some studies have been also carried out using combined methods, such as solvent casting in
conjunction with sonication, followed by melt mixing. Haggenmueller et al. [37] observed
considerable nanotube dispersion in CNT-polymer nanocomposites using combination of
solvent casting and melt mixing. Pande et al. [32, 38] also prepared MWCNT bulk compo‐
sites with PMMA and PS using a two-step method of solvent casting followed by compres‐
sion molding and obtained better electrical and mechanical properties. Singh et al. [39] also
prepared MWCNT-LDPE composites using solvent casting followed by compression
moulding and obtained better electrical conductivity. Jindal et al. [29, 40] prepared
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MWCNT-polycarbonate composite using solvent casting followed by compression mould‐
ing for the enhancement in the impact properties.

The other less commonly known methods for CNT- polymer nanocomposites formation are
twin screw pulverization [41], latex fabrication [42], coagulation spinning [43] and electro‐
phoretic deposition [44].

6. Challenges in MWCNT polymer composites fabrication and possible
solutions

Although these fabrication methods helped to enhance the properties of CNT reinforced
composites over neat polymer but there are several key challenges that hinders the excellent
CNT properties to be fruitful in polymer composite formation.

6.1. Dispersion

Disperion of nanoscale filler in a matrix is the key challenge for the formation of nanocomposite.
Dispersion involves separation and then stabilization of CNTs in a medium. The methods de‐
scribed above for the nanocomposites fabrication require CNTs to be well dispersed either in
solvent or in polymer for maximizing their contact surface area with polymer matrix. As CNTs
have diameters on nanoscale the entanglement during growth and the substantial van der
Waals interaction between them forces to agglomerate into bundles. The ability of bundle for‐
mation of CNTs with its inert chemical structure makes these high aspect ratio fibers dissolving
in common solvents to form solution quite impossible. The SEM of MWCNTs synthesized by
CVD technique seems to be highly entangled and the dimensions of nanotube bundles is hun‐
dreds of micrometer. This shows several thousands of MWCNTs in one bundle as shown in Fig‐
ure 5a. These bundles exhibits inferior mechanical and electrical properties as compared to
individual nanotube because of slippage of nanotubes inside bundles and lower aspect ratio as
compared to individual nanotube. The aggregated bundles tend to act as defect sites which ad‐
versely affect mechanical and electrical properties of nanocomposites. Effective separation re‐
quires the overcoming of the inter-tube van der Waal attraction, which is anomalously strong in
CNT case. To achieve large fractions of individual CNT several methods have been employed.
The most effective methods are by attaching several functional sites on the surface of CNTs
through some chemical treatment or by surrounding the nanotubes with dispersing agents such
as surfactant. Thereafter the difficulty of dispersion can be overcome by mechanical/physical
means such as ultrasonication, high shear mixing or melt blending. Another obstacle in dispers‐
ing the CNTs is the presence of various impurities including amorphous carbon, spherical full‐
erenes  and other  metal  catalyst  particles.  These  impurities  are  responsible  for  the  poor
properties of CNTs reinforced composites [45].

6.2. Adhesion between CNTs and polymer

The second key challenge is in creating a good interface between nanotubes and the poly‐
mer matrix. From the research on microfiber based polymer composites over the past few
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decades, it is well established that the structure and properties of filler-matrix interface
plays a major role in determining the structural integrity and mechanical performance of
composite materials. CNTs have atomically smooth non-reactive surfaces and as such there
is a lack of interfacial bonding between the CNT and the polymer chains that limits load
transfer. Hence the benefits of high mechanical properties of CNTs are not utilized properly.
The first experimental study focusing on interfacial interaction between MWCNT and poly‐
mer was carried out by Cooper et al. [46]. They investigated the detachment of MWCNTs
from an epoxy matrix using a pullout test for individual MWCNT and observed the interfa‐
cial shear stress varied from 35-376 MPa. This variation is attributed to difference in struc‐
ture and morphology of CNTs.

There are three main mechanisms for load transfer from matrix to filler. The first is weak
van der Waal interaction between filler and polymer. Using small size filler and close con‐
tact at the interface can increase it. The large specific surface area of CNTs is advantageous
for bonding with matrix in a composite, but is a major cause for agglomeration of CNTs.
Therefore, uniformally dispersed individual nanotubes in matrix is helpful. The second
mechanism of load transfer is micromechanical interlocking which is difficult in CNTs nano‐
composites due to their atomically smooth surface. Although local non uniformity along
length of CNTs i.e. varying diameter and bends due to non hexagonal defects contributes to
this micromechanical interlocking. This interlocking can increase by using long CNTs to
block the movement of polymer chains. The contribution of this mechanism may reach satu‐
ration at low CNT content. The third and best mechanism for better adhesion and hence
load transfer between CNTs and polymer is covalent or ionic bonding between them. The
chemical bonding between CNTs and polymer can be created and enhanced by the surface
treatment such as oxidation of CNTs with acids or other chemicals. This mode of mecha‐
nism have much importance as it provides strong interaction between polymer and CNT
and hence efficiently transfers the load from polymer matrix to nanotubes necessary for en‐
hanced mechanical response in high-performance polymers.

6.3. Chemical functionalization of CNTs

The best route to achieve individual CNT to ensure better dispersion is chemical modifica‐
tions of CNT surface. The chemical functionalization involves the attachment of chemical
bonds to CNT surface or on end caps. Nanotube functionalization typically starts with oxi‐
datative conditions, commonly by refluxing in nitric or sulfuric acid or combination of both
to attach carboxylic acid moieties to the defect sites. The end caps of nanotubes have extra
strain energy because of their high degree of curvature with pentagons and heptagonal car‐
bon atoms are most vulnerable to reaction with acid. The side walls also containing defects
like pentagon-heptagon pairs, sp3 hybridized defects and vacancies in nanotube lattice and
are easily supplemented by oxidative damage and can be stabilized by formation of func‐
tional groups mainly carboxylic acid and hydroxide group. These acid moieties and hydrox‐
ide groups can be further replaced to more reactive groups like –COCl or –CORNH2. The
addition of these functional groups on CNTs possesses intermolecular repulsion between
functional groups on surface that overcomes the otherwise weak van der Waal attraction be‐
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tween CNTs. It is also vital to stabilize the dispersion to prevent reagglomeration of the
CNTs. Chemical functionalization can prevent reagglomeration of CNTs also. Sen et al. [47]
carried out chemical functionalization to form ester functionalized CNTs and found that it is
an effective approach to exfoliate the CNTs bundles and improve their processibility with
polymer matrix. Georgakilas et al. [48] observed that CNT covalently functionalized with
pyrrolidone by 1,3-dipolar cycloaddition of azomethine ylides show a solubility of 50
mg/mL in chloroform, even without sonication whereas the pristine CNT is completely in‐
soluble in this solvent. Liang et al. [49] performed reductive alkylation of CNTs using lithi‐
um and alkyl halides in liquid ammonia for sidewall functionalization of CNTs and
observed their extensive debundling by inspection of HRTEM images. Kinloch et al. [50]
studied the rheological behavior of oxidized CNTs and found that the composites filled with
functionalized CNTs had better dispersion. It has been observed by the researchers that
amine modified CNTs is very important for the enhancement in the mechanical properties
with epoxy. Garg et al. [31] shows the reaction mechanism for the formation of acid func‐
tionalized and amine functionalized CNT and their interaction with the epoxy resin as Fig‐
ure 8a and b respectively. Two different types of functional groups were attached on the
CNT surface. In the first case MWCNTs were refluxed for 48 h in HNO3 (400 ml, 60% con‐
centration) to achieve reasonable surface oxidation of the tubes. The mixture was then fil‐
tered and the residue (treated material) was washed several times with distilled water till
washings were neutral to pH paper. The treated MWCNT were dried in oven before use. In
a second step the oxidized nanotubes were dispersed in benzene by stirring, and then re‐
fluxed with excess SOCl2 along with a few drops of DMF used as catalyst for chlorination of
MWCNT surfaces. After the acyl chlorination, SOCl2 and DMF were removed through re‐
peatedly washing by tetrahydrofuran (THF). 100 ml of triethylene tetra-amine (TETA) was
added to react with acyl chlorinated MWCNT at 100 °C for 24 h reflux until no HCl gas
evolved. After cooling to room temperature, MWCNTs were washed with deionized water 5
times to remove excess TETA. Finally, the black solid was dried at room temperature over‐
night in vacuum and named as amine modified CNTs. These functionalized CNTs were
characterized by FTIR, TGA and HRTEM and clearly showed the presence of these types of
functional group. Gojny et al. [51]achieved surface modified MWCNTs by refluxing of oxi‐
dized MWCNTs with multifunctional amines and observed from TEM images that these
were completely covered by epoxy matrix that confirmed the bonding between them. Sin‐
nott [52]has provided an in depth review of chemical functionalization of CNTs where the
chemical bonds are used to tailor the interactions between nanotubes and polymers or sol‐
vent. The chemical functionalization of CNTs has also been accomplished through irradia‐
tion with electrons or ions [53]. In this manner one may hope to improve the binding of
CNTs by interdigitation of active sites on its sides into polymer matrix.

Covalent bond also benefits phonon transferring between nanotubes and polymer matrix,
which is a key factor for improving thermal conductivity of the nanocomposites. To ensure
the adhesion between polymer and nanotubes various surfactant and chemical modification
procedures have been adopted to modify the surface of otherwise inert surface of CNTs that
provides bonding sites to the polymer matrix.
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decades, it is well established that the structure and properties of filler-matrix interface
plays a major role in determining the structural integrity and mechanical performance of
composite materials. CNTs have atomically smooth non-reactive surfaces and as such there
is a lack of interfacial bonding between the CNT and the polymer chains that limits load
transfer. Hence the benefits of high mechanical properties of CNTs are not utilized properly.
The first experimental study focusing on interfacial interaction between MWCNT and poly‐
mer was carried out by Cooper et al. [46]. They investigated the detachment of MWCNTs
from an epoxy matrix using a pullout test for individual MWCNT and observed the interfa‐
cial shear stress varied from 35-376 MPa. This variation is attributed to difference in struc‐
ture and morphology of CNTs.

There are three main mechanisms for load transfer from matrix to filler. The first is weak
van der Waal interaction between filler and polymer. Using small size filler and close con‐
tact at the interface can increase it. The large specific surface area of CNTs is advantageous
for bonding with matrix in a composite, but is a major cause for agglomeration of CNTs.
Therefore, uniformally dispersed individual nanotubes in matrix is helpful. The second
mechanism of load transfer is micromechanical interlocking which is difficult in CNTs nano‐
composites due to their atomically smooth surface. Although local non uniformity along
length of CNTs i.e. varying diameter and bends due to non hexagonal defects contributes to
this micromechanical interlocking. This interlocking can increase by using long CNTs to
block the movement of polymer chains. The contribution of this mechanism may reach satu‐
ration at low CNT content. The third and best mechanism for better adhesion and hence
load transfer between CNTs and polymer is covalent or ionic bonding between them. The
chemical bonding between CNTs and polymer can be created and enhanced by the surface
treatment such as oxidation of CNTs with acids or other chemicals. This mode of mecha‐
nism have much importance as it provides strong interaction between polymer and CNT
and hence efficiently transfers the load from polymer matrix to nanotubes necessary for en‐
hanced mechanical response in high-performance polymers.

6.3. Chemical functionalization of CNTs

The best route to achieve individual CNT to ensure better dispersion is chemical modifica‐
tions of CNT surface. The chemical functionalization involves the attachment of chemical
bonds to CNT surface or on end caps. Nanotube functionalization typically starts with oxi‐
datative conditions, commonly by refluxing in nitric or sulfuric acid or combination of both
to attach carboxylic acid moieties to the defect sites. The end caps of nanotubes have extra
strain energy because of their high degree of curvature with pentagons and heptagonal car‐
bon atoms are most vulnerable to reaction with acid. The side walls also containing defects
like pentagon-heptagon pairs, sp3 hybridized defects and vacancies in nanotube lattice and
are easily supplemented by oxidative damage and can be stabilized by formation of func‐
tional groups mainly carboxylic acid and hydroxide group. These acid moieties and hydrox‐
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tween CNTs. It is also vital to stabilize the dispersion to prevent reagglomeration of the
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studied the rheological behavior of oxidized CNTs and found that the composites filled with
functionalized CNTs had better dispersion. It has been observed by the researchers that
amine modified CNTs is very important for the enhancement in the mechanical properties
with epoxy. Garg et al. [31] shows the reaction mechanism for the formation of acid func‐
tionalized and amine functionalized CNT and their interaction with the epoxy resin as Fig‐
ure 8a and b respectively. Two different types of functional groups were attached on the
CNT surface. In the first case MWCNTs were refluxed for 48 h in HNO3 (400 ml, 60% con‐
centration) to achieve reasonable surface oxidation of the tubes. The mixture was then fil‐
tered and the residue (treated material) was washed several times with distilled water till
washings were neutral to pH paper. The treated MWCNT were dried in oven before use. In
a second step the oxidized nanotubes were dispersed in benzene by stirring, and then re‐
fluxed with excess SOCl2 along with a few drops of DMF used as catalyst for chlorination of
MWCNT surfaces. After the acyl chlorination, SOCl2 and DMF were removed through re‐
peatedly washing by tetrahydrofuran (THF). 100 ml of triethylene tetra-amine (TETA) was
added to react with acyl chlorinated MWCNT at 100 °C for 24 h reflux until no HCl gas
evolved. After cooling to room temperature, MWCNTs were washed with deionized water 5
times to remove excess TETA. Finally, the black solid was dried at room temperature over‐
night in vacuum and named as amine modified CNTs. These functionalized CNTs were
characterized by FTIR, TGA and HRTEM and clearly showed the presence of these types of
functional group. Gojny et al. [51]achieved surface modified MWCNTs by refluxing of oxi‐
dized MWCNTs with multifunctional amines and observed from TEM images that these
were completely covered by epoxy matrix that confirmed the bonding between them. Sin‐
nott [52]has provided an in depth review of chemical functionalization of CNTs where the
chemical bonds are used to tailor the interactions between nanotubes and polymers or sol‐
vent. The chemical functionalization of CNTs has also been accomplished through irradia‐
tion with electrons or ions [53]. In this manner one may hope to improve the binding of
CNTs by interdigitation of active sites on its sides into polymer matrix.

Covalent bond also benefits phonon transferring between nanotubes and polymer matrix,
which is a key factor for improving thermal conductivity of the nanocomposites. To ensure
the adhesion between polymer and nanotubes various surfactant and chemical modification
procedures have been adopted to modify the surface of otherwise inert surface of CNTs that
provides bonding sites to the polymer matrix.
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Figure 8. Reaction mechanism for (a) acid modified-MWCNT (b) amine modified-MWCNT with epoxy resin (Reprinted
with permission from Springer(31))
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So the surface modification of CNTs is the crucial factor that decides the effective dispersion
and improves the interactions between CNTs and matrix. However there are certain draw‐
backs of using chemically functionalized CNTs. Chemical functionalization normally em‐
ploys harsh techniques resulting in tube fragmentation and also disrupts the bonding
between graphene sheets and thereby reduces the properties of CNTs. Studies revealed that
different chemical treatments may decrease the maximum buckling force of nanotubes by
15% [16]. Also the chemical functionalized CNTs significantly decrease the electrical con‐
ductivity of CNTs nanocomposites due to unbalance polarization effect, shortening of
length and physical structure defects during acidic treatment [54]. But it is still necessary for
increased dispersion and strengthens the interfacial bonding of CNTs with polymer matrix
that is more important in structural applications.

The solubility or dispersion of CNTs in certain specified solvents or polymers can also in‐
crease by non covalent association which is more fragile. The non-ionic surfactant such as
sodium dodecylbenzene sulfonate (SDS) or polyoxyethylene-8-lauryl (PoEL) has two seg‐
ments. The hydrophobic segment of surfactant shows strong interactions with carbon of
CNTs via van der Waal force and the hydrophilic segment shows hydrogen bonding with
solvent or polymer used for dispersion. Islam et al. [55] reported that ~ 65% CNT bundles
exfoliated into individual nanotubes even with a very low of 20 mg (CNT)/ml of water con‐
taining SDS as surfactant. Barrau et al. [56] used palmitic acid as surfactant to disperse CNTs
into epoxy resin and observed that electrical percolation threshold decreases indicating bet‐
ter CNT dispersion. Gong et al. [57] added PoEL as surfactant in CNT/epoxy composite to
assist the dispersion of CNTs. The improvement in dispersion in chitosan with nitric acid
treated CNTs was also reported by Ozarkar et al. [58] and the stability of dispersion pre‐
pared by using functionalized CNTs was observed to be better. However, CNTs treated
with different surfactants are wrapped in it and hence contacts between CNTs decreases
thereby the transport properties (electrical and thermal conductivities) of CNTs/polymer
nanocomposites are adversely affected.

6.4. Dispersion of high loading of CNTs in polymer matrix

Dispersion of high loading of CNTs in any polymer is very difficult due to the formation of
agglomerates by the conventional techniques. To maximize the improvment in properties,
higher loading of CNTs is preferred [59]. However, polymer composites synthesized by us‐
ing the conventional methods generally have low CNT contents. It has been observed that
beyond 1 wt.-% of loading, CNTs tend to agglomerate [60] resulting in poor mechanical
properties of the composites. It is therefore important to develop a technique to incorporate
higher CNT loading in the polymer matrices without sacrificing their mechanical properties.
Recently, several methods have been developed for fabricating CNT/polymer composites
with high CNT loadings. One such technique is mechanical densification technique where
vertically aligned CNTs were densified by the capillary induced wetting with epoxy resin
[61]. By this technique dimensions of sample preparation are limited. In another technique, a
filtration system was used to impregnate the epoxy resin into CNT bucky paper [62, 63].
However, it was very difficult to completely impregnate the bucky paper with epoxy resin.
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with different surfactants are wrapped in it and hence contacts between CNTs decreases
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6.4. Dispersion of high loading of CNTs in polymer matrix

Dispersion of high loading of CNTs in any polymer is very difficult due to the formation of
agglomerates by the conventional techniques. To maximize the improvment in properties,
higher loading of CNTs is preferred [59]. However, polymer composites synthesized by us‐
ing the conventional methods generally have low CNT contents. It has been observed that
beyond 1 wt.-% of loading, CNTs tend to agglomerate [60] resulting in poor mechanical
properties of the composites. It is therefore important to develop a technique to incorporate
higher CNT loading in the polymer matrices without sacrificing their mechanical properties.
Recently, several methods have been developed for fabricating CNT/polymer composites
with high CNT loadings. One such technique is mechanical densification technique where
vertically aligned CNTs were densified by the capillary induced wetting with epoxy resin
[61]. By this technique dimensions of sample preparation are limited. In another technique, a
filtration system was used to impregnate the epoxy resin into CNT bucky paper [62, 63].
However, it was very difficult to completely impregnate the bucky paper with epoxy resin.
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Recently, Feng et al., [64] reported a mixed curing assisted layer by layer method to synthe‐
size MWCNT/epoxy composite film with a high CNT loading from ~15 to ~36 wt.-%. The
mixed-curing-agent consists of two types of agents, one of which is responsible for the parti‐
al initial curing at room temperature to avoid agglomeration of the CNTs, and the other for
complete curing of epoxy resin at high temperature to synthesize epoxy composite films
with good CNT dispersion. In another study by Feng et al. [65] upto ~39.1 wt. % SWCNT-
epoxy composites were fabricated using same mixed curing layer by layer method and their
mechanical properties were enhanced significantly. Bradford et al. [66] reported a method to
quickly produce macroscopic CNT composites with a high volume fraction upto 27% of mil‐
limeter long, well aligned CNTs. Specifically, they used the novel method, shear pressing, to
process tall, vertically aligned CNT arrays into dense aligned CNT preforms, which are sub‐
sequently processed into composites. In another study by Ogasawara et al. [67] aligned
MWCNT/epoxy composites were processed using a hot-melt prepreg method. Vertically
aligned ultra-long CNT arrays (forest) were converted to horizontally aligned CNT sheets
by pulling them out. An aligned CNT/epoxy prepreg was fabricated using hot-melting with
B-stage cured epoxy resin film. The final composites contains 21.4 vol% of MWCNTs.

6.5. Alignment of CNTs in polymer matrix

The other key challenge is to understand the effect of nanotube alignment on nanocompo‐
sites properties because the nanotubes have asymmetric structure and properties. Like other
one-dimensional fiber fillers CNTs displays highest properties in the oriented reinforced di‐
rection and the mechanical, electrical, magnetic and optical performance of its composites
are linked directly to their alignment in the matrix. So to take the full advantage of excellent
properties of CNTs these should be aligned in a particular direction. For example, the align‐
ment of CNT increases the elastic modulus and electrical conductivity of nanocomposites
along the nanotube alignment direction.

Several methods like application of electric field during composite formation and carbon arc
discharge [68], composite slicing [69], film rubbing [70], chemical vapor deposition [71, 72],
mechanical stretching of CNT-polymer composites [73] and magnetic orientation [74] have
been reported for aligning nanotubes in composites. Electrospinning is also an effective
method for the alignment of CNTs in polymer matrix.

7. Properties of the nanocomposites

7.1. Mechanical properties of MWCNTs polymer nanocomposites

Different thermoplastic and thermoset polymer matrices have been tried to realize the supe‐
rior mechanical properties of CNTs for development of light weight strong material. NASA
scientists are considering CNT-polymer composite for space elevator. To date, a volume of
literature is available on the improvement of mechanical performance of polymers with ad‐
dition of CNTs. The first study for formation of CNT-polymer composites was carried out
by Ajayan et al. [69]. CNTs were aligned within the epoxy matrix by the shear forces in‐
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duced by cutting with a diamond knife, however no quantitative mechanical measurements
were made. The first true study for tensile and compression properties of CNT polymer
composites was carried by Schadler et al. [75] with epoxy. On addition of 5-wt% MWCNTs
the tensile modulus increased from 3.1 GPa to 3.71 GPa. and compression modulus in‐
creased from 3.63 to 4.5 GPa. However, no significant increases in toughness values were
observed. Bai et al. [76] observed doubling of Young’s modulus from 1.2 to 2.4 GPa and sig‐
nificant increase in strength from 30 to 41 MPa on addition of 1 wt.% MWCNTs. Also excel‐
lent matrix–nanotube adhesion was confirmed by the observation of nanotube breakage
during fracture surface studies. Zhou et al. [77] reported steady increase of flexural modulus
in CNT-epoxy composite with higher CNT weight percentage and found an improvement of
11.7% in modulus with 0.4 wt% loading of CNTs and 28% enhancement in flexural strength
with 0.3 wt% loading. Garg et al. [31] reported an increment of 155 % in flexural strength of
epoxy with addition of merely 0.3% amine functionalized MWCNTs and an increment of
38% in flexural modulus. Mathur et al. [13] reported an increment of 158% in flexural
strength of phenolic with addition of 5 vol% of MWCNT. Colemann et al. [16] reviewed the
mechanical properties of a large number of CNT reinforced polymer (thermoplastic and
thermosetting) composites fabricated by various methods and reported enhancement in me‐
chanical properties. Du et al. [78] studied the experimental results for mechanical perform‐
ance of CNTs nanocomposites carried out by different research groups and observed that
the gains are modest and far below the simplest theoretical estimates. Haggenmueller [79]
applied the Halpen Tsai composite theory to CNT nanocomposites and observed that the ex‐
perimental elastic modulus is smaller than predicted by more than one order. It is attributed
to the lack of perfect load transfer from nanotubes to matrix due to non uniform dispersion
and small interfacial interaction. Although chemical functionalization of CNTs has sorted
out those problems to an extent yet the best results have to be achieved. Also aspect ratio is
other source of uncertainty in mechanical properties. Defects on the CNT surface also ex‐
pected to influence the mechanical properties significantly. The methods of handling nano‐
tubes, including acid treatments and sonication for long time are known to shorten
nanotubes results in decreasing aspect ratio and are detrimental to mechanical properties.
The mechanical properties of CNT based composites increased upto a certain loading of
CNTs and beyond which it starts decreasing. This may be because of increase in viscosity of
polymers at higher CNTs loading and also cause some surface of CNTs not to be completely
covered by polymers matrix due to the large specific surface area of CNTs.Therefore, few
studies have been carried out to disperse high loading of CNTs in polymer matrices with
improved mechanical properties. Bradford et al. [66] reported 400 MPa (tensile strength)
and 22.3 GPa (tensile modulus) for 27vol% of MWCNT–epoxy composites. Feng et al. [80]
also reported 183% and 408% improvement in tensile strength and tensile modulus respec‐
tively at 39.1 wt% SWCNTs loading compared with those of the neat epoxy. Ogasawara et
al. [67] found 50.6 GPa and 183 MPa modulus and ultimate tensile strength respectively of
CNT (21.4 vol.%)/epoxy composite. These values were 19 and 2.9 times those of the epoxy
resin respectively.

Andrews et al. [80] prepared aligned CNT/pitch composites and found the significant im‐
provement in the electrical and mechanical properties especially due to orientation of CNTs.
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Du et al. [78] compared the mechanical performance of randomly oriented and aligned
CNTs polymer composites. Their study revealed that in aligned CNT polymer nanocompo‐
sites tensile strength and modulus even reached to 3600 MPa and 80 GPA respectively
which is much higher than the general value of 100 MPa and 6 GPa in case of randomly ori‐
ented CNT polymer nanocomposites. They also observed that the mechanical properties are
always higher for aligned CNTs composites with higher loading while the case is different
for isotropic CNT polymer composites.

7.2. Electrical properties of MWCNTs polymer nanocomposites

CNTs because of their extraordinary electrical conductivity are also excellent additive to im‐
part electrical conductivity to polymer. Many experimental results shows that the conduc‐
tive CNT composites can be constructed at low loading of CNTs due to low percolation
threshold originated from the high aspect ratio and conductivity of CNTs [70, 78]. Figure 9
shows the general trend of electrical conductivity of CNT- polymer nanocomposites. It can
be found from almost all the experimental results and also obvious from figure that CNT
nanocomposites exhibit a typical percolation behavior and CNT reinforcement to polymers
can increase the conductivity of resulting composites to several order of magnitude or even
some times higher than ten orders of magnitude.

According to percolation theory the conductivity follow the following power law close to
threshold percolation.

σ =  σo(p − po)t            for p > po              

where σ is the composite conductivity, σo is a constant, p the weight fraction of nanotubes, po

is the percolation threshold and t the critical exponent [81]. Theoretical and experimental re‐
sults have shown that percolation laws are applicable to CNT-based composites and that the
enhanced maximum conductivity and percolation can be achieved with significantly lower
filler concentrations than with other carbon and other conductive fillers. Depending on the
polymer matrix, the processing technology and the type of nanotubes used, recent experi‐
mental studies have achieved percolation thresholds between 0.0021 to 9.5% by weight and
critical exponents varying from 0.9 to 7.6 [78].

Sandler et al. [82] observed the percolation threshold of CNTs/epoxy nanocomposites be‐
tween 0.0225 and 0.04 wt %. They further observed very low percolation threshold at 0.0025
wt% for aligned CNT- epoxy composites [83]. The current voltage behavior measurements
exhibited non-ohmic behavior, which is most likely due to tunneling conduction mecha‐
nism. The main mechanism of conduction between adjacent nanotubes is probably electron
hopping when their separation distance is small. At concentration greater than percolation
threshold, conducting paths are formed through the whole nanocomposites, because the dis‐
tance between the conductive CNT filler (individual or bundles) is small enough to allow
efficient electron hopping.

The electrical conductivity of CNT/polymer composites also effected by dispersion and as‐
pect ratio of CNTs and was studied by Barrau et al. [56]. They used palmitic acid as surfac‐

Syntheses and Applications of Carbon Nanotubes and Their Composites212

tant to improve the nanotube dispersion and reduced the threshold concentration from 0.18
to 0.08 wt%. To study the effect of aspect ratio on electrical conductivity of CNT nanocom‐
posites Bai et al. [84] pretreated MWCNTs to alter their aspect ratios before preparing ep‐
oxy/MWCNTs composites and found that the threshold concentration varied from 0.5 to > 4
wt % with decreasing aspect ratio. The effect of alignment of CNTs in polymer composites
was also studied. Du et al. [24] found some contradictory results with respect to alignment
of rod like fillers and observed the lowest percolation threshold and maximum conductivity
with their random orientation. They found that the electrical conductivity of 2 wt% CNT/
PMMA nanocomposites decrease significantly (from ~10-4 to ~10-10 S/cm) when CNTs were
highly aligned. In contrast Choi et al. [85] observed that the nanotube alignment increased
the conductivity of a 3 wt% CNT/epoxy composites from ~10-7 to ~10-6S/cm. In most of the
cases the CNT nanocomposites with isotropic nanotubes orientation have greater electrical
conductivity than the nanocomposites with highly aligned CNTs especially at lower CNT
loadings. By alignment of CNTs in polymers, the percolation pathway is destroyed as
aligned CNTs seldomly intersects each other. At higher CNTs loading the conductivity is
more in case of aligned CNTs as compared to randomly oriented CNTs.

Figure 9. General trend of electrical conductivity of CNT polymer composites

The study carried out by different researchers also revealed that the composites with ther‐
moplastic polymers have higher conductivity as compared to that of thermosetting poly‐
mers above percolation threshold. Transport properties in CNT-PMMA composites have
been reported by Stephan et al. [86] and Benoit et al. [19] where low percolation threshold of
0.5 wt% and 0.33 wt% respectively were obtained. Singhai et al. [87] found that increase in
number of defects lead to a decrease in conductivity. However Lau et al. [88] concluded that
fuctionalization of CNTs can enhance the electrical conductivity of MWCNTs. The reason at‐
tributed to this phenomenon is electron transfer from the carbon atoms on MWCNTs to
functionalized groups attached to the surface favorably promoting conductivity. The study
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polymer matrix, the processing technology and the type of nanotubes used, recent experi‐
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tant to improve the nanotube dispersion and reduced the threshold concentration from 0.18
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posites Bai et al. [84] pretreated MWCNTs to alter their aspect ratios before preparing ep‐
oxy/MWCNTs composites and found that the threshold concentration varied from 0.5 to > 4
wt % with decreasing aspect ratio. The effect of alignment of CNTs in polymer composites
was also studied. Du et al. [24] found some contradictory results with respect to alignment
of rod like fillers and observed the lowest percolation threshold and maximum conductivity
with their random orientation. They found that the electrical conductivity of 2 wt% CNT/
PMMA nanocomposites decrease significantly (from ~10-4 to ~10-10 S/cm) when CNTs were
highly aligned. In contrast Choi et al. [85] observed that the nanotube alignment increased
the conductivity of a 3 wt% CNT/epoxy composites from ~10-7 to ~10-6S/cm. In most of the
cases the CNT nanocomposites with isotropic nanotubes orientation have greater electrical
conductivity than the nanocomposites with highly aligned CNTs especially at lower CNT
loadings. By alignment of CNTs in polymers, the percolation pathway is destroyed as
aligned CNTs seldomly intersects each other. At higher CNTs loading the conductivity is
more in case of aligned CNTs as compared to randomly oriented CNTs.

Figure 9. General trend of electrical conductivity of CNT polymer composites

The study carried out by different researchers also revealed that the composites with ther‐
moplastic polymers have higher conductivity as compared to that of thermosetting poly‐
mers above percolation threshold. Transport properties in CNT-PMMA composites have
been reported by Stephan et al. [86] and Benoit et al. [19] where low percolation threshold of
0.5 wt% and 0.33 wt% respectively were obtained. Singhai et al. [87] found that increase in
number of defects lead to a decrease in conductivity. However Lau et al. [88] concluded that
fuctionalization of CNTs can enhance the electrical conductivity of MWCNTs. The reason at‐
tributed to this phenomenon is electron transfer from the carbon atoms on MWCNTs to
functionalized groups attached to the surface favorably promoting conductivity. The study
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carried out by Grimes et al. [89] revealed that the electrical response of as fabricated
MWCNTs is significantly influenced by the presence of residual catalyst metal particles.

7.3. EMI shielding proerties of MWCNTs polymer nanocomposites

The electrical conductivity of CNT reinforced polymer composites makes them a very suita‐
ble candidate to be employed for electromagnetic interference (EMI) shielding. EMI is the
process by which disruptive electromagnetic energy is transmitted from one electronic de‐
vice to another via radiation or conduction. As we all know that the electromagnetic waves
produced from some electronic instrument have an adverse effect on the performance of the
other equipments present nearby causing data loss, introduction of noise, degradation of
picture quality etc. The common example is the appearance of noise in television signal
when a telephone or mobile rings. Also recent reports of deterious effects of electromagnetic
radiations on electro medical devices have caused concern among health care providers. The
overlapping of signals transmitted in air traffic system with signals from other electronic
equipments became cause of several accidents in past. Also mobile phones and passing taxi
radios have been known to interfere with anti-skid braking system (ABS), airbags and other
electronic equipments causing drivers to lose control. In today’s scenario where rapid com‐
munication is required, there is an increase in electromagnetic radiations within the spec‐
trum in which the wireless, cordless and satellite system operates. So it a strong desire to
shield electronics equipments from the undesired signals. Problems with EMI can be mini‐
mized or sometime eliminated by ensuring that all electronic equipments are operated with
a good housing to keep away unwanted radio frequency from entering or leaving. The
shielding effectiveness (SE) of the shielding material is its ability to attenuate the propaga‐
tion of electromagnetic waves through it and measured in decibels (dB) given by

SE (dB) =  −10 log(Pt / P0),

where Pt and P0 are, respectively, the transmitted and incident electromagnetic power. A SE
of 10 dB means 90% of signal is blocked and 20 dB means 99% of signal is blocked.

One of the important criterion for a material to be used for EMI shielding material is that it
should be electrically conducting. Because of their high electrical conductivity metals have
been used for past several years as EMI shielding materials. But the shortcomings of metals
like heavy weight, physical rigidity and corrosion restricts their use. The most notable sub‐
stance that could overcome these shortcomings is the CNT-polymer composites. As dis‐
cussed in previous sections these are electrically conductive, having low density, corrosion
resistant and can be molded in any form. Due to easy processing and good flexibility, CNT–
polymer composites have been employed for application as promising EMI shielding mate‐
rials. The SE of the CNT-polymer composites depends on various factors like,type of CNTs
(either SWCNT or MWCNT), aspect ratio of CNTs, quality of CNTs, thickness and electrical
conductivity of the shielding material. Several studies have been reported on EMI shielding
properties of randomly oriented CNT based polymer composites. Mathur and co-workers
[18] have prepared MWNT-PMMA and MWNT-PS composites and observed 18dB and
17dB SE respectively with 10-wt % MWCNT loading. Singh et al. [90] reported a SE of 51 dB
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by using MWCNT grown carbon fibre fabric based epoxy composites with improved me‐
chanical properties [91].The effect of the length (aspect ratio) of CNTs on EMI SE of compo‐
sites was also studied by few researchers. Huang et al. [92] reported EMI SE of 18 dB with 15
wt.-% small CNTs and 23-28 dB with 15 wt% long CNTs in X band (8-12.4 GHz). Li et al. [93]
also observed that SE with long length CNTs is more as compared to small length CNTs at
the same 15wt % loading composites. The residual catalyst metal particle in the cavity of
CNTs also effects the SE of the composites.

There are few additional advantages of using MWCNTs as EMI shielding material. The EMI
SE also depends on the source of origin of electromagnetic waves. Electrically conducting
material can effectively shield the electromagnetic waves generated from an electric source,
whereas magnetic materials effectively shield the electromagnetic waves generated from a
magnetic source. The MWCNTs exhibits electrical properties because of presence of pi elec‐
trons and magnetic properties because of the presence of catalytic iron particles in tubes. Al‐
so one common problem experienced with commonly used composite materials for EMI
shielding is build up of heat in the substance being shielded. The possible solution for this is
to add thermal conducting material. Composites with MWCNTs can easily overcome this
problem as it has high thermal conductivity.

7.4. Thermal properties of MWCNTs polymer nanocomposites

As discussed above that the CNTs have thermal conductivity as high as 6600W/mK predict‐
ed for SWCNTs [94] at room temperature and have experimental value 3000W/mK for iso‐
lated MWCNT. So it is quite expected that the reinforcement of CNTs can significantly
enhance the thermal properties of CNT-polymer nanocomposites. The improvement in ther‐
mal transport properties of CNT polymer composites leads their applications for usage as
printed circuit boards, connectors, thermal interface materials, heat sinks.

8. Conclusion

Synthesis of high quality and reproducible CNTs is still remain a very importnat issue.
Chemical vapor deposition has been found an efficient process for the synthseis of bulk
quantity of CNTs. The CNT-polymer composites have been developed with improved me‐
chanical properties but for actual structural applications, these have to compete with the ex‐
isting carbon fibre based composites. Dispersion of high loading of CNTs and their
alignment in any polymer matrix without sacrificing their mechanical properties is still a
challenge for using CNTs in high performance composites for specific applications such as
as automobile, defence, aerospace, sports etc. CNT- carbon fibres-polymer multiscale com‐
posites could be an alternative route for further improvement in the mechanical properties
of the composites over commercially available CF-polymer composites. Till then electrical
properties of CNT polymer composites provides exciting possibility as antistatic and electro‐
magnetic interference shielding material.
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1. Introduction

Carbon nanotubes (CNTs) are fascinating materials with outstanding mechanical, optical,
thermal, and electrical properties [1-4]. CNTs also have a huge aspect ratio and a large sur‐
face area to volume ratio. Because of their unique properties, vertically aligned centimeter
long CNT arrays have generated great interest for environmental sensors, biosensors, spin‐
ning CNT into yarn, super-capacitors, and super-hydrophobic materials for self-cleaning
surfaces [5-11]. Yun et al. studied a needle-type biosensor based on CNTs to detect dopa‐
mine. Their results showed advantages of using CNT biosensors for detecting neurotrans‐
mitters [11]. Most of the envisioned applications require CNTs with high quality, a long
length, and well aligned vertical orientation. Although many researchers have studied the
synthesis of vertically aligned CNT arrays, the CNT growth mechanism still needs to be bet‐
ter understood. In addition, CNT lengths are typically limited to a few millimeters because
the catalyst lifetime is usually less than one hour [12- 16]. Many groups have studied the ki‐
netics of CNT growth trying to improve CNT properties. Different observation methods
[17-22] were used to determine the effect of the catalyst, buffer layers, carbon precursor, and
deposition conditions on nanotube growth. One of the suggested growth mechanisms pos‐
tulates several steps [23]. First, the carbon source dissociates on the surface of the substrate.
Next, the carbon atoms diffuse to the molten catalyst islands and dissolve. The metal-carbon
solution formed reaches a supersaturated state. Finally, the carbon nanotubes start to grow
from the carbon- catalyst solution. In situ observation of CNTs during their nucleation and
growth is a useful method to understand the growth mechanism, which might help to over‐
come the limitation of the short length of nanotubes, and to control array growth and quali‐
ty. Various remarkable approaches of in situ observation have been performed to affirm the
growth mechanism of vertically aligned CNTs and also to obtain kinetics data such as
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Next, the carbon atoms diffuse to the molten catalyst islands and dissolve. The metal-carbon
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growth rate and activation energy [12, 24-27]. Puretzky et al. studied the growth kinetics of
CNT arrays using in situ time-lapse photography and laser irradiation under diffusion-limit‐
ed growth conditions [28]. In situ transmission electron microscopy (TEM) was used by Kim
et al. to study the dynamic growth behavior of CNT arrays [29]. Additionally, a pseudo in
situ monitoring method was used to investigate the kinetics of CNT array growth by creat‐
ing marks on the side of the CNT array during the growth. Using this method, several
groups demonstrated root growth for their catalyst systems. However, their studies were
limited to short lengths and also required ex-situ observation with SEM to obtain the growth
length as a function of time [25, 27, 30, 31]. Most reported methods are designed to operate
and monitor the growth length with time for relatively short (a few millimeters long) CNT
arrays and also do not provide kinetics data for growing centimeter long CNT arrays.

Recently, we have developed new catalyst systems which are able to grow over 1 centimeter
long vertically aligned CNT arrays [6]. In this paper we examined the growth mechanism
and kinetics of centimeter long carbon nanotube arrays using a real-time photography tech‐
nique and the effect of growth temperature and growth time on morphology of CNTs.

2. Experimental Method

Fig. 1 shows the schematic of the chemical vapor deposition (CVD) system used for centi‐
meter long CNT array growth. The reactor consists of a 2 inch quartz tube placed inside a
high temperature furnace (Barnstead International, type F79400 tube furnace) and four mass-
flow controllers (MFC) which control the flow rate of the gas reactants such as hydrogen,
ethylene, water vapor and argon. A water bubbler is also installed to provide water vapor
using argon carrier gas. A window on the side of the reactor is used to acquire real-time
images of CNT arrays and to record data with a digital camera (Olympus E510) controlled
by a computer.

Figure 1. Schematic of the CVD system for direct observation of the centimeter long carbon nanotube arrays during
their growth. The top view of the reactor is shown.

The substrates were parts of 4 inch silicon wafers (100) with SiO2 (500 nm) on the top. The
buffer and catalyst layers based on Al2O3 (15 nm thick)/Fe (1 nm thick) were deposited on the
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wafers using e-beam evaporation. After the deposition, the substrates were annealed for
several hours at 400 ºC in Air.  All  the experiments were performed using the following
optimized recipe for centimeter long CNT arrays: 560 mmHg of argon, 60 mmHg of hydro‐
gen, and 140 mmHg of ethylene as a carbon precursor. The water concentration in the reac‐
tor was near 900 ppm measured by a quadrupole mass spectrometer (QMS). The total pressure
was kept at one atmosphere during the growth and the temperature varied from 690 ºC to
840 ºC. Real-time images of the CNT array growth were recorded from the moment that
ethylene was introduced into the reactor. The images were used to study the growth mecha‐
nism and kinetics of the CNT growth. Scanning electron microscopy (SEM, Phillips XL30
ESEM), high resolution transmission electron microscopy (HRTEM, JOEL 2000 FX) and Micro-
Raman spectroscopy (Renishaw inVia Reflex Micro-Raman) were employed to characterize
the CNT morphology.

3. Results and discussion

3.1. Growth evolution by real-time photography

Real-time photography was used to study the growth mechanism and kinetics of centime‐
ter long CNT array growth. The digital camera provided clear images showing details relat‐
ed to the dynamic changes of the array shape during the growth. This was achieved by
controlling the intervals for taking pictures from a few seconds to several hours depending
on the experimental conditions.

Figure 2. Real-time images of the centimeter long CNT array growth evolution with time during CVD at 780 ºC: (a)
Side image of the substrate at zero growth time, (b) to (f) Images of CNT arrays grown for different times.

Fig. 2 illustrates sequential images of vertically aligned centimeter long CNT arrays grown
at 780 ºC. As can be seen from Fig. 2, it is easy to distinguish the substrate from the CNT
array. Arrow 1 in Fig. 2a points to a side view of the substrate. Arrow 2 in Fig. 2f shows the
side view of the CNT array. The growth length can be obtained as a function of the deposi‐
tion time from the images. Changes in the array shape can also be observed during the entire
growth time. In Fig. 2f, the growth length was 12.47 mm and the catalyst lifetime was 450
min. This experiment was repeated several times at the same deposition conditions and the
results  were reproducible.  Hence,  Fig.  2  demonstrates  the real-time images which allow
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the CNT morphology.
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measuring the growth length and observing the CNT array growth mechanism. This ap‐
proach gives reproducible results for studying the kinetics of CNT array growth.

Movies composed of multiple images were created to investigate the morphological changes
and growth mechanism of CNT arrays during their synthesis (Supporting material 1).

3.2. Growth mode of centimeter long CNT arrays

A carbon source interruption method combined with real-time photography was used to
determine the CNT array growth mechanism (root vs. tip growth). Fig. 3 shows real-time
images of CNT arrays obtained for different periods of growth employing 5 minute interrup‐
tion of the ethylene supply. In this experiment, the ethylene flow was first stopped after 70
minutes growth while the rest of reactant gases such as Ar, H2 and water vapor were contin‐
uously supplied with same partial pressure. Next, the ethylene was resupplied after the 5 min
break. Fig. 3b, c and d show real-time images of CNT arrays before and after the 5 minute
interruption of the carbon precursor. The growth length in Fig. 3b was 2.89 mm. The length
did not change after the ethylene interruption (Fig. 3c). CNTs started to grow again after
ethylene was resupplied (Fig. 3d). As can be seen in Fig. 3e and f, the first layer which grew
before the 5 min ethylene interruption detached from the second layer grown after the 5 min
interruption. The separation may be caused by water etching the interface between the root
of the CNTs and the substrate during the interruption. Even though the first layer detach‐
ed, the second layer continued to grow from the bottom. Fig. 3f shows that the growth length
of the second layer was 2.85 mm. The calculated growth rate was 38.5 µm/min before and
after the interruption and until the growth stopped.

Figure 3. Real-time images of CNT array grown for different periods of time at a deposition temperature of 780 ºC
with 5 minutes interruption of ethylene: (a) Side image of the substrate at zero growth time, (b) to (f) Pictures of CNT
arrays grown for different times.

It was obvious from the data that the interruption didn’t affect the growth rate during the
CNT synthesis. The images also reveal that the growth pathway of the centimeter long CNT
array is "root growth" (Supporting materials 2).
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The top surface of the centimeter long CNT array was studied by Energy Dispersive X-ray
Spectroscopy (EDS) to determine if metal catalyst moved to the tips of the CNTs. No trace of
iron catalyst was detected on the top of the CNT array. Thermogravimetric analysis (TGA)
performed at a heating rate of 10 ºC/min in air showed that the change of CNT array weight
was negligible at temperatures below 550 ºC. The combustion started slightly below 700 ºC
and was completed at 750 ºC. The amount of residual matter was extremely small and was
not measureable after the completion of combustion above 750 ºC. These results implied that
the CNT array was almost "catalyst free".

3.3. Kinetics of centimeter long CNT array growth

The change in the growth length as a function of deposition time at different temperatures
was investigated using real-time photography. Fig. 4 displays the dependence of growth
length on the growth time in the range of 730 ºC to 840 ºC. The rest of the CVD experimen‐
tal conditions were kept constant. As shown in Fig. 4a, the growth length increases linearly
with the growth time within the entire temperature range of 730 ºC to 840 ºC. The data show
that the growth rate remained constant until the catalyst was deactivated. Diffusion of the
carbon precursor through the CNT forest apparently did not limit the growth rate even in the
case of 12 mm long CNT arrays. It reveals the carbon source was able to reach the surface of
catalyst  particles  without  significant  resistance.  These  results  show that  the  growth rate
followed a kinetic controlled mode. Zhu et al. reported that their catalyst system was control‐
led by a gas diffusion process and their growth rate decreased gradually with increasing the
length of CNT array. They reported a diffusion controlled mode for a similar range of growth
temperatures [31] used in the present paper.

In the current experiments, growth termination occurred abruptly for all experimental depo‐
sition temperatures. After growth termination, the array length remained constant with time.
The reason for such abrupt catalyst deactivation is not clear and it could not be interpreted
using the suggested mechanisms in the literature such as Oswald ripening, forming stable
iron carbides, and depletion of the catalyst [32-34]. It is hypothesized that catalyst deactiva‐
tion occurs due to several complex reasons. One reason is that amorphous carbon is built up
during the CVD process and covers the catalyst active site at the surface of the substrate which
results in passivation of the catalyst.

Fig. 4b shows the effect of temperature on the final growth length. The slope of the curve
increases gradually as the CVD temperature increases from 730 ºC to 780 ºC, and then decreas‐
es. The longest CNT length of 12.42mm was achieved at 780 ºC. It was observed that the longest
centimeter long CNT array was obtained neither at the highest growth rate nor at the lon‐
gest catalyst lifetime. Analyzing Fig. 4 provides a better understanding of the catalyst life‐
time at different temperatures. Fig. 4c shows that the catalyst lifetime decreases linearly with
the increase of temperature in the range of 730 ºC to 840 ºC. In this experiment, the longest
catalyst lifetime was 895 min at 730 ºC. The catalyst lifetime decreases dramatically down to
a few minutes as the temperature approaches to 840 ºC. The results in this paper demon‐
strate that the catalyst lifetime and the final growth length are considerably longer than reported
in the literature [12-16]. Water vapor usually plays an important role in enhancing the growth
rate and also prolonging the catalyst lifetime [35] since water vapor may clean the surface of
the catalyst particles by removing the amorphous carbon.
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CNT synthesis. The images also reveal that the growth pathway of the centimeter long CNT
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Figure 4. Experimental results from the kinetics study of centimeter long CNT array growth: (a) Growth length as a
function of the growth time. The solid red lines indicate the fitting of the analytical growth equation to the experi‐
mental results. (b) Plot of the final growth length after termination vs. deposition temperature. (c) Plot of the catalyst
lifetime as a function of the temperature.
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Fig. 5 shows the Arrhenius plot of the CNT growth rate as a function of the temperature.
The growth rate was calculated using the final growth length divided by the catalyst life‐
time. The highest growth rate achieved was 193 µm/min at 840 ºC. The present results reveal
that the growth rate is proportional to the concentration of ethylene, so first order reaction is
assumed. The activation energy E a was calculated based on the Arrhenius equation k = k 0

exp(- E a /RT) where, k0 is the frequency factor, T is the growth temperature (K), k is the reac‐
tion rate constant (in this case k is growth rate constant), and R is the ideal gas constant. The
activation energy calculated from Arrhenius equation and Fig. 5 was about 248 kJ/mol. Simi‐
larly, Zhu et al. obtained activation energy of 201.2 kJ/mol for a Fe/Al2O3/Si substrate using
ethylene as a carbon source [27]. Li et al also reported activation energy of 158 kJ/mol for the
temperature interval of 730 ºC to 780 ºC using ethylene [24]. Both groups concluded that the
growth rate was not affected by the diffusion of the carbon source to the catalysts because
the CNT length increased linearly with time. In the current paper, the same trend is ob‐
served although the catalyst lifetime and CNT growth length were much longer.

Based on the kinetics data, it was concluded that the centimeter long CNT array growth does
not fit the diffusion controlled mode and is more reasonable to be considered as a kinetical‐
ly controlled process. This conclusion is based on the specific process conditions and size of
the substrate used here. Diffusion may play a role in growth for other experimental conditions.
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Figure 5. Arrhenius plot of centimeter long CNT array growth rate as a function of 1/temperature.

Zhu et al. adopted the silicon oxidation model for a diffusion controlled mode of CNT
growth described with the equation: h 0 = 0.5(A 2 + 4Bt) 1/2 – 0.5A. Futaba et al. assumed that
the deactivation of catalyst was analogous to radioactive decay to model their super growth
of CNT via the equation: H(t) = βτ 0 (1 – e -t/ τ0 ). They demonstrated a good fit of the experi‐
mental data to the model equations. However, Futaba et al. could not extrapolate it for a lon‐
ger growth time in order to obtain the final growth length and to predict the abrupt growth
termination. Hence, the models described above cannot be adopted for the centimeter long
CNT array growth. Based on the experimental data in this paper, it was attempted to derive
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a growth model using an analytical method that can be reasonably applied to the growth of
centimeter long CNT arrays.

From Fig. 4, the growth length can be expressed by a linear equation:

GL T (t) =  GL Tf –  rg(tTf –  t) (1)

where, GL T (t) is the array length at a certain growth time t and temperature T, GL Tf is the
final growth length of the centimeter long CNT array after termination at temperature T, r g

is the growth rate and t Tf is the catalyst lifetime. The final growth length GL Tf can be ob‐
tained by the following equation depending on the deposition temperature:

In case of temperatures below 780 ºC, the final CNT length

GL Tf =  0.1367T ( ºC) –  94.1 (2)

Above deposition temperatures of 780 ºC, the final CNT length is

GL Tf =  −0.216T ( ºC) +  181 (3)

The catalyst lifetime t Tf can also be expressed by a linear equation from Fig. 6b:

tTf =  −10.08T ( ºC) +  8253.7. (4)

The solid red lines displayed in Fig. 4a are plotted based on the equation (1). As shown in
Fig. 4a, the plot fits the experimental data well. The analytical model can also predict the fi‐
nal growth length, growth rate, and catalyst lifetime for a certain CVD temperature.

3.4. Morphology of centimeter long CNTs

Fig. 6a, b and c display SEM images of centimeter long CNT arrays obtained at different
magnifications. At low magnification of 1000x (Fig. 6a) the image shows appearance of verti‐
cally aligned CNTs. Fig. 6b and c are taken at higher magnifications and reveal individual
CNTs. The images indicate that despite the long growth time and centimeter length, the
tubes grew vertically without any interruption until the catalyst activity was terminated.

HRTEM was used to study changes in the structure and diameter distribution of individual
CNTs at different growth temperatures. The images shown in Fig. 7 reveal well defined
multi-wall CNTs without metal catalyst incorporated into the tubes. At low temperatures
amorphous carbon deposited on the walls was also observed.

Fig. 7e and f show the distribution of number of walls and average tube diameter of each
wall at different growth temperatures. The diameter of CNTs is in the range of 5 to 9 nm and
is independent on the number of walls.
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Figure 6. SEM images showing side view of a centimeter long CNT array at different magnifications. The magnifica‐
tion increases from (a) to (b) and (c).

This trend was observed to be similar for every growth temperature used. We found that the
diameter distribution does not depend on the growth temperature. The distribution of the
number of walls also revealed broad range from 1 to 10 walls for each growth temperature
in Fig. 7e. Most of the tubes possess 2 to 5 walls at each growth temperature. We observed
that the single wall CNTs were produced at 800 ºC and the double wall CNTs were yielded
above 750 ºC. In our experiments, the distribution of the walls was not substantially affected
by the growth temperature. Hence, we noted that the growth temperature is not an impor‐
tant factor affecting the structure of CNTs obtained in our growth process.

Figure 7. HRTEM images and distribution of the CNTs walls at different growth temperatures: (a) 730 ºC, (b) 750 ºC,
(c) 780 ºC, (d) 820 ºC, (e) distribution of number of walls, (f) distribution of the average tube diameter of each wall for
different multiwall CNTs.
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a growth model using an analytical method that can be reasonably applied to the growth of
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From Fig. 4, the growth length can be expressed by a linear equation:

GL T (t) =  GL Tf –  rg(tTf –  t) (1)

where, GL T (t) is the array length at a certain growth time t and temperature T, GL Tf is the
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is the growth rate and t Tf is the catalyst lifetime. The final growth length GL Tf can be ob‐
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HRTEM was used to study changes in the structure and diameter distribution of individual
CNTs at different growth temperatures. The images shown in Fig. 7 reveal well defined
multi-wall CNTs without metal catalyst incorporated into the tubes. At low temperatures
amorphous carbon deposited on the walls was also observed.

Fig. 7e and f show the distribution of number of walls and average tube diameter of each
wall at different growth temperatures. The diameter of CNTs is in the range of 5 to 9 nm and
is independent on the number of walls.
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Figure 6. SEM images showing side view of a centimeter long CNT array at different magnifications. The magnifica‐
tion increases from (a) to (b) and (c).
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in Fig. 7e. Most of the tubes possess 2 to 5 walls at each growth temperature. We observed
that the single wall CNTs were produced at 800 ºC and the double wall CNTs were yielded
above 750 ºC. In our experiments, the distribution of the walls was not substantially affected
by the growth temperature. Hence, we noted that the growth temperature is not an impor‐
tant factor affecting the structure of CNTs obtained in our growth process.

Figure 7. HRTEM images and distribution of the CNTs walls at different growth temperatures: (a) 730 ºC, (b) 750 ºC,
(c) 780 ºC, (d) 820 ºC, (e) distribution of number of walls, (f) distribution of the average tube diameter of each wall for
different multiwall CNTs.
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Figure 8. Raman spectra of CNTs taken from the middle position of the CNTs: (a) Spectra at various growth tempera‐
tures, (b) ID/IG peak intensity ratios as a function of growth temperature.

Figure 9. Raman spectra of CNTs synthesized at different temperature and growth time: (a) spectra at 780 ºC, (b)
spectra at 750 ºC, (c) ID/IG peak intensity ratios vs. different growth time.

Micro-Raman spectroscopy (Renishaw inVia Reflex Micro-Raman) was used to investigate
the effect of temperature and growth time on the quality of CNT arrays using a 514 nm exci‐
tation wavelength. Fig. 8 shows Raman shift and ID/IG ratio of the CNTs at different growth
temperatures for three points along the array length. The spectra show distinguished D
band peak (near 1350 cm-1) which indicates presence of defects, disordered and amorphous
carbon. A pronounced G band peak (at 1580 cm-1) originating from graphitization of CNTs is
also displayed [36-40]. As shown in Fig. 8a, the intensity of the D band increased with in‐
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creasing of the growth temperature up to 780 ºC. Fig. 8b displays the intensity ratio ID/IG as a
function of the growth temperature from three different height positions of CNTs. The in‐
tensity ratio ID/IG was similar at bottom, middle and top positions for each growth tempera‐
ture and rose from 0.62 to 1 as the temperature increases with a maximum at 780 ºC. Fig. 9
shows Raman data for CNT arrays obtained at different growth time and temperatures. The
intensity of D peak increases linearly with rising the growth temperature as shown on Fig.
9a and b. Fig. 9c illustrates that the ID/IG ratio also increases near linearly with extending the
growth time, which indicates that the quality of CNTs deteriorates when the tubes reside
longer in the growth zone. At 750 ºC, ID/IG increased from 0.422 to 0.704 when prolonging
the growth time. The highest value 0.968 of ID/IG was obtained at 780 ºC. Fig. 9c indicates
that ID/IG values at 780 ºC are greater than those obtained at 750 ºC.

As the growth time increases, the gap between the two plots in Fig 9c broadens. Thus, the
quality of CNTs decreases faster with time at higher temperatures. The reason for this is the
accumulation of the amorphous carbon at high temperatures. These results are supported by
the presented HRTEM images.

4. Conclusions

Real-time photography was used to record the growth of centimeter long CNT arrays dur‐
ing the CVD process. The kinetics of growing vertically aligned CNTs was studied based on
the photographic images. Furthermore, we found that the CNT arrays grew by the root
growth mechanism which was proved by the carbon source interruption method and real-
time photography. The length of the CNT arrays increased linearly with growth time for all
the tested temperatures followed by an abrupt growth termination. The catalyst lifetime de‐
creased linearly with rising the deposition temperature and varied from a few minutes up to
several hundred minutes depended on the growth conditions. We found out that the forma‐
tion of centimeter long CNT array could not be described by diffusion controlled or expo‐
nentially decaying growth. This study suggests that the growth in this case is governed by a
kinetically controlled mode within the temperature interval from 730 ºC to 840 ºC. The cal‐
culated activation energy is 248 kJ/mol. An analytical model for centimeter long CNT array
synthesis was proposed which can predict the growth rate, final CNT length, and the cata‐
lyst lifetime. The obtained data indicated that the wall and diameter distribution of CNTs is
independent on the growth temperature. The quality of CNTs deteriorates with increasing
of the growth time and temperature. We found out that the amount of amorphous carbon on
the CNTs depends on the residence time of the tubes in the CVD growth zone and on the
deposition temperature. Longer residence time and higher deposition temperature accumu‐
lates greater amount of amorphous carbon.
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function of the growth temperature from three different height positions of CNTs. The in‐
tensity ratio ID/IG was similar at bottom, middle and top positions for each growth tempera‐
ture and rose from 0.62 to 1 as the temperature increases with a maximum at 780 ºC. Fig. 9
shows Raman data for CNT arrays obtained at different growth time and temperatures. The
intensity of D peak increases linearly with rising the growth temperature as shown on Fig.
9a and b. Fig. 9c illustrates that the ID/IG ratio also increases near linearly with extending the
growth time, which indicates that the quality of CNTs deteriorates when the tubes reside
longer in the growth zone. At 750 ºC, ID/IG increased from 0.422 to 0.704 when prolonging
the growth time. The highest value 0.968 of ID/IG was obtained at 780 ºC. Fig. 9c indicates
that ID/IG values at 780 ºC are greater than those obtained at 750 ºC.

As the growth time increases, the gap between the two plots in Fig 9c broadens. Thus, the
quality of CNTs decreases faster with time at higher temperatures. The reason for this is the
accumulation of the amorphous carbon at high temperatures. These results are supported by
the presented HRTEM images.
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Real-time photography was used to record the growth of centimeter long CNT arrays dur‐
ing the CVD process. The kinetics of growing vertically aligned CNTs was studied based on
the photographic images. Furthermore, we found that the CNT arrays grew by the root
growth mechanism which was proved by the carbon source interruption method and real-
time photography. The length of the CNT arrays increased linearly with growth time for all
the tested temperatures followed by an abrupt growth termination. The catalyst lifetime de‐
creased linearly with rising the deposition temperature and varied from a few minutes up to
several hundred minutes depended on the growth conditions. We found out that the forma‐
tion of centimeter long CNT array could not be described by diffusion controlled or expo‐
nentially decaying growth. This study suggests that the growth in this case is governed by a
kinetically controlled mode within the temperature interval from 730 ºC to 840 ºC. The cal‐
culated activation energy is 248 kJ/mol. An analytical model for centimeter long CNT array
synthesis was proposed which can predict the growth rate, final CNT length, and the cata‐
lyst lifetime. The obtained data indicated that the wall and diameter distribution of CNTs is
independent on the growth temperature. The quality of CNTs deteriorates with increasing
of the growth time and temperature. We found out that the amount of amorphous carbon on
the CNTs depends on the residence time of the tubes in the CVD growth zone and on the
deposition temperature. Longer residence time and higher deposition temperature accumu‐
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1. Part A: Entangled Multi-walled carbon nanotubes

1.1. Introduction

Nanotechnology is a topic attracting scientists, industrialists, journalists, governments and
even a common people alike. Carbon nanotubes (CNTs) and other carbon nanostructures
are supposed to be a key component of this nanotechnology. Having realized its tremen‐
dous application potential in nanotechnology, a huge amount of efforts and energy is invest‐
ed in CNT projects worldwide. Till date, the art of CNT synthesis lies in the optimization of
parameters for selected group materials on a particular experimental set-up. As viewed
from the perspective of green chemistry, sustaining the environment implies sustaining the
human civilization. The long-term key of a sustainable society lies in stable economy that
uses energy and resources efficiently. Therefore, it is high time to evaluate the existing CNT
techniques on these parameters.

Let us examine three popular methods of CNT synthesis viz Arc discharge, Laser-vaporiza‐
tion and CVD method. Arc-discharge method, in which the first CNT was discovered [1],
employs evaporation of graphite electrodes in electric arcs that involve very high tempera‐
tures around 4000º C. Although arc-grown CNTs are well crystallized, they are highly im‐
pure. Laser-vaporization technique employs evaporation of high-purity graphite target by
high-power lasers in conjunction with high-temperature furnaces [2]. Although laser-grown
CNTs are of high purity, their production yield is very low. Thus it is obvious that these two
methods score too low on account of efficient use of energy and resources. Chemical vapor
deposition (CVD), incorporating catalyst-assisted thermal decomposition of hydrocarbons,
is the most popular method of producing CNTs, and it is truly a low-cost and scalable tech‐
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nique for mass production of CNTs [3]. Unfortunately, however, till date only purified pe‐
troleum products such as methane, ethylene, acetylene, benzene, xylene are in practice, as
precursor, for synthesizing CNTs. Apart from petroleum based hydrocarbons, carbon nano‐
tubes have been synthesized from polymers, metallocenes and domestic fuels such as kero‐
sene and liquefied petroleum gas [4-7].

According to the principle of green chemistry, the feed stock of any industrial process must
be renewable, rather than depleting a natural resource. Moreover, the process must be de‐
signed to achieve maximum incorporation of the constituent atoms (of the feed stock) into
the final product. Hence, it is the time’s prime demand to explore regenerative materials for
CNT synthesis with high efficiency. This well-valued material of biotechnology research
was successfully brought to nanotechnology research with the first report of CNTs from nat‐
ural precursors in 2001. Since then, investigators involved with this environment-friendly
source of CNTs and established the conditions for growing multiwalled nanotubes
(MWNTs), single-wall nanotubes (SWNTs) and vertically aligned MWNTs on the suitable
catalytic support by a simple and inexpensive CVD technique. Researchers prepared good
quality of Multi-walled carbon nanotubes (MWNTs) and vertically aligned ones by thermal
decomposition of turpentine oil and Camphor [8,9]. Andrews et al. synthesized pure Single-
walled carbon nanotubes (SWNTs) by catalytic decomposition of camphor and its anologes
[10]. Ghosh et al. prepared single-walled carbon nanotubes from turpentine oil and eucat‐
lyptus oil [11]. We have succeeded in growing of CNTs from pine oil [12] and methyl ester
of Jatropha curcas oil [13], a botanical hydrocarbon extracted from plant source, having boil‐
ing point around 200 - 280º C. Being a green-plant product, these oils are eco-friendly source
and can be easily cultivated in as much quantity as required. Unlike any fossil/petroleum
product, there is no fear of its ultimate shortage as it is a regenerative source. These sources
are readily available, cheap and also user-friendly for chemical vapor deposition due to its
volatile and non-toxic nature.

United states Environmental Protection Agency has developed 12 principles of green chem‐
istry [14] that explain what the green chemistry means in practice. Using those definitions as
a protocol, we can evaluate the CNT precursor materials such as Pine oil, Methyl ester of
Jatropha curcas oil and Methyl ester of Pongamia pinnata oil, as follows.

Prevention : With the highest CNT-production efficiency, plant based precursor complies
with waste-prevention rule significantly.

Atom Economy : Botanical hydrocarbons gets maximum incorporation of its constituent
atoms into the final product, CNTs.

Less Hazardous Chemical Synthesis :  All  the substances involved in this technique (car‐
bon source,  catalyst  and support  material)  possess  little  or  no toxicity  to  human health
and the environment.

Designing Safer Chemicals: Our final product is common-grade CNTs that are apparently
safe.Safer Solvents and Auxiliaries : The only auxiliary used in our method is the metal cata‐
lyst that are apparently safe.

Syntheses and Applications of Carbon Nanotubes and Their Composites240

Design for Energy Efficiency : By virtue of a low-temperature atmospheric pressure CVD
process, the energy requirements of our technique are significantly low.

Use of Renewable Feedstock : The raw material is purely a regenerative material; so there is
no danger of depleting a natural resource.

Reduce Derivatives: No derivative is formed in this technique; solely catalyst-assisted in-situ
decomposition of plant based precursor leads to CNTs.

Catalysis: It is a purely catalytic process, no stoichiometric reagents are involved.

Design for Degradation: CNTs as such are non-biodegradable; however, their intentional
degradation can be achieved by introducing certain functional groups.

Real-time analysis for pollution Prevention: This technique as such should be fully compati‐
ble with real-time analysis for pollution prevention, if executed at an industrial laboratory.

Inherently Safer Chemistry for Accident Prevention : Substances and their form used in our
process are chosen so as to minimize the potential for chemical accidents, including releases,
explosions and fires.

In this chapter the authors discuss the morphology of the carbon nanostructures produced
using Pine oil, Methyl ester of Jatropha curcas oil and Methyl ester of Pongamia pinnata oil as
natural carbon precursors by spray pyrolysis method, a modified chemical vapor deposition
method. It is similar to chemical vapor deposition method, the only difference is the vapori‐
zation and pyrolysis of carbon source occurs simultaneously in spray pyrolysis whereas in
CVD it is a two step process. Since these precursors evaporate at relatively higher tempera‐
tures, spray pyrolysis method was adopted for synthesis of CNTs. The results show that the
morphology closely correlates with precursor concentration and the authors propose that
the effect is related to the competition between rate of decomposition of precursor and the
diffusion of carbon species through the catalyst particle.

1.2. Experimental Methods

A catalytic supporting material Fe, Co and Mo with silica (Fe:Co:Mo:SiO2 = 1:0.5:0.1:4) was pre‐
pared by wet impregnation method [15]. Appropriate quantities of metal salts (Merk) i.e.
Fe(NO3)3 .6H2O, Co(NO3)3 .3H2O and (NH4)6Mo7O24 .4H2O were dissolved in methanol and
mixed thoroughly with methanol suspension of silica (Merk). The solvent was then evaporat‐
ed and the resultant cake heated to 90-100 °C for 3 h, removed from the furnace and ground to
fine power. The fine powders were then calcined for 1 h at 450 °C and then re-ground before
loading into the reactor. The prepared catalyst was directly placed in a quartz boat and kept at
the centre of a quartz tube which was placed inside a tubular furnace. The carrier gas nitrogen
was introduced at the rate of 100 mL per minute into the quartz tube to remove the presence of
any oxygen inside the quartz tube. The temperature was raised from room temperature to the
desired growing temperature. Subsequently, the carbon precursor was introduced into the
quartz tube through spray nozzle and the flow was maintained at the rate of 0.1 - 0.5 ml/min.
Spray pyrolysis was carried out for 45 minutes and thereafter furnace was cooled to room tem‐
perature. Nitrogen atmosphere was maintained throughout the experiment. The morphology
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and degree of graphitization of the as-grown nanostructures were characterized by high reso‐
lution  transmission  electron  microscopy  (JEOL-3010),  Raman  spectroscopy  (JASCO
NRS-1500W) green laser with excitation wavelength 532 nm) and thermo gravimetric analysis
(TGA). The as-grown products were subjected to purification process as follows [16]. The sam‐
ple material was added to 20 ml 1N HCl to form an acidic slurry. This slurry was heated to 60
°C and stirred at 600 rpm. To this heated acidic slurry 20 ml H2O2 was added to form oxidative
slurry and stirred for 30 minutes. The sample was filtered and washed with 1N HCl and distil‐
led water. The collected sample was calcined at 400 °C in nitrogen atmosphere for 2 hours. The
experiment at optimum reaction conditions were repeated several times to ensure the repro‐
ducibility of formation of carbon nanostructures.

1.3. Result and Discussion

Pine oil, Methyl ester of Jatropha curcas oil and Methyl ester of Pongamia pinnata oil were
used for synthesis of carbon nano structures by spray pyrolysis method. These oils were in‐
dividually sprayed at different rate (10 mL, 20 mL and 30 mL per hour) over silica support‐
ed Fe, Co and Mo catalyst at different reaction temperatures (550 °C, 650 °C and 750 °C) to
synthesis carbon nanostructures. The as-grown nanostructures were characterized by SEM,
TEM, TGA and Raman spectroscopy techniques.

The result shows low yield of carbon nano structures with three types of precursors, Pine
oil, Methyl ester of Jatropha curcas oil and Methyl ester of Pongamia pinnata oil, when sprayed
individually at the precursor flow rate of 10mL per hour over silica supported Fe, Co and
Mo catalyst at 550 °C. An improved carbon nanostructure formation at 650 °C for the pre‐
cursor flow rate of 20 mL per hour was observed invariably for the three precursor materi‐
als. When the experimental condition was either 750 °C or precursor flow rate of 30 mL per
hour, decrease in carbon nanotube yield observed.

Figure 1 illustrates the SEM image of the CNTs samples grown at different temperatures us‐
ing pine oil as precursor at a flow rate of 20 mL per hour. At 550 °C few CNTs were found to
grow because this temperature is not sufficient to pyrolyse the carbon source (Fig. 1a). On
the other hand, at 650 °C (Fig. 1b) the formation of CNTs is high because at this temperature
the carbon source decomposes effectively. At 750 °C, the quantity of CNTs has decreased
and thick nanotubes have been formed (Fig. 1c). Experiments with methyl ester of Jatropha
Curcas oil as a carbon precursor at different temperatures were conducted and the SEM im‐
ages of the sample were recorded. The SEM images of sample synthesized at 650 °C re‐
vealed the formation of homogeneous and dense distribution of CNTs in a web-like network
(Fig. 1e), while very few nanotubes formation at 550 °C (Fig. 1g).

At higher temperature (750 °C) an increase in diameter of the CNTs was observed (Fig. 1f). The
morphology of carbon nanotube synthesized at different temperatures using methyl ester of
Pongamia pinnata oil are recorded using SEM. Few carbon nanostructures were observed at a
lower deposition temperature of 550 °C (Fig. 1g). When the temperature was increased to 650
°C chain like carbon nanostructure was dominant (Fig. 1h). At 750 °C, a more uniform distribu‐
tion of MWNTs was observed with a diameter of around 150 nm (Fig. 1i).
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Figure 1. Representative SEM images of as-grown CNTs at different temperatures using Pine oil (a-c), Methyl ester of
Jatropha carcus oil (d-f) and Methyl ester of Pongamia pinnata oil (g-i).

The TEM result shows varied morphologies of carbon nanostructures synthesized at differ‐
ent experimental conditions. All the three precursors used in this study produced mostly
amorphous carbon at 550 °C for different flow rate of precursor materials. When the reaction
temperature was 650 °C, Pine oil at a flow rate of 20 mL per hour, produced MWNTs of
good quality (Fig.2a). The HRTEM result of sample obtained with pine oil as a precursor at a
flow rate of 30 mL per hour and reaction temperature of 650 °C, shows (Fig.2b) that the in‐
ner and outer diameter of the synthesized MWNTs was about 6.6 and 14 nm and consist of
11 graphene layers with inter layer distance of 0.342 nm. The outer layer of MWNTs were
covered with amorphous carbon. Methyl ester of Jatropha curcas oil produced well crystalline
MWNTs of inner and outer diameter of 3 nm and 9 nm respectively, when the precursor
sprayed at a flow rate of 20 mL per hour over silica supported Fe, Co and Mo catalyst at
reaction temperature of 650°C (Fig. 2d). However, an increase of precursor flow rate to 30
mL per hour at the same temperature produced largely amorphous carbon and small quan‐
tity of metal encapsulated MWNTs of size around 40 nm (Fig. 2c). A metal filled MWNTs of
inner and outer diameter of 4 nm and 24 nm respectively was observed when methyl ester
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of Pongamia Pinnata oil, at a flow rate of 20 mL per hour, was spray pyrolysed at 650 °C over
silica supported Fe, Co and Mo catalyst. When flow rate was increased to 30 mL per hour, a
short growth of metal encapsulated carbon nanostructures was observed (Fig. 2e). The TEM
and TGA studies revel that the carbon nanostructures are not well graphitized.

Figure 2. Representative TEM images of as-grown CNTs under constant reaction temperature of 650 °C for flow rate
of precursor: Pine oil (a) 20 mL per hour (b) 30 mL per hour; Methyl ester of Jatropha carcus oil (c) 30 mL per hour (d)
20 mL per hour and Methyl ester of Pongamia pinnata oil (e) 30 mL per hour (f) 20 mL per hour.

The Fig. 2a shows TEM images of sample prepared using Pine oil as carbon source at a flow
rate of 20 mL per hour over silica supported Fe, Co and Mo catalyst at a reaction temperature of
650°C. The TEM images indicate that the inner and outer diameter was uniform over entire
length of the tube. It is also evident that carbon nanotubes do not contain encapsulated catalyst
but amorphous carbon at the outer wall of the tube. The well crystallization of the graphene
layer was confirmed from the IG/ID ratio of 2.5 (Fig.3a). The IG/ID ratio increases with increase of
precursor flow rate from 10mL per hour to 20 mL per hour, but further increase of precursor
flow rate to 30mL per hour results in decrease of IG/ID ratio to 0.5 (Fig.3b). The improved quali‐
ty can be attributed to increase of precursor concentration in the tube. The higher flow rate of
precursor (20 mL per hour) increases precursor concentration in the tube which leads to in‐
crease in decomposition of precursor over catalyst.  Thus quality carbon nanotubes were
formed at a reaction temperature of 650 °C. However, too high a concentration of precursor (30
mL per hour) or a reaction temperature of 750 °C leads to the formation of amorphous product
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as vapor phase decomposition of precursor is promoted than the decomposition over catalyst.
The results are in good accordance with the reports by Afre et al. [17]. They have synthesized
MWNTs using turpentine oil as a precursor by spray pyrolysis method in the temperature
range of 600 to 800 °C. While Ghosh and co workers [18] reported synthesis of single walled
carbon nanotube at a reaction temperature of 850 °C and abundant amount of MWCNTs at
lower temperatures using turpentine oil as precursor by CVD method. No lower frequency
RBM peaks in Raman spectra of our samples shows the absence of SWNTs.

Figure 3. Typical Raman spectrum (green laser with excitation wavelength 532 nm) of as-grown MWNTs at different
flow rate of precursors: Pine oil (a) 20 mL per hour (b) 30 mL per hour; Methyl ester of Jatropha carcus oil (c) 20 mL per
hour (d) 30 mL per hour and Methyl ester of Pongamia pinnata oil (e) 20 mL per hour (f) 30 mL per hour.

Thermogravimetric analysis was performed to characterize the thermal behavior of the car‐
bon nanotube synthesized using Pine oil as precursor. The Thermogravimetric graph shows
the wt% vs. temperature. Upto a certain period of time there is no weight loss. The oxidation
of carbon deposit starts after this point which is indicated by a dip in curve. With increase in
temperature the weight loss increases till all the carbon get burnt. The residue is the catalyst
and support. The TGA curves gives the temperature corresponds to the maximum mass de‐
crease, which is considered to be a measure of the level of crystallinity of carbon nanotube.
The TGA results (Fig.4a,b,c) shows the variation in decomposition temperature for the prod‐
ucts synthesized at 650 °C for different flow rate of Pine oil precursor. It was found that the
decomposition temperature varied between 568 and 591 °C. The relatively high decomposi‐
tion temperature of 591 °C for the product synthesized at a reaction temperature of 650 °C
for precursor flow rate of 20 mL per hour indicates well crystalline structure formation.

A HRTEM images (Fig. 2d) of sample prepared using Methyl ester of Jatropha curcas oil as
carbon precursor at a flow rate of 20 mL per hour over silica supported Fe, Co and Mo
catalyst at a reaction temperature of 650°C clearly shows well graphitized layers of a typi‐
cal MWNTs with uniform inner and outer diameter. The TEM image also revels that en‐
capsulated catalyst or amorphous carbon is rarely seen in the sample. The image indicates
that the MWNTs are composed of around 26 walls and layers grow perpendicular to the
growth axis of the tube. An increase of precursor flow rate to 30 mL per hour at the reac‐
tion  temperature  of  650  °C  produced  largely  amorphous  carbon  and  small  quantity  of
metal incorporated MWNTs of size around 40 nm is evident from the TEM images (Fig.
2c). An additional confirmation for high degree graphitization and formation of metal fil‐
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of Pongamia Pinnata oil, at a flow rate of 20 mL per hour, was spray pyrolysed at 650 °C over
silica supported Fe, Co and Mo catalyst. When flow rate was increased to 30 mL per hour, a
short growth of metal encapsulated carbon nanostructures was observed (Fig. 2e). The TEM
and TGA studies revel that the carbon nanostructures are not well graphitized.

Figure 2. Representative TEM images of as-grown CNTs under constant reaction temperature of 650 °C for flow rate
of precursor: Pine oil (a) 20 mL per hour (b) 30 mL per hour; Methyl ester of Jatropha carcus oil (c) 30 mL per hour (d)
20 mL per hour and Methyl ester of Pongamia pinnata oil (e) 30 mL per hour (f) 20 mL per hour.

The Fig. 2a shows TEM images of sample prepared using Pine oil as carbon source at a flow
rate of 20 mL per hour over silica supported Fe, Co and Mo catalyst at a reaction temperature of
650°C. The TEM images indicate that the inner and outer diameter was uniform over entire
length of the tube. It is also evident that carbon nanotubes do not contain encapsulated catalyst
but amorphous carbon at the outer wall of the tube. The well crystallization of the graphene
layer was confirmed from the IG/ID ratio of 2.5 (Fig.3a). The IG/ID ratio increases with increase of
precursor flow rate from 10mL per hour to 20 mL per hour, but further increase of precursor
flow rate to 30mL per hour results in decrease of IG/ID ratio to 0.5 (Fig.3b). The improved quali‐
ty can be attributed to increase of precursor concentration in the tube. The higher flow rate of
precursor (20 mL per hour) increases precursor concentration in the tube which leads to in‐
crease in decomposition of precursor over catalyst.  Thus quality carbon nanotubes were
formed at a reaction temperature of 650 °C. However, too high a concentration of precursor (30
mL per hour) or a reaction temperature of 750 °C leads to the formation of amorphous product
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as vapor phase decomposition of precursor is promoted than the decomposition over catalyst.
The results are in good accordance with the reports by Afre et al. [17]. They have synthesized
MWNTs using turpentine oil as a precursor by spray pyrolysis method in the temperature
range of 600 to 800 °C. While Ghosh and co workers [18] reported synthesis of single walled
carbon nanotube at a reaction temperature of 850 °C and abundant amount of MWCNTs at
lower temperatures using turpentine oil as precursor by CVD method. No lower frequency
RBM peaks in Raman spectra of our samples shows the absence of SWNTs.

Figure 3. Typical Raman spectrum (green laser with excitation wavelength 532 nm) of as-grown MWNTs at different
flow rate of precursors: Pine oil (a) 20 mL per hour (b) 30 mL per hour; Methyl ester of Jatropha carcus oil (c) 20 mL per
hour (d) 30 mL per hour and Methyl ester of Pongamia pinnata oil (e) 20 mL per hour (f) 30 mL per hour.

Thermogravimetric analysis was performed to characterize the thermal behavior of the car‐
bon nanotube synthesized using Pine oil as precursor. The Thermogravimetric graph shows
the wt% vs. temperature. Upto a certain period of time there is no weight loss. The oxidation
of carbon deposit starts after this point which is indicated by a dip in curve. With increase in
temperature the weight loss increases till all the carbon get burnt. The residue is the catalyst
and support. The TGA curves gives the temperature corresponds to the maximum mass de‐
crease, which is considered to be a measure of the level of crystallinity of carbon nanotube.
The TGA results (Fig.4a,b,c) shows the variation in decomposition temperature for the prod‐
ucts synthesized at 650 °C for different flow rate of Pine oil precursor. It was found that the
decomposition temperature varied between 568 and 591 °C. The relatively high decomposi‐
tion temperature of 591 °C for the product synthesized at a reaction temperature of 650 °C
for precursor flow rate of 20 mL per hour indicates well crystalline structure formation.

A HRTEM images (Fig. 2d) of sample prepared using Methyl ester of Jatropha curcas oil as
carbon precursor at a flow rate of 20 mL per hour over silica supported Fe, Co and Mo
catalyst at a reaction temperature of 650°C clearly shows well graphitized layers of a typi‐
cal MWNTs with uniform inner and outer diameter. The TEM image also revels that en‐
capsulated catalyst or amorphous carbon is rarely seen in the sample. The image indicates
that the MWNTs are composed of around 26 walls and layers grow perpendicular to the
growth axis of the tube. An increase of precursor flow rate to 30 mL per hour at the reac‐
tion  temperature  of  650  °C  produced  largely  amorphous  carbon  and  small  quantity  of
metal incorporated MWNTs of size around 40 nm is evident from the TEM images (Fig.
2c). An additional confirmation for high degree graphitization and formation of metal fil‐
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led MWNTs for sample prepared using the precursor flow rate of 20 mL per hour and 30
mL per hour respectively is shown by Raman spectra (Fig. 3c,d). The G band at 1571 cm-1

was attributed to well crystallized carbon structure, while the D band at 1359 cm-1 was at‐
tributed to defects in the structure [19].  The decrease in relative intensity of the G band
and D band (IG/ID ratio) for sample prepared with precursor flow rate of 30 mL per hour
indicates more defects in as-grown sample (Fig. 3d). The defects in MWNTs can be attrib‐
uted to increase of precursor concentration in the tube and encapsulation of catalyst parti‐
cles. An increase of precursor concentration in the tube leads to increase in decomposition
of precursor over catalyst. Above the critical concentration of precursor, rate of decompo‐
sition of precursor exceeds rate of diffusion of carbon into the catalyst particle and thus
encapsulation of metal particle occurs. The TGA results of MWNTs sample grown using
methyl ester of Jatropha curcas oil are shown in (Fig.4d,e,f). Higher decomposition temper‐
ature and 37% residue observed in the TGA studies for the product synthesized at a reac‐
tion temperature of 650 °C for precursor flow rate of 20 mL per hour shows the sample
contain around 60% MWNTs with well  crystallized structure.  A decrease in decomposi‐
tion temperature and high residue shows defects in structure and metal encapsulation for
the sample prepared at 650 °C for the precursor flow rate of 30 mL per hour.

Figure 4. TGA curves of as-grown CNTs samples at different flow rate of precursors: Pine oil (a) 10 mL per hour (b) 20
mL per hour (c) 30 mL per hour, Methyl ester of Jatropha carcus oil (d) 10 mL per hour (e) 20 mL per hour (f) 30 mL per
hour, Methyl ester of Pongamia pinnata oil, as-grown, (g) 10 mL per hour (h) 20 mL per hour (i) 30 mL per hour and
purified (j) 10 mL per hour (k) 20 mL per hour (l) 30 mL per hour.

The TEM images of sample synthesized for 20 mL per hour flow rate of methyl ester of pon‐
gamia pinnata oil over silica supported Fe, Co and Mo catalyst at a reaction temperature of
650 °C was shown in Fig. 2f. The average outer diameter of the tube synthesized varied ran‐
domly as the reaction temperature was changed. At 550 °C, the diameter of the arborization-
like nanostructures were around 65 nm, whilst at 650 °C, the formed MWNTs has inner and
outer diameter in the range of 7nm & 33nm. The HRTEM image of the sample synthesized
at 650 °C (Fig.2f) indicates the metal particles, seen as a dark spot on the image, were tightly
covered by carbon layers with a thickness of a few nanometers. When precursor flow rate
was reduced from 30 to 20 mL per hour, due to effective decomposition of precursor and the
fluid nature of catalyst particle, the morphology of the product changed from arborization-
like nanostructure to magnetic nanopartical encapsulated in multi-walled carbon nanotubes.
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A similar observation was reported by Kang et al. [20]. Also, morphology change from mag‐
netic nanopartical encapsulated in multi-walled carbon nanotubes to multi-walled carbon
nanotubes structure was attributed to the high fluid nature of catalyst at 750 °C. The inner
diameter of the carbon structure formed is same as that observed for products synthesized
at 650 °C indicates the prevention of agglomeration of catalyst particles by Mo [21].

Amorphous carbon formation in large quantity, at 750 °C or at precursor flow rate of 30mL per
hour, may be due to increased thermal decomposition of precursor material. The TGA results
are shown in Fig.4g,h,i. It is evident that the weight loss continues to increase rapidly with tem‐
perature until reaches a constant value. Residue of the as-grown sample for precursor flow rate
of 10 mL, 20 mL and 30 mL per hour at 650 °C was found to be 63.2, 60.9 and 50.5% respectively
by weight (Fig.4g,h,i). The TGA results of same samples after purification shows (Fig. 4j,k,l)
weight of residue as 3.5, 22.5 and 2.5% mass fraction. The more decline in mass fraction was
caused by the acid leaching of catalyst particles that was not encapsulated by carbon. The low
residue observed for products synthesized at 550 °C and 750 °C are attributed to low catalytic
activity and high thermal decomposition of precursors respectively, which leads to formation
of high amorphous carbon and low encapsulated products. The products synthesized at 650 °C
shows minimum mass loss in TGA studies, even after purification, is due to better encapsula‐
tion of metal particles by carbon layers. The IG/ID value of 0.9 (Fig.3e) for samples prepared at
650 °C with flow rate of 20 mL per hour indicates that magnetic nanoparticals encapsulated in
carbon nanotubes structure had defects and moderate crystallization of graphene planes
[22,23]. This supports the HRTEM results. The increased IG/ID value of 1.87 (Fig. 3f) for the same
sample, after purification indicates the removal of amorphous carbon and defective structures
during purification. The removal of amorphous carbon and defective structures were further
supported by higher ignition temperature 610 °C in TGA studies. According to TGA curves,
weight of residue for the purified sample decreased to about 13 to 31% mass fraction compar‐
ing to unpurified sample due to leaching of metal particle and amorphous carbon removal
during purification process. This shows that carbon layers covering the metal particles prevent
their dissolution during purification process.

The mechanism of CNT nucleation and growth is one of the challenging and complex topics
in current scientific research. Presently, various growth models based on experimental and
quantitative studies have been proposed. It is well established, that during CNT nucleation
and growth the following consecutive steps were taken place [24].

1. Carbon species formation by decomposition of precursor over the catalyst

2. Diffusion of carbon species through the catalyst particle

3. Precipitation of the carbon in the form of CNTs

The first step involves formation of carbon species by catalytic vapor decomposition of va‐
pors of the precursor material over the catalyst. In the second step the diffusion of carbon
species through the catalyst particle takes place. The catalyst surface may exert a diffusion
barrier. It is still unclear whether carbon species diffuse on the particle surface [25], on the
particle bulk [24] or whether surface and diffusion compete. The most accepted growth
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led MWNTs for sample prepared using the precursor flow rate of 20 mL per hour and 30
mL per hour respectively is shown by Raman spectra (Fig. 3c,d). The G band at 1571 cm-1

was attributed to well crystallized carbon structure, while the D band at 1359 cm-1 was at‐
tributed to defects in the structure [19].  The decrease in relative intensity of the G band
and D band (IG/ID ratio) for sample prepared with precursor flow rate of 30 mL per hour
indicates more defects in as-grown sample (Fig. 3d). The defects in MWNTs can be attrib‐
uted to increase of precursor concentration in the tube and encapsulation of catalyst parti‐
cles. An increase of precursor concentration in the tube leads to increase in decomposition
of precursor over catalyst. Above the critical concentration of precursor, rate of decompo‐
sition of precursor exceeds rate of diffusion of carbon into the catalyst particle and thus
encapsulation of metal particle occurs. The TGA results of MWNTs sample grown using
methyl ester of Jatropha curcas oil are shown in (Fig.4d,e,f). Higher decomposition temper‐
ature and 37% residue observed in the TGA studies for the product synthesized at a reac‐
tion temperature of 650 °C for precursor flow rate of 20 mL per hour shows the sample
contain around 60% MWNTs with well  crystallized structure.  A decrease in decomposi‐
tion temperature and high residue shows defects in structure and metal encapsulation for
the sample prepared at 650 °C for the precursor flow rate of 30 mL per hour.

Figure 4. TGA curves of as-grown CNTs samples at different flow rate of precursors: Pine oil (a) 10 mL per hour (b) 20
mL per hour (c) 30 mL per hour, Methyl ester of Jatropha carcus oil (d) 10 mL per hour (e) 20 mL per hour (f) 30 mL per
hour, Methyl ester of Pongamia pinnata oil, as-grown, (g) 10 mL per hour (h) 20 mL per hour (i) 30 mL per hour and
purified (j) 10 mL per hour (k) 20 mL per hour (l) 30 mL per hour.

The TEM images of sample synthesized for 20 mL per hour flow rate of methyl ester of pon‐
gamia pinnata oil over silica supported Fe, Co and Mo catalyst at a reaction temperature of
650 °C was shown in Fig. 2f. The average outer diameter of the tube synthesized varied ran‐
domly as the reaction temperature was changed. At 550 °C, the diameter of the arborization-
like nanostructures were around 65 nm, whilst at 650 °C, the formed MWNTs has inner and
outer diameter in the range of 7nm & 33nm. The HRTEM image of the sample synthesized
at 650 °C (Fig.2f) indicates the metal particles, seen as a dark spot on the image, were tightly
covered by carbon layers with a thickness of a few nanometers. When precursor flow rate
was reduced from 30 to 20 mL per hour, due to effective decomposition of precursor and the
fluid nature of catalyst particle, the morphology of the product changed from arborization-
like nanostructure to magnetic nanopartical encapsulated in multi-walled carbon nanotubes.
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A similar observation was reported by Kang et al. [20]. Also, morphology change from mag‐
netic nanopartical encapsulated in multi-walled carbon nanotubes to multi-walled carbon
nanotubes structure was attributed to the high fluid nature of catalyst at 750 °C. The inner
diameter of the carbon structure formed is same as that observed for products synthesized
at 650 °C indicates the prevention of agglomeration of catalyst particles by Mo [21].

Amorphous carbon formation in large quantity, at 750 °C or at precursor flow rate of 30mL per
hour, may be due to increased thermal decomposition of precursor material. The TGA results
are shown in Fig.4g,h,i. It is evident that the weight loss continues to increase rapidly with tem‐
perature until reaches a constant value. Residue of the as-grown sample for precursor flow rate
of 10 mL, 20 mL and 30 mL per hour at 650 °C was found to be 63.2, 60.9 and 50.5% respectively
by weight (Fig.4g,h,i). The TGA results of same samples after purification shows (Fig. 4j,k,l)
weight of residue as 3.5, 22.5 and 2.5% mass fraction. The more decline in mass fraction was
caused by the acid leaching of catalyst particles that was not encapsulated by carbon. The low
residue observed for products synthesized at 550 °C and 750 °C are attributed to low catalytic
activity and high thermal decomposition of precursors respectively, which leads to formation
of high amorphous carbon and low encapsulated products. The products synthesized at 650 °C
shows minimum mass loss in TGA studies, even after purification, is due to better encapsula‐
tion of metal particles by carbon layers. The IG/ID value of 0.9 (Fig.3e) for samples prepared at
650 °C with flow rate of 20 mL per hour indicates that magnetic nanoparticals encapsulated in
carbon nanotubes structure had defects and moderate crystallization of graphene planes
[22,23]. This supports the HRTEM results. The increased IG/ID value of 1.87 (Fig. 3f) for the same
sample, after purification indicates the removal of amorphous carbon and defective structures
during purification. The removal of amorphous carbon and defective structures were further
supported by higher ignition temperature 610 °C in TGA studies. According to TGA curves,
weight of residue for the purified sample decreased to about 13 to 31% mass fraction compar‐
ing to unpurified sample due to leaching of metal particle and amorphous carbon removal
during purification process. This shows that carbon layers covering the metal particles prevent
their dissolution during purification process.

The mechanism of CNT nucleation and growth is one of the challenging and complex topics
in current scientific research. Presently, various growth models based on experimental and
quantitative studies have been proposed. It is well established, that during CNT nucleation
and growth the following consecutive steps were taken place [24].

1. Carbon species formation by decomposition of precursor over the catalyst

2. Diffusion of carbon species through the catalyst particle

3. Precipitation of the carbon in the form of CNTs

The first step involves formation of carbon species by catalytic vapor decomposition of va‐
pors of the precursor material over the catalyst. In the second step the diffusion of carbon
species through the catalyst particle takes place. The catalyst surface may exert a diffusion
barrier. It is still unclear whether carbon species diffuse on the particle surface [25], on the
particle bulk [24] or whether surface and diffusion compete. The most accepted growth
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model suggests bulk diffusion of carbon species into the metal particles [26]. The third step
is the precipitation of the carbon in the form of CNTs from the saturated catalyst particle.

Figure 5. TEM images of as-grown CNTs sample synthesized under constant reaction temperature of 650 °C usingr
Methyl ester of Pongamia pinnata oil at a flow rate of 20 mL per hour. (a) indicates the reshaping of catalyst particle
(b) metal particle at the tip of tube.

Based on experimental results, a possible growth mechanism of MWNTs was proposed. It is
known from the fact that Catalytic centers on catalyst particle act as nucleation site for the
growth of MWNTs [22]. The precursor vapor decomposed on surface of the catalyst particle
produces carbon. As the reactivity between the catalyst and the carbon exceeds the thresh‐
old value, carbon atoms loose their mobility in the solid solution, forming metal carbides
[23]. These meta stable Fe and Co carbides decomposed and produce carbon which dissolve
in these metal particles. The dissolved carbon diffuses through the metal particle and gets
precipitated in the form of crystalline graphene layer. This carburized surface acts as a barri‐
er for further carbon transfer from the gas phase to the bulk of the catalyst since carbon dif‐
fusion is slower through metal carbides [27]. The saturated metal carbide have lower
melting point and they are fluid like during the growth process [28].

If the rate of precursor decomposition and the rate of diffusion of carbon are equal, then the
metal raise through a capillary action and tube growth occurs. The fact that long carbon
nanotubes observed have their catalyst particles partially exposed indicates that the direct
contact of catalyst surface with carbon precursor is essential for continuous CNT growth
(Fig. 5a). This is consistent with the growth mechanism proposed by Rodriguez [29]. In case
the decomposition rate exceeds the diffusion rate, more of carbon produced forms a thick
carbide layer over the surface of metal which acts as a barrier for further carbon transfer
from the gas phase to the bulk of the catalyst. However, the thick carbide layer crystallizes
out as graphene layer which encapsulate the metal particle. When a catalyst particle is fully
encapsulated by layers of graphene sheets, the carbon supply route is cut and CNT growth
stops resulting in short MWCNTs. The catalyst particle undergoes several mechanical re‐
shaping during the tip growth of multi-walled nanotubes [30, 31]. This gives the impression
that the catalyst is in liquid state during reaction. The catalyst particle seen inside and at the
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tip of tube could be the solidified form of the liquid phase metal particle. Thus the growth
process is by the vapor–liquid–solid (VLS) mechanism [32].

The CNTs grow with either a tip growth mode or a base growth mode. Base growth mode is
suggested when the catalyst particle remain attached to the support, while tip growth hap‐
pens when the catalyst particle lifts off the support material. These growth modes depends
on the contact forces or adhesion forces between the catalyst particle and support [33], while
a weak contact favors tip-growth mechanism, a strong interaction promotes base growth
[34]. Catalyst particle seen at tip of CNTs (Fig. 5b) indicate tip growth mode. These catalyst
particles have lifted off the support and elongated due to the flow nature and stress induced
by the carbon surrounding the catalyst.

2. Part B: Vertically-aligned carbon nanotubes

2.1. Introduction

Aligned carbon nanotubes were first reported by Thess et al.[2]. In the same year the Chi‐
nese academy of science reported that a 50 µm thick film of highly aligned nanotubes had
successfully grown by chemical vapor deposition (CVD) [35]. Vertically aligned CNTs are
quasi-dimensional carbon cylinders that align perpendicular to a substrate [36]. Vertically
aligned with high aspect ratios [37] and uniform tube length made it easy spinning into
macroscopic fibres [38] Aligned CNTs are widely used in nano electronics, composite mate‐
rials as reinforcing agents and self-cleaning applications [39-41]. Aligned CNTs are ideal
electrode material for biosensors over entangled CNTs, may be due to its high electrical con‐
ductive property [42]. Large CNT arrays have successfully been grown on different sub‐
strates, such as mesoporous silica [43] planar silicon substrate [44] and quartz glass plate
[45]. Substrate provides a solid foundation for growing aligned CNTs. The substrate must
able to inhibit the mobility of the catalyst particles in order to prevent agglomeration. The
most commonly used active catalyst for growing CNTs are magnetic elements such as Fe,
Co or Ni. Gunjishima et al. [46] used Fe-V bimetallic catalyst for synthesize of aligned
DWCNTs. Recently, there have been appreciable attempt of using ferrocence as a catalyst
for synthesis of aligned carbon nanotubes[47]. Here we report fabrication of aligned CNTs
by spray pyrolysis on silicon wafer using mixture of Pine oil, Methyl ester of Jatropha curcas
oil and Methyl ester of Pongamia pinnata oil with ferrocence.

2.2. Experimental Methods

The syntheses of aligned CNTs were carried out using the spray pyrolysis method. In this
spray pyrolysis method, pyrolysis of the carbon precursor with a catalyst take place followed
by deposition of aligned CNTs occur on silicon substrate. Pine oil, Methyl ester of Jatropha cur‐
cas oil and Methyl ester of Pongamia pinnata oil were used as carbon source and ferrocene [Fe
(C5H5)2] (Sigma Aldrich, high purity 98 %) was used as a source of Fe which acts as a catalyst for
the growth of CNTs. n type silicon wafer (100) of size (1x1cm 2) was used as a substrate and
kept inside the quartz tube. In a typical experiment, the quartz tube was first flushed with ar‐
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model suggests bulk diffusion of carbon species into the metal particles [26]. The third step
is the precipitation of the carbon in the form of CNTs from the saturated catalyst particle.

Figure 5. TEM images of as-grown CNTs sample synthesized under constant reaction temperature of 650 °C usingr
Methyl ester of Pongamia pinnata oil at a flow rate of 20 mL per hour. (a) indicates the reshaping of catalyst particle
(b) metal particle at the tip of tube.

Based on experimental results, a possible growth mechanism of MWNTs was proposed. It is
known from the fact that Catalytic centers on catalyst particle act as nucleation site for the
growth of MWNTs [22]. The precursor vapor decomposed on surface of the catalyst particle
produces carbon. As the reactivity between the catalyst and the carbon exceeds the thresh‐
old value, carbon atoms loose their mobility in the solid solution, forming metal carbides
[23]. These meta stable Fe and Co carbides decomposed and produce carbon which dissolve
in these metal particles. The dissolved carbon diffuses through the metal particle and gets
precipitated in the form of crystalline graphene layer. This carburized surface acts as a barri‐
er for further carbon transfer from the gas phase to the bulk of the catalyst since carbon dif‐
fusion is slower through metal carbides [27]. The saturated metal carbide have lower
melting point and they are fluid like during the growth process [28].

If the rate of precursor decomposition and the rate of diffusion of carbon are equal, then the
metal raise through a capillary action and tube growth occurs. The fact that long carbon
nanotubes observed have their catalyst particles partially exposed indicates that the direct
contact of catalyst surface with carbon precursor is essential for continuous CNT growth
(Fig. 5a). This is consistent with the growth mechanism proposed by Rodriguez [29]. In case
the decomposition rate exceeds the diffusion rate, more of carbon produced forms a thick
carbide layer over the surface of metal which acts as a barrier for further carbon transfer
from the gas phase to the bulk of the catalyst. However, the thick carbide layer crystallizes
out as graphene layer which encapsulate the metal particle. When a catalyst particle is fully
encapsulated by layers of graphene sheets, the carbon supply route is cut and CNT growth
stops resulting in short MWCNTs. The catalyst particle undergoes several mechanical re‐
shaping during the tip growth of multi-walled nanotubes [30, 31]. This gives the impression
that the catalyst is in liquid state during reaction. The catalyst particle seen inside and at the
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tip of tube could be the solidified form of the liquid phase metal particle. Thus the growth
process is by the vapor–liquid–solid (VLS) mechanism [32].

The CNTs grow with either a tip growth mode or a base growth mode. Base growth mode is
suggested when the catalyst particle remain attached to the support, while tip growth hap‐
pens when the catalyst particle lifts off the support material. These growth modes depends
on the contact forces or adhesion forces between the catalyst particle and support [33], while
a weak contact favors tip-growth mechanism, a strong interaction promotes base growth
[34]. Catalyst particle seen at tip of CNTs (Fig. 5b) indicate tip growth mode. These catalyst
particles have lifted off the support and elongated due to the flow nature and stress induced
by the carbon surrounding the catalyst.

2. Part B: Vertically-aligned carbon nanotubes

2.1. Introduction

Aligned carbon nanotubes were first reported by Thess et al.[2]. In the same year the Chi‐
nese academy of science reported that a 50 µm thick film of highly aligned nanotubes had
successfully grown by chemical vapor deposition (CVD) [35]. Vertically aligned CNTs are
quasi-dimensional carbon cylinders that align perpendicular to a substrate [36]. Vertically
aligned with high aspect ratios [37] and uniform tube length made it easy spinning into
macroscopic fibres [38] Aligned CNTs are widely used in nano electronics, composite mate‐
rials as reinforcing agents and self-cleaning applications [39-41]. Aligned CNTs are ideal
electrode material for biosensors over entangled CNTs, may be due to its high electrical con‐
ductive property [42]. Large CNT arrays have successfully been grown on different sub‐
strates, such as mesoporous silica [43] planar silicon substrate [44] and quartz glass plate
[45]. Substrate provides a solid foundation for growing aligned CNTs. The substrate must
able to inhibit the mobility of the catalyst particles in order to prevent agglomeration. The
most commonly used active catalyst for growing CNTs are magnetic elements such as Fe,
Co or Ni. Gunjishima et al. [46] used Fe-V bimetallic catalyst for synthesize of aligned
DWCNTs. Recently, there have been appreciable attempt of using ferrocence as a catalyst
for synthesis of aligned carbon nanotubes[47]. Here we report fabrication of aligned CNTs
by spray pyrolysis on silicon wafer using mixture of Pine oil, Methyl ester of Jatropha curcas
oil and Methyl ester of Pongamia pinnata oil with ferrocence.

2.2. Experimental Methods

The syntheses of aligned CNTs were carried out using the spray pyrolysis method. In this
spray pyrolysis method, pyrolysis of the carbon precursor with a catalyst take place followed
by deposition of aligned CNTs occur on silicon substrate. Pine oil, Methyl ester of Jatropha cur‐
cas oil and Methyl ester of Pongamia pinnata oil were used as carbon source and ferrocene [Fe
(C5H5)2] (Sigma Aldrich, high purity 98 %) was used as a source of Fe which acts as a catalyst for
the growth of CNTs. n type silicon wafer (100) of size (1x1cm 2) was used as a substrate and
kept inside the quartz tube. In a typical experiment, the quartz tube was first flushed with ar‐
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gon (Ar) gas in order to eliminate air from the quartz tube and then heated to a reaction temper‐
ature.  The  precursor  mixture  was  sprayed  into  the  quartz  tube,  using  Ar  gas.  The
concentration of ferrocene in carbon precursor was ~25 mg/ml. The flow rate of Ar was 200
sccm/min. The experiments were conducted at 650 ºC with reaction time of 45 min was main‐
tained for each deposition. After deposition, the furnace was switched off and allowed to cool
down to room temperature under Ar gas flow. A uniform black deposition on the silicon sub‐
strate was observed. Finely, the substrate containing aligned CNTs was removed from the
quartz tube for characterization. The experiments were repeated several times to ensure the re‐
producibility of the formation of vertically aligned carbon nanotubes.

2.3. Result and Discussion

The morphology of carbon sample grown on silicon substrate using a mixture of Pine oil and
ferrocene at 650 °C can be observed in Figure 6a. The image revel the formation of high abun‐
dance of carbon nanotubes which are forest like and vertically-aligned to the substrate surface.
The growth of carbon nanotubes seems to be uniform and reaches up to a length of 10µm. Fig‐
ure 6b shows the SEM image of carbon sample grown on silicon substrate using a mixture of
Methyl ester of Jatropha curcas oil and ferrocene at 650 °C. The dense, aligned but non-uniform
growth of carbon nanotubes was observed. The length of carbon nanotubes grown was found
to be varied from 12.5 to 7.5µm. Figure 6c illustrates the SEM image of the carbon naotubes
grown at 650 °C using Methyl ester of Pongamia pinnata oil. A thick carbon nanotube with poor
structure and alignment was observed.

Figure 6. Representative SEM images of as-grown vertically-aligned carbon nanotubes at 650 °C using Pine oil (a),
Methyl ester of Jatropha carcus oil (b) and Methyl ester of Pongamia pinnata oil (c).

From the experimental results we suggest that the synthesis of aligned CNTs is very sensitive to
the carbon precursors used. Ferrocene on thermal decomposition at high temperature forms Fe
nano particles on the silicon substrate surface. During the chemical vapor deposition process,
the carbon precursor is catalytically decomposed and the carbon fragments formed diffuse into
the Fe catalyst. The Fe particles may thus easily become saturated or supersaturated with car‐
bon atoms, and the precipitation of the carbon from the surface of the Fe particle leads to the for‐
mation of dense carbon nanotubes [48]. The high surface density of the growing nanotubes
serves as an additional advantage for the constituent nanotubes to be “uncoiled”. The Vander
waals forces between the tube keep them aligned. Thus, the Fe catalysts can effectively catalyze
the growth of highly dense vertically aligned carbon nanotubes on silicon substrate. Further in‐
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vestigation is going on in our laboratory for a better understanding of the actual growth mecha‐
nism of vertically aligned carbon nanotubes.

3. Conclusions, challenges and future prospects

In view of the perspective of green chemistry, we attempt to explore regenerative materials for
CNT synthesis with high efficiency. In this research work a well graphitized MWNTs were syn‐
thesized from Pine oil and Methyl ester of Jatropha curcas oil using silica supported Fe, Co and
Mo catalyst by spray pyrolysis method. The optimum reaction conditions for synthesis of
MWNTs were 650 °C and precursor flow rate of 20 mL per hour. Spray pyrolysis of Methyl ester
of Pongamia pinnata oil over silica supported Fe, Co and Mo catalyst results in formation of
MWNTs filled with magnetic nanoparticles, which find potential applications in magnetic re‐
cording, biomedical and environmental protection. Vertically aligned carbon nanotubes were
obtained by spray pyrolysis of Pine oil and Methyl ester of Jatropha curcas oil and ferrocene mix‐
ture, at 650 ºC on silicon substrate under Ar atmosphere. The use of natural precursors gives
sensible yield and makes the process natural world friendly as well. A thick carbon nanotube
with poor structure and alignment was observed with mixture of Methyl ester of Pongamia pin‐
nata oil and ferrocene.

The studies in this work demonstrate that the carbon materials are potential precursor for CNTs
production under suitable experimental conditions and comply with green chemistry princi‐
ples. It is clear that specific carbon nanostructures can be synthesized by suitably altering the
experimental parameters. However, it is a challenge to consistently reproduce CNT of same
quality and quantity form the precursor of inconsistent composition. Designing of catalyst ma‐
terial and optimization of reaction parameters which is suitable for synthesis of specific mor‐
phological CNTs from a renewable natural precursor of inconsistent chemical composition is
one of the future prospects in this area of research.
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1. Introduction

The perfect graphite and carbon nanotube (CNT) are composed of hexagonal rings of carbon
atoms. However, non-hexagonal rings like pentagons and heptagons usual exist in the real‐
istic CNT. Due to the change of topology, different arrangements of the pentagons and hep‐
tagons would lead to various structures, such as CNTs with Stone-Wales defects [1], CNT
junctions [2], toroidal CNTs [3], and coiled CNTs [4, 5]. Each type of these CNT-based struc‐
tures has its unique physical and chemical properties; as a consequence, the diversity in
morphology extends the applications of CNTs. In this chapter, we will review the current
progress on two important members of the CNT family, i.e., the toroidal CNTs at the first
and coiled CNTs in the second.

The toroidal CNT (also known as carbon nanotorus or carbon nanoring) is a kind of zero-
dimensional CNT-based nanostructure. In other words, a carbon nanotorus can be consid‐
ered as a giant molecule and directly used as a nanoscale device. As for the synthesis of the
toroidal CNTs, numerous methods have been proposed, including laser-growth method, ul‐
trasonic treatments, organic reactions, and chemical vapour deposition (CVD), which will be
illustrated in the following. In addition to experimental synthesis, various theoretical efforts
have been devoted to construct the structural models of the toroidal CNTs. In general, there
are two kinds of toroidal CNTs: one is formed by pristine nanotube with pure hexagon net‐
works, and the other contains certain amount of pentagon and heptagon defects. Due to the
circular geometry of the carbon nanotorus and incorporation of pentagon/heptagon defects,
it may exhibit novel mechanical, electronic and magnetic properties different from the
straight CNTs.

Another kind of curved CNT-based nanostructure is the coiled CNT, which is also known as
carbon nanocoil or carbon nanospring. Different from the zero-dimensional toroidal CNT, the
coiled CNT is a kind of quasi one-dimensional CNT-based nanostructures with a certain spiral
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unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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angle.  Intuitionally,  a  carbon nanocoil  is  like a spring in geometry.  Therefore,  mechanic
properties of the coiled CNTs attract lots of attentions. Among various methods to produce
the coiled CNTs, CVD approach is predominant due to the high quality and good controlla‐
bility. Besides, several methods have been proposed to build the structural models of the
coiled CNTs. An important feature of the carbon nanocoil models is the periodic incorpora‐
tion of pentagons and heptagons in the hexagonal network. In addition, due to the excel‐
lent properties of the coiled CNTs, they have promising applications in many fields, such as
sensors, electromagnetic nano-transformers or nano-switches, and energy storage devices.

2. Toroidal CNTs

In this section, we summarize experimental fabrication and theoretical modelling of the toroidal
CNTs, as well as their physical and chemical properties. The toroidal CNTs are predicted to
be both thermodynamic and kinetically stable. Due to the circular geometry, the toroidal CNTs
possess excellent properties, especially the electronic and magnetic properties.

2.1. Fabrication

Synthesis and characterization of the toroidal CNTs are of key importance in the carbon
nanotorus related fields. Early in 1997, Liu et al. reported synthesis of the toroidal CNTs
with typical diameters between 300 and 500 nm by using the laser growth method [3]. From
the measurement of scanning force microscopy (SEM) and transmission electron microscopy
(TEM), it was shown that the toroidal CNTs were form by single-walled carbon nanotube
(SWNT) ropes consisting of 10 to 100 individual nanotubes. Soon after, the toroidal CNTs
were also found in the CNT samples prepared by catalytically thermal decomposition of hy‐
drocarbon gas [6] and an ultrasound-aided acid treatment [7, 8]. Later, a variety of experi‐
mental approaches were developed to fabricate carbon nanotori, such as organic reactions
[9, 10], chemical vapor deposition (CVD) [11, 12], and depositing hydrocarbon films in Toka‐
mak T-10, the facility for magnetic confinement of high-temperature plasma [13]. In addi‐
tion, incomplete toroidal CNTs [13, 14], large toroidal CNTs with diameters of~200–300 nm,
sealed tubular diameters of 50–100 nm [15], and patterning of toroidal CNTs [16, 17] were
also achieved in laboratory. In particular, the tubular diameter of a carbon nanotorus is now
controllable. Toroidal CNTs from single-walled [7-10, 18, 19], double-walled [20], triple-wal‐
led [21], and multi-walled CNTs [6] have been achieved. Combining the experimental meas‐
urements and a simple continuum elastic model, formation of the toroidal CNTs was
supposed to involve a balance between the tube-tube van der Waals adhesion, the strain en‐
ergy resulting from the coiling-induced curvature and the strong interaction with the sub‐
strate [8, 14]. Various kinds of the toroidal CNTs are presented in Figure 1.
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Figure 1. Experimental fabrications of various kinds of toroidal CNTs.

2.2. Structural models and thermodynamic stabilities

Prior to the experimental synthesis, Dunlap proposed to construct the structural model of a
carbon nanotorus by connecting two CNTs with different diameters [22]. Almost at the same
time, researchers in Japan built a C360 nanotorus from C60 fullerene [23] and then generated a
series of toroidal CNTs with 120 to 1920 carbon atoms using the prescription of Goldberg [24,
25]. So far, there have been six major approaches to construct the structural models of toroi‐
dal CNTs: (1) bending a finite CNT and connecting its ends together [26-29]; (2) connecting
CNTs with different diameters by introducing pentagons and heptagons [22, 30-32]; (3) con‐
structing from fullerenes [23-25] by employing the prescription of Goldberg [33]; (4) built
through the connection of one zigzag-edged chain of hexagons and another armchair-edged
chain of hexagons [34]; (5) sewing the walls of a double-walled CNT at both ends [35]; (6)
constructing from only pentagons and heptagons [36]. To summarize, there are two kinds of
toroidal CNTs: one is formed by pure hexagonal networks and the other is a hexagonal
structure with pentagon-heptagon defects. In a more detailed way, Itoh et al. classified the
toroidal CNTs into five types using the parameters of the inner (ri) and outer (ro) diameters,
and the height (h) [37]. As depicted in Figure 2, type (A) indicates a nanotorus with ri ≈ ro, h
<< ri, and h ≈ (ro - ri), type (B) is the case of ri ~ ro ~h and h ≈ (ro̶ri), type (C) denotes h << (ro̶
ri), type (D) is the case of ri< ro, ro ~ h, and h ~ (ro  ̶ri), and type (E) means (ro  ̶ri) << h, respectively.

After establishing the structural models, one important issue is to examine the thermody‐
namic stabilities of the toroidal CNTs. Many groups demonstrated that toroidal CNTs are
more stable than C60 fullerene through comparing their binding/cohesive energies calculated
by means of empirical potential methods [22-25]. Besides, molecular dynamics (MD) simula‐
tions also demonstrated that toroidal CNTs can survive under high temperature [23, 29, 38,
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39]. Generally, the thermodynamic stability of a carbon nanotorus depends on its geometric
parameters, such as ring and tubular diameter, symmetry, curvature, and position of the
pentagons and heptagons. Ihara et al. showed that the cohesive energy of a carbon nanoto‐
rus derived from C60 fullerene decreased with increasing number of carbon atoms in the car‐
bon nanotorus [24]. The ring and tubular diameter can also affect the thermodynamic
stability of a carbon nanotorus [40-42]. At a fixed tubular diameter, there was a preferable
ring diameter where the nanotorus possesses the lowest formation energy [40]. Besides, de‐
pendence of the stability on the rotational symmetry was also reported for the toroidal
CNTs [32, 37]. Among the toroidal CNTs constructed from (5, 5), (6, 6), and (7, 7) armchair
CNTs, the one with D6h symmetry is energetically favourable [32]. Despite the dependence
on the geometric details, it was believed [43, 44] that for the toroidal CNTs with large ring
diameters, the pure hexagonal structure is energetically more stable, but for the ones with
small ring diameters, the mixture of hexagonal networks and pentagon-heptagon defects is
energetically more favourable. In [44], this critical ring diameter is given by the equation Rc

= πr2Y/(4σ), where r is the tubular diameter of the initial CNT, Y is the Young’s modulus of
the initial CNT, and σ is the surface tension of graphite perpendicular to the basal planes.
For example, taking the Y = 1.0 TPa, a Rc of 90 nm can be obtained for a carbon nanotorus
made of a (10,10) nanotube (r = 0.68 nm).

Figure 2. Schematic diagram for five types of toroidal CNTs classified by the parameters of the inner diameter ri, the
outer diameter ro, and the height h, respectively. Reprinted with permission from [37]. Copyright (1995) Elsevier.

2.3. Mechanical properties

Mechanical property is of fundamental importance for the applications of a material. Em‐
ploying MD simulation with a reactive force field, Chen et al. investigated the mechanical
properties of zero-dimensional nanotorus, one-dimensional nanochain and two-dimensional
nanomaile constructed from toroidal CNTs [45]. For a nanotorus constructed from bending
a (5, 5) CNT, its Young’s modulus increases monotonically with tensile strain from 19.43 to
121.94 GPa without any side constraints and from 124.98 GPa to 1560 GPa with side con‐
straints, respectively, where the side constraint means fixing the position of small regions of
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carbon atoms at left and right sides. Besides, the tensile strength of the unconstrained and
constrained nanotorus was estimated to be 5.72 and 8.52 GPa, respectively. In addition, the
maximum elastic strain is approximate 39% for the nanochain and 25.2% for thenanomaile.
For a nanotorus obtained from bending a (10, 10) CNT, its Young’s modulus along the tube
axis was 913 GPa by taking [46]. Later, buckling behavior of toroidal CNTs under tension
was investigated using the molecular mechanics (MM) computations, including the toroidal
CNTs formed from (5, 5), (8, 8) and (9, 0) CNTs [47, 48]. It was found that the buckling
shapes of the toroidal CNTs constructed from both armchair and zigzag CNTs with an odd
number of units are unsymmetrical, whereas those with an even number of units are sym‐
metrical. Recently, reversible elastic transformation between the circular and compressed
nanotorus in a colloid has been observed under TEM [17]. This geometric reversibility was
also predicted theoretically by using a nonlinear continuum elastic model [49, 50], suggest‐
ing the potential application of toroidal CNTs as ultrasensitive force sensors and flexible and
stretchable nanodevices.

2.4. Electronic properties

It is well-known that a CNT can be expressed by a chiral vector Ch (n, m) and a translation
vector T (p, q) and can be either metallic or semiconducting, depending on its chirality [51].
Since a carbon nanotorus can be considered as a bended CNT or a CNT incorporated with
pentagons and heptagons, it would be interesting to explore will the bending behavior or
inclusion of pentagons and heptagons affect the electronic properties of the pristine CNT.
For a carbon nanotorus formed by bending a (n, m) CNT, it can be divided into three types:
(1) if m ‒ n = 3i, and p ‒ q = 3i (i is an integral), the carbon nanotorus is metallic; (2) if m ‒ n =
3i, and p ‒ q ≠ 3i, the carbon nanotorus is semiconducting; (3) if m ‒ n ≠ 3i, and p ‒ q = 3i, the
carbon nanotorus is insulating [52]. This classification was partly confirmed by the tight-
binding (TB) calculation that a metallic carbon nanotorus can be constructed by bending a
metallic CNT and also follows the rule of divisibility by three on the indices of chiral and
twisting vectors [53]. Moreover, delocalized and localized deformations play different roles
on the electronic properties of a carbon nanotorus built bending a CNT [27]. The delocalized
deformations only slightly reduce the electrical conductance, while the localized deforma‐
tions will dramatically lower the conductance even at relatively small bending angles. Here
the delocalized deformation means the deformation induced by the mechanical bending of
the CNT, and the localized deformation indicates the deformation induced by the pushing
action of the tip of AFM. In addition, Liu et al. reported the oscillation behavior of the ener‐
gy gap during increasing size of the nanotorus and the gap was eventually converged to
that of the infinite CNT [54].

Meanwhile, in the case of incorporation of pentagons and heptagons, a HOMO-LUMO gap
can be expected for the carbon nanotorus. For a carbon nanotorus C1960 constructed by con‐
necting (6, 6) and (10, 0) CNTs, a gap of 0.05 eV was calculated by a TB approach [44]. Using
both the TB and semiempirical quantum chemical approaches, a series of toroidal CNTs
with total number of atoms ranging from 120 to 768 were investigated and most of them
have HOMO-LUMO gaps [55]. Besides, employing the extended-Hückel method, energy
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gaps of 0.4-0.32µB eV were predicted for the toroidal CNTs of C170, C250, C360, C520, and C750

[56]. Further accurate DFT examination also showed that the nanotorus C444 has a gap of
0.079 eV and the nanotorus C672 has a gap of 0.063 eV, respectively [57].

2.5. Magnetic properties

The unique circular geometry endows its advantage to study the magnetic response when ring
current flows in a carbon nanotorus. Early in 1997, Haddon predicted that the nanotorus C576

has an extremely large and anisotropic ring-current diamagnetic susceptibility, which can be
130 times larger than that of the benzene molecule [58]. Afterwards, colossal paramagnetic
moment was also reported in the metallic toroidal CNTs, which was generated by the inter‐
play between the toroidal geometry and the ballistic motion of the π-electrons [28], as shown
in Figure 3. For example, the nanotorus C1500 built from a (5, 5) CNT possesses a large para‐
magnetic moment of 88.4 µB at 0 K. Similarly, the nanotorus C1860 built from a (7, 4) CNT has
a giant zore-temperature magnetic moment of 98.5 µB. In addition to the paramagnetic mo‐
ments, existence of ferromagnetic moments at low temperatures in the toroidal CNTs with‐
out heteroatoms was also predicted by using a π-orbital nearest-neighbor TB Hamiltonian
with the London approximation, which is attributed to the presence of pentagons and hepta‐
gons [59]. Another important phenomenon, i.e., the Aharonov–Bohm effect can be also ob‐
served in the toroidal CNTs [60-64]. Indeed, the magnetic properties of the toroidal CNTs are
affected by many factors. Liu et al. pointed out that the paramagnetic moments of the toroi‐
dal CNTs decrease distinctly as temperature increases [28]. Such temperature dependence was
also confirmed by several successive studies [65-68]. Moreover, the magnetic properties of a
toroidal CNT also rely on its geometric parameters, such as ring diameter, curvature, chirali‐
ty, and the arrangement of pentagons and heptagons [65-67].

Figure 3. Induced magnetic moment as a function of temperature for various toroidal CNTs in a perpendicular mag‐
netic field of 0.1 T (solid line) and 0.2 T (dashed line), respectively. Reprinted figures with permission from [Liu L, Guo
GY, Jayanthi CS, Wu SY. Colossal Paramagnetic Moments in Metallic Carbon Nanotori. 88, 217206 (2002)]. Copyright
(2002) by the American Physical Society. http://prl.aps.org/abstract/PRL/v88/i21/e217206.
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2.6. Modification of the toroidal CNTs

Chemical modification is an important approach to tailor the properties of materials. A com‐
mon approach of chemical modification is doping. It was found that doping electrons or
holes into a carbon nanotorus could vary its magnetic properties through altering the band-
filling configuration [69]. Our previous work also demonstrated that substitutional doping
of boron or nitrogen atoms could modify the electronic properties of the toroidal CNTs due
to change of the six π-electron orbitals [32]. Moreover, compared with the hexagonal rings,
existence of pentagons favours the doping of nitrogen atoms and existence of heptagons
prefers the doping of boron atoms. Besides, the toroidal CNTs coated with beryllium can be
used as candidates for hydrogen storage. Each beryllium atom can adsorb three H2 mole‐
cules with moderate adsorption energy of 0.2-03 eV/H2 [70].

Since the toroidal CNTs also have the hollow tubular structures similar to the CNTs, atoms
or molecules can be encapsulated into the toroidal CNTs. Early in 2007, Hilder et al. exam‐
ined the motion of a single offset atom and a C60 fullerene inside a carbon nanotorus to ex‐
plore its application as high frequency nanoscale oscillator [71]. They demonstrated that the
C60 fullerene encapsulated carbon nanotorus can create high frequency up to 150 GHz,
which may be controlled by changing the orbiting position. By inserting the chains of Fe,
Au, and Cu atoms into a carbon nanotorus, Lusk et al. investigated the geometry, stability
and electronic magnetic properties of this nano-composite structure [72]. Reduced HOMO-
LUMO gap and ferromagnetism of the nanotorus were predicted by encapsulating chains of
metal atoms. In addition, diffusion behavior of water molecules forming two oppositely po‐
larized chains in a carbon nanotorus was studied by MD simulations. It was demonstrated
that Fickian diffusion is in the case of a single chain and the diffusion for two or more chains
is consistent with single-file diffusion [73].

3. Coiled carbon nanotube

Similar to the case of the toroidal CNTs, we first introduce the experimental synthesis and
theoretical methods to construct the structural models, as well as their formation mechanism
and stabilities. Then the mechanic properties and electronic properties of the coiled CNTs
are summarized. Finally, the promising applications of coiled CNTs in various fields com‐
pared with their straight counterparts owing to their spiral geometry and excellent proper‐
ties will be discussed in the end of this section.

3.1. Fabrication and formation mechanism

The coiled CNTs were first experimentally produced through catalytic decomposition of
acetylene over silica-supported Co catalyst at 700 °C in 1994 [4, 5]. Afterwards, numerous
methods have been proposed to synthesize the coiled CNTs, including the laser evaporation
of the fullerene/Ni particle mixture in vacuum [74], opposed flow flame combustion of the
fuel and the oxidizer streams [75], electrolysis of graphite in fused NaCl at 810 °C [76], self-
assembly from π-conjugated building blocks [77, 78], and CVD method [79-83]. Among
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these various methods, the CVD approach is predominant due to its high quality, which has
been reviewed by several literatures [84-86]. To fabricate the coiled CNTs, CVD process in‐
volves the pyrolysis of a hydrocarbon (e.g. methane, acetylene, benzene, propane) over tran‐
sition-metal catalysts (e.g. Fe, Co, Ni) at high temperatures. Compared to the high growth
temperature (> 2000 °C) of CNT through arc discharge and laser evaporation process, the
relatively low growth temperature of CVD method (500–1000 °C) allows carbon atoms move
slowly and form non-hexagonal carbon rings [84]. In 2006, Lau et al. reviewed the three ma‐
jor CVD-based methods to fabricate the coiled CNTs, including the catalyst supported CVD
growth, on substrate CVD growth and template-based CVD growth [84]. Later, synthetic pa‐
rameters of CVD growth of the coiled CNTs, such as catalyst, gas atmosphere and tempera‐
ture, were introduced and catalogued by Fejes et al. [85] and Shaikjee et al. [86], respectively.
Moreover, Shaikjee et al. [86] presented different types of the coiled CNTs with non-linear
morphology, which are shown in Figure 4.

Figure 4. Experimental fabrications of various kinds of the coiled CNTs. Reprinted with permission from [86]. Copy‐
right (2011) Elsevier.

As for the formation mechanism of the coiled CNTs, Fonseca et al. presented a formation of
(chiral and achiral) knees on a catalyst particle to further form toroidal and coiled CNTs,
which can be described by a simple formalism using the heptagon-pentagon construction
[87]. In addition, formation of the coiled CNTs is closely related to the catalyst. Pan et al.
suggested that the catalyst grain is crucial to the geometry of a carbon nanocoil and the non‐
uniformity of carbon extrusion speed in the different parts of the catalyst grain leads to the
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helical growth of the coiled CNTs [88]. Chen et al. pointed out that the driving force of coil‐
ing straight CNTs was the strong catalytic anisotropy of carbon deposition between differ‐
ent crystal faces [89]. For growth of carbon microcoils, the catalyst grain rotates around the
coil axis which is on the symmetric face of the deposition faces; while for the twisted carbon
nanocoils, the catalyst grain rotates around the axis which is perpendicular to the symmetric
face of the deposition faces. Taking both the energy and entropy into account, Bandaru et al.
proposed a mechanism that for a given volume of material, the helical form occupies the
least amount of space and the entropy of the ambient conditions should increase to compen‐
sate for the close packing of the helices, which in turn is facilitated by nonwetting catalyst
particles or induced by catalyst/ambient agitation in the CVD growth [90].

3.2. Structural models and thermodynamic stabilities

An important feature of a carbon nanocoil is incorporation of pentagons and heptagons in
the  hexagonal  network.  Dunlap [22,  91]  showed that  connecting two CNTs with penta‐
gons and heptagons could result in a curved structure or knee structure. Based on the knee
structure, Fonseca et al. was able to construct the toroidal and coiled CNTs using the knee
segments as building blocks, where the former is an in-plane structure and the latter is out
of  plane [92].  In  addition,  researchers  in  Japan proposed two kinds of  methods to  con‐
struct structures of the coiled CNTs. One approach is to cut the toroidal CNTs into small
pieces and recombine them to form the coiled CNTs with one pitch containing one nanoto‐
rus [37, 93]. For the coiled CNTs built from toroidal segments, Setton et al. suggested that
the toroidal segments were only feasible for single-shell or at best two-shell nanocoils [94].
The other way is to insert pentagons and heptagons into a perfect graphene network and
then roll  up this  structure to form a carbon nanocoil  [95,  96].  Similarly,  Birό et  al.  pro‐
posed to build the coiled CNTs from rolling up the Haeckelite structure, a graphite sheet
composed of polygonal rings [97].  Recently, we were able to construct the carbon nano‐
coils from segment of CNTs in which the tube chirality is maintained [98]. Through intro‐
ducing a pair of pentagons in the outer side and another pair of heptagons in the inner side
into the segment of an armchair CNT, a curved structure can be obtained. Using this curved
structure as a building block, a carbon nanocoil can be formed by connecting the building
blocks with a rotate angle. This method was also employed to construct the structural mod‐
els of the toroidal CNTs, as mentioned above [32]. A simple schematic diagram of this method
is presented in Figure 5. Usually, a carbon nanocoil can be expressed by the parameters of
inner coil diameter (Di), outer coil diameter (Do), tubular diameter (Dt) and coil pitch (λ) [84,
86], as illustrated in Figure 6.

In addition to the structural models of the coiled CNTs, several works have been devoted to
investigating their thermodynamic stabilities. Employing MD simulation, Ihara et al. [93]
obtained the cohesive energies of 7.41, 7.39 and 7.43 eV/atom for C360, C540 and C1080 nano‐
coils, respectively, which are close to that of graphite sheet (7.44 eV/atom) and lower than
that of the C60 fullerene (7.29 eV/atom). Therefore, these carbon nanocoils are more stable
than C60 fullerene. Moreover, these carbon nanocoils can maintain the coiled geometry with‐
out collapse at a temperature up to 1500 K, which further confirms their thermodynamical

Toroidal and Coiled Carbon Nanotubes
http://dx.doi.org/10.5772/51125

265



these various methods, the CVD approach is predominant due to its high quality, which has
been reviewed by several literatures [84-86]. To fabricate the coiled CNTs, CVD process in‐
volves the pyrolysis of a hydrocarbon (e.g. methane, acetylene, benzene, propane) over tran‐
sition-metal catalysts (e.g. Fe, Co, Ni) at high temperatures. Compared to the high growth
temperature (> 2000 °C) of CNT through arc discharge and laser evaporation process, the
relatively low growth temperature of CVD method (500–1000 °C) allows carbon atoms move
slowly and form non-hexagonal carbon rings [84]. In 2006, Lau et al. reviewed the three ma‐
jor CVD-based methods to fabricate the coiled CNTs, including the catalyst supported CVD
growth, on substrate CVD growth and template-based CVD growth [84]. Later, synthetic pa‐
rameters of CVD growth of the coiled CNTs, such as catalyst, gas atmosphere and tempera‐
ture, were introduced and catalogued by Fejes et al. [85] and Shaikjee et al. [86], respectively.
Moreover, Shaikjee et al. [86] presented different types of the coiled CNTs with non-linear
morphology, which are shown in Figure 4.

Figure 4. Experimental fabrications of various kinds of the coiled CNTs. Reprinted with permission from [86]. Copy‐
right (2011) Elsevier.

As for the formation mechanism of the coiled CNTs, Fonseca et al. presented a formation of
(chiral and achiral) knees on a catalyst particle to further form toroidal and coiled CNTs,
which can be described by a simple formalism using the heptagon-pentagon construction
[87]. In addition, formation of the coiled CNTs is closely related to the catalyst. Pan et al.
suggested that the catalyst grain is crucial to the geometry of a carbon nanocoil and the non‐
uniformity of carbon extrusion speed in the different parts of the catalyst grain leads to the

Syntheses and Applications of Carbon Nanotubes and Their Composites264

helical growth of the coiled CNTs [88]. Chen et al. pointed out that the driving force of coil‐
ing straight CNTs was the strong catalytic anisotropy of carbon deposition between differ‐
ent crystal faces [89]. For growth of carbon microcoils, the catalyst grain rotates around the
coil axis which is on the symmetric face of the deposition faces; while for the twisted carbon
nanocoils, the catalyst grain rotates around the axis which is perpendicular to the symmetric
face of the deposition faces. Taking both the energy and entropy into account, Bandaru et al.
proposed a mechanism that for a given volume of material, the helical form occupies the
least amount of space and the entropy of the ambient conditions should increase to compen‐
sate for the close packing of the helices, which in turn is facilitated by nonwetting catalyst
particles or induced by catalyst/ambient agitation in the CVD growth [90].

3.2. Structural models and thermodynamic stabilities

An important feature of a carbon nanocoil is incorporation of pentagons and heptagons in
the  hexagonal  network.  Dunlap [22,  91]  showed that  connecting two CNTs with penta‐
gons and heptagons could result in a curved structure or knee structure. Based on the knee
structure, Fonseca et al. was able to construct the toroidal and coiled CNTs using the knee
segments as building blocks, where the former is an in-plane structure and the latter is out
of  plane [92].  In  addition,  researchers  in  Japan proposed two kinds of  methods to  con‐
struct structures of the coiled CNTs. One approach is to cut the toroidal CNTs into small
pieces and recombine them to form the coiled CNTs with one pitch containing one nanoto‐
rus [37, 93]. For the coiled CNTs built from toroidal segments, Setton et al. suggested that
the toroidal segments were only feasible for single-shell or at best two-shell nanocoils [94].
The other way is to insert pentagons and heptagons into a perfect graphene network and
then roll  up this  structure to form a carbon nanocoil  [95,  96].  Similarly,  Birό et  al.  pro‐
posed to build the coiled CNTs from rolling up the Haeckelite structure, a graphite sheet
composed of polygonal rings [97].  Recently, we were able to construct the carbon nano‐
coils from segment of CNTs in which the tube chirality is maintained [98]. Through intro‐
ducing a pair of pentagons in the outer side and another pair of heptagons in the inner side
into the segment of an armchair CNT, a curved structure can be obtained. Using this curved
structure as a building block, a carbon nanocoil can be formed by connecting the building
blocks with a rotate angle. This method was also employed to construct the structural mod‐
els of the toroidal CNTs, as mentioned above [32]. A simple schematic diagram of this method
is presented in Figure 5. Usually, a carbon nanocoil can be expressed by the parameters of
inner coil diameter (Di), outer coil diameter (Do), tubular diameter (Dt) and coil pitch (λ) [84,
86], as illustrated in Figure 6.

In addition to the structural models of the coiled CNTs, several works have been devoted to
investigating their thermodynamic stabilities. Employing MD simulation, Ihara et al. [93]
obtained the cohesive energies of 7.41, 7.39 and 7.43 eV/atom for C360, C540 and C1080 nano‐
coils, respectively, which are close to that of graphite sheet (7.44 eV/atom) and lower than
that of the C60 fullerene (7.29 eV/atom). Therefore, these carbon nanocoils are more stable
than C60 fullerene. Moreover, these carbon nanocoils can maintain the coiled geometry with‐
out collapse at a temperature up to 1500 K, which further confirms their thermodynamical

Toroidal and Coiled Carbon Nanotubes
http://dx.doi.org/10.5772/51125

265



stability. By taking into account the volume free energy, the surface energy, and the curva‐
ture elastic energy, it was found that there is a threshold condition for the formation of
straight multiwall CNTs [99]. Below that the straight multiwall CNTs become unstable and
would undergo a shape deformation to form the coiled CNTs.

Figure 5. Schematic diagram for constructing the structural models of (6, 6) carbon nanotorus and nanocoil by intro‐
ducing pairs of pentagons (highlighted in blue) and heptagons (highlighted in red).

Figure 6. Parameters of inner coil diameter Di, outer coil diameter Do, tubular diameter Dt and coil pitch λ to describe a
carbon nanocoil.

3.3. Mechanical properties

Intuitively, a carbon nanocoil is similar to a spring in geometry. It is well-known that spring
exhibits excellent mechanic properties and is very useful in the mechanics-based devices.
Therefore, mechanical properties of the coiled CNTs as “nanospring” have attracted lots of
attentions. Early in 2000, Volodin et al. measured the elastic properties of the coiled CNTs
with atomic force microscopy (AFM) and showed that the coiled CNTs with coil diameters

Syntheses and Applications of Carbon Nanotubes and Their Composites266

(> 170 nm) possess high Young’s modulus of 0.4–0.9 TPa [100]. Using a manipulator-equip‐
ped SEM, Hayashida reported the Young’s modulus of 0.04–0.13 TPa and the elastic spring
constants of 0.01–0.6 N/m for the coiled CNTs with coil diameters ranging from 144 to 830
nm [101]. Remarkable spring-like behavior of an individual carbon nanocoil has been dem‐
onstrated by Chen et al. [102], as presented in Figure 7. A spring constant of 0.12 N/m in the
low-strain regime and a maximum elastic elongation of 33% were obtained from AFM meas‐
urement. In contrast to the high measured Young’s modulus, the shear modulus of the
coiled CNTs is extremely low. Chen et al. [102] considered the coiled CNTs with a Do of
~126±4 nm but different Di. For the case of Di = 3/4 Do, a shear modulus of ~2.5±0.4 GPa was
estimated; if Di = 1/2 Do, the corresponding shear modulus was ~2.3±0.4 GPa; and if Di = 0, a
shear modulus of ~2.1±0.3 GPa can be obtained. Afterwards, Huang [103] studied the coiled
CNTs under uniaxial tension in simple explicit expressions and obtained a maximum elastic
elongation of ~30%, a shear modulus of 2.8–3.4 GPa and a spring constant of ~0.1–0.4 N/m
for the double nanocoils formed by twisting two single nanocoils, which is comparable to
the experimental result [102]. Later, Chang et al. reported a shear modulus of 3±0.2 GPa for
the double coiled CNTs [104]. In addition, Poggi et al. demonstrated the compression behav‐
ior of the coiled CNTs and presented that repeated compression/buckling/decompression of
the nanocoil was very reproducible with a limiting compression of 400 nm [105].

Figure 7. Measurement of the mechanical properties of a carbon nanocoil using the AFM cantilevers: (b) the initial
state, (c) at a tensile strain of 20%, and (d) at a tensile strain of 33%. Reprinted with permission from [102]. Copyright
(2003) American Chemical Society.

In addition to the experimental measurements, numerous theoretical simulations were car‐
ried out to investigate the mechanical properties of the coiled CNTs. Using the Kirchhoff rod
model, Fonseca et al. derived a series of expressions to obtain the Young’s modulus and
Poisson’s ratios for the coiled CNTs. Taking the parameters for the carbon nanocoil reported
by Chen et al. [102], Fonseca et al. estimated the Young’s modulus of 6.88 GPa for a nanocoil
with a coil diameter of 120 nm, a Poisson’s ratio of 0.27 and a shear modulus of 2.5 GPa [106,
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the experimental result [102]. Later, Chang et al. reported a shear modulus of 3±0.2 GPa for
the double coiled CNTs [104]. In addition, Poggi et al. demonstrated the compression behav‐
ior of the coiled CNTs and presented that repeated compression/buckling/decompression of
the nanocoil was very reproducible with a limiting compression of 400 nm [105].

Figure 7. Measurement of the mechanical properties of a carbon nanocoil using the AFM cantilevers: (b) the initial
state, (c) at a tensile strain of 20%, and (d) at a tensile strain of 33%. Reprinted with permission from [102]. Copyright
(2003) American Chemical Society.

In addition to the experimental measurements, numerous theoretical simulations were car‐
ried out to investigate the mechanical properties of the coiled CNTs. Using the Kirchhoff rod
model, Fonseca et al. derived a series of expressions to obtain the Young’s modulus and
Poisson’s ratios for the coiled CNTs. Taking the parameters for the carbon nanocoil reported
by Chen et al. [102], Fonseca et al. estimated the Young’s modulus of 6.88 GPa for a nanocoil
with a coil diameter of 120 nm, a Poisson’s ratio of 0.27 and a shear modulus of 2.5 GPa [106,
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107]. Besides, equations were derived to calculate the elastic constants of the forests of the
coiled CNTs, which shows that the entanglement among neighboring nanocoils will contrib‐
ute to the mechanical properties of the nanocoil forests [108]. Employing the DFT and TB
calculations, we computed the Young’s modulus and elastic constant of a series of single-
walled carbon nanocoils built from the armchair CNTs [98]. The Young’s modulus ranges
from 3.43 to 5.40 GPa, in good agreement with the Fonseca’s reports [106, 107] and the elas‐
tic constant lies between 15.37 to 44.36 N/m, higher than the experimental values [100, 102].
Furthermore, superelastic behavior of the coiled CNTs was also predicted from our compu‐
tations where the coiled CNTs can undertake an elastically tensile strain up to ~60% and
compressive strain up to ~20–35%. Such superelasticity is due to the invariance of bond
length under strain associated with the strong covalent C-C bonding. In a recent computa‐
tion on the mechanic properties of the single-walled carbon nanocoils using the finite ele‐
ment ANSYS code, spring constants ranging from 15–30 N/m were obtained for the
armchair carbon nanocoils with different tubular diameters [109]. As the tubular diameter
increases, the spring constant increases accordingly. Generally speaking, the calculated
Young’s modulus and elastic constants for the coiled CNTs are more or less different from
that of the experimental measurements. This difference may be attributed to the structural
details of the synthesized carbon nanocoils, especially the larger sizes of experimental nano‐
coil samples.

3.4. Electronic and transport properties

Similar to the toroidal CNTs, pentagons and heptagons exist in the coiled CNTs, which may
lead to different electric properties with regard to that of the pristine CNTs. Using the two
and four probes methods, Kaneto et al. measured the electric conductivity of the micro carbon
nanocoils, which lies in 30–100 S/cm [110]. Later, it was found that for a carbon nanocoil with
a coil diameter of 196 nm and a length of 1.5 mm, the conductivity is about 180 S/cm [101],
which is much smaller than a straight CNT (~104 S/cm) [111]. Recently, Chiu et al. reported
a very high conductivity of 2500 S/cm and an electron hopping length of ~5 nm for the single
carbon nanocoils measured at low temperature [112]. An even higher electron hopping length
of 5–50 nm was predicted by Tang et al. [113]. Moreover, the temperature dependence of the
electric resistance was also observed where resistivity of the carbon nanocoil decreases as the
annealing temperature increases [114]. Therefore, the measured electric properties of the coiled
CNTs are closely related to the temperature and details of the samples.

Theoretically, employing a simple TB model, Akagi et al. [95, 96] calculated the band struc‐
tures and electron density of states of the carbon nanocoils and suggested that the coiled
CNTs could be metallic, semiconducting and semimetallic, depending on the arrangement
of the pentagons and heptagons. Compared with the pristine CNTs, the semimetal property
is unique for the carbon nanocoil [96]. Recently, we investigated the electric conductance of
a series of armchair carbon nanocoils through using a π-orbital TB model combined with the
Green’s function approach [115]. Using the metallic armchair CNTs as the electrodes, we cal‐
culated the quantum conductance of the (5, 5), (6, 6) and (7, 7) carbon nanocoils, as present‐
ed in Figure 8. Clearly, there is a transport gap in the conductance spectrum. Further
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analysis of the electronic states indicates that only incorporation of pentagons and hepta‐
gons (such as Stone-Wales defects) can not lead to gap opening, and thus creation of the
band gap should be attributed to the existence of sp3 C-C bonds caused by coiling the CNTs.
In addition, change of quantum conductance for the armchair carbon nanocoils under uniax‐
ial elongation or compression is not distinct due to the nearly invariant bond length under
strain, i.e. superelasticity [98].

Figure 8. Structural model to calculate conductance of the (5, 5) carbon nanocoil (a) and conductance of the (5, 5), (6,
6) and (7, 7) carbon nanocoils (b). Reprinted with permission from [115]. Copyright (2011) Science China Press and
Springer-Verlag Berlin Heidelberg.

3.5. Applications

Owing to the spiral geometry and unusual properties, the coiled CNTs have promising ap‐
plications in various fields compared with their straight counterparts [84-86, 116]. One im‐
portant application of the carbon nanocoils is to act as the sensors. In 2004, Volodin et al.
[117] reported the use of coiled nanotubes as self-sensing mechanical resonators, which is
able to detect fundamental resonances ranging from 100 to 400 MHz, as illustrated in Figure
9. The self-sensing carbon nanocoil sensors are sensitive to mass change and well suited for
measuring small forces and masses in the femtogram range. After measuring the mechanical
response of the coiled CNTs under compression using AFM, Poggi et al. pointed out that a
nonlinear response of the carbon nanocoil can be observed, which is associated with com‐
pression and buckling of the nanocoil [105]. Bell et al. demonstrated that the coiled CNTs
can be used as high-resolution force sensors in conjunction with visual displacement meas‐
urement as well as electromechanical sensors due to the piezoresistive behavior without an
additional metal layer [118]. Besides, the applications of carbon nanocoils as magnetic sen‐
sors [119], tactile sensors [120], and gas sensors [121] were also exploited.

Another kind of major applications of the carbon nanocoils is to form composites with oth‐
er materials. It was found that incorporation of carbon nanocoils in epoxy nanocomposites
can enhance the mechanic properties of the epoxy nanocomposites [122-125]. Besides, the
coiled CNT/silicone–rubber composites show high resistive sensitivity, relying on the densi‐
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[117] reported the use of coiled nanotubes as self-sensing mechanical resonators, which is
able to detect fundamental resonances ranging from 100 to 400 MHz, as illustrated in Figure
9. The self-sensing carbon nanocoil sensors are sensitive to mass change and well suited for
measuring small forces and masses in the femtogram range. After measuring the mechanical
response of the coiled CNTs under compression using AFM, Poggi et al. pointed out that a
nonlinear response of the carbon nanocoil can be observed, which is associated with com‐
pression and buckling of the nanocoil [105]. Bell et al. demonstrated that the coiled CNTs
can be used as high-resolution force sensors in conjunction with visual displacement meas‐
urement as well as electromechanical sensors due to the piezoresistive behavior without an
additional metal layer [118]. Besides, the applications of carbon nanocoils as magnetic sen‐
sors [119], tactile sensors [120], and gas sensors [121] were also exploited.

Another kind of major applications of the carbon nanocoils is to form composites with oth‐
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can enhance the mechanic properties of the epoxy nanocomposites [122-125]. Besides, the
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Toroidal and Coiled Carbon Nanotubes
http://dx.doi.org/10.5772/51125

269



ty of the carbon nanocoil [126, 127]. In addition, metal-coated carbon nanocoils can also display
some properties different from the pristine coiled CNTs. Tungsten-containing carbon nano‐
coils can expand and contract as flexibly as macro-scale springs and the elastic constants of
the tungsten-containing carbon nanocoils rises along with increasing content of tungsten [128].
Bi et al. [129] found that the coiled CNTs coated with Ni have enhanced microwave absorp‐
tion than the uncoated ones, which is results from stronger dielectric and magnetic losses.

Figure 9. The carbon nanocoil to act as a mechanical resonator: (a) AFM image of the carbon nanocoil, (b) circuit con‐
tains two broad-band radio frequency transformers and the carbon nanocoil, and (c) resonant response of the carbon
nanocoil device to electromechanical excitation. Reprinted with permission from [117]. Copyright (2004) American
Chemical Society.

In addition, field emission [79, 130], energy storage [131, 132] and biological applications
[133] of the coiled CNTs were also reported. Nowadays, the coiled CNT have been used as

Syntheses and Applications of Carbon Nanotubes and Their Composites270

sensors [117-121], flat panel field emission display [79], microwave absorbers [134] and addi‐
tives in the cosmetic industry [86].

4. Conclusion

Experimental fabrication and theoretical modelling of the toroidal and coiled CNTs were re‐
viewed in this chapter. Compared with the pristine CNTs, the zero-dimensional toroidal
CNTs exhibit excellent electromagnetic properties, such as persistent current and Aharo‐
nov–Bohm effect. Moreover, electronic properties of the toroidal CNTs can be tuned by
chemical modification. In contrast to the toroidal CNTs, the coiled CNTs are quasi one-di‐
mensional CNT-based nanostructures. Due to the spring-like geometry, the coiled CNTs
possess fascinating mechanical properties, which are known as superelastic properties. This
superelasticity allows the carbon nanocoils to act as electromechanical, electromagnetic, and
chemical sensors. In addition, the coiled CNTs have been used commercially to fabricate flat
panel field emission display, microwave absorbers and cosmetics.

As mentioned above, the toroidal CNTs synthesized experimentally are usually formed by
the bundle of single-walled CNTs and have large ring diameters. Therefore, fabrications of
the single-walled toroidal CNTs, as well as the toroidal CNTs of controllable ring diameters,
are great challenges. Moreover, achievement of inserting atoms/molecules into the toroidal
CNTs is another key issue under solution. On the other hand, since the formation mecha‐
nism of the coiled CNTs depends closely on the catalysts, searching for the optimal catalysts
is significant for the quality and quantity of the nanocoil samples. Besides, finding appropri‐
ate geometry and concentration of the coiled CNTs is also necessary to improve perform‐
ance of nanocomposites with the carbon nanocoils. Further experimental and theoretical
works are expected to carry out to solve these problems.
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1. Introduction

Structurally, Carbon nanotubes (CNTs) can be viewed as wrapped from graphene sheets.
Single-walled carbon nanotubes (SWNTs) have one layer of graphene sheet, whereas, the
multiwalled carbon nanotubes (MWNTs) contain multi layers of graphene sheets. The well-
ordered molecular structure brings CNTs many remarkable physical properties, such as, ex‐
cellent mechanic strength, ultrahigh surface area, high aspect ratio, distinct optical
properties [1], and excellent electrical conductivity [2]. In last decade, CNTs are intensively
explored for in-vitro and in-vivo delivery of therapeutics, which was inspired by an impor‐
tant finding that CNTs can penetrate cells by themselves without apparent cytotoxic effect
to the cells [3]. The high aspect ratio makes CNTs outstanding from other types of round
nanoparticles in that the needle-like CNTs allow loading large quantities of payloads along
the longitude of tubes without affecting their cell penetration capability. With the adequate
loading capacity, the CNTs can carry multifunctional therapeutics, including drugs, genes
and targeting molecules, into one cell to exert multi-valence effects. In the other side, owing
to the ultrahigh surface area along with the strong mechanical properties and electrically
conductive nature, CNTs are excellent material for nanoscaffolds and three dimensional
nanocomposites. In recent year, CNT-based devices have been successfully utilized in tissue
engineering and stem cell based therapeutic applications, including myocardial therapy,
bone formation, muscle and neuronal regeneration. Furthermore, owing to the distinct opti‐
cal properties of CNTs, such as, high absorption in the near-infrared (NIR) range, photolu‐
minescence, and strong Raman shift [4], CNTs are excellent agents for biology detection and
imaging. Combined with high surface area of CNTs for attaching molecular recognition
molecules, CNT-based, targeted nanodevices have been developed for selective imaging
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1. Introduction

Structurally, Carbon nanotubes (CNTs) can be viewed as wrapped from graphene sheets.
Single-walled carbon nanotubes (SWNTs) have one layer of graphene sheet, whereas, the
multiwalled carbon nanotubes (MWNTs) contain multi layers of graphene sheets. The well-
ordered molecular structure brings CNTs many remarkable physical properties, such as, ex‐
cellent mechanic strength, ultrahigh surface area, high aspect ratio, distinct optical
properties [1], and excellent electrical conductivity [2]. In last decade, CNTs are intensively
explored for in-vitro and in-vivo delivery of therapeutics, which was inspired by an impor‐
tant finding that CNTs can penetrate cells by themselves without apparent cytotoxic effect
to the cells [3]. The high aspect ratio makes CNTs outstanding from other types of round
nanoparticles in that the needle-like CNTs allow loading large quantities of payloads along
the longitude of tubes without affecting their cell penetration capability. With the adequate
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cal properties of CNTs, such as, high absorption in the near-infrared (NIR) range, photolu‐
minescence, and strong Raman shift [4], CNTs are excellent agents for biology detection and
imaging. Combined with high surface area of CNTs for attaching molecular recognition
molecules, CNT-based, targeted nanodevices have been developed for selective imaging
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and sensing. There are many areas where CNTs are extremely useful. Given the scope in this
chapter, We describe strategies for preparation of CNTs for their use in medicine. Specifical‐
ly, we focus and highlight the important biomedical applications of CNTs in the field of
drug delivery, gene delivery, stem cell therapy, thermal therapy, biological detection and
imaging (figure 1). The methods for formulating CNT-based therapeutics to suit different
routes of drug administration are also described. The limitations with emphasis on toxicity
and over all future directions are discussed.

Figure 1. Functionalized CNTs in major biomedical applications.

2. Preparation of CNTs for use in medicine

Raw CNTs, persisting metallic nature, are highly hydrophobic. Therefore, surface modifica‐
tion of CNTs, or CNT functionalization, so as to disperse them into aqueous solutions be‐
comes a key step for their biomedical applications. The CNT modification methods are involved
in non-covalent and covalent strategies. The non-covalent modification utilizes the hydropho‐
bic nature of CNTs, especially, π-π interactions for coating of amphiphilic molecules. The
covalent modification generates chemical bonds on carbon atoms on CNT surface via chemi‐
cal reactions followed by further conjugation of hydrophilic organic molecules or polymers
rendering CNTs better solubility. These modifications not only offer CNTs water solubility,
but also produce functional moieties that enable linking of therapeutic agents, such as genes ,
drugs, and recognition molecules for biomedical applications.
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2.1. Non-covalent modification of carbon nanotube surface

The non-covalent modification approaches typically use amphiphilic molecules ranged from
small molecules to polymers. The amphiphilic molecules associate with CNTs by either ad‐
sorbing onto or wrapping the CNTs [5]. The non-covalent modifications of CNTs are easy to
perform. The process is only involved in sonication of CNTs with amphiphilic molecules in
solvent at room temperature. Since it is a mild condition, CNTs molecular structure is not
affected, and therefore their optical and electrical conductive properties are conserved.

Figure 2. Schematic representation of adsorption of amphiphilic molecules onto carbon nanotube surface by π-π
stacking and other hydrophobic interactions. Abbreviations: PL-PEG, phospholipid-polyethylene glycol; PS-b-PAA, pol‐
ystyrene-block-polyacrylic acid.

Adsorption of amphiphilic molecules, such as surfactants, amphiphilic copolymers or oth‐
ers, onto CNT surfaces is one of the simplest and most effective way to disperse CNTs with‐
out destruction of their sp 2 hybridization [5]. The hydrophilic portions of surfactants
interact with the polar solvent molecules, whereas, the hydrophobic portions adsorb onto
the nanotube surface [5, 6]. The dispersity depends strongly on the length of the hydropho‐
bic regions and the types of hydrophilic groups in the amphiphilic molecule. For example,
surfactants with ionic hydrophilic head groups, such as sodiumdodecylsulfate (SDS) [7] or
cetyltrimethyl ammonium bromide (CTAB) [8, 9], can stabilize a nanotube by electrostatic
repulsion between micellar domains [7]. Nonionic surfactants, such as Triton X-100 [8], dis‐
perse CNTs mainly by forming a large solvation shell around a nanotube [8]. Figure 2 illus‐
trates the manor of adsorbing amphiphilic molecules onto CNT surfaces, in which,
hydrophobic alkyl chains or aromatic rings lay flat on graphitic tube surfaces. For example,
an synthetic biocompatible lipid-polymer conjugate, phospholipid-polyethylene glycol (PL-
PEG) has been applied for surface modification of CNTs, which gives rise to a variety of bio‐
medical applications ranged from drug delivery, biomedical imaging, detection and
biosensors [10]. The ionic surfactants, particularly those based on alkyl-substituted imidazo‐
lium cationic surfactants [11], can effectively disperse CNTs in organic or aqueous media by
the counter anion [12, 13]. Polyaromatic derivatives carrying hydrophilic moieties can also
effectively disperse CNTs in aqueous media by forming specific directional π–π stacking
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with the graphitic surfaces of nanotubes [6, 14]. In this context, pyrene, a polyaromatic mole‐
cule, demonstrated a high affinity toward CNT surfaces [6]. Interactions of the polyaromatic‐
moitie of pyrene with CNTs are strong enough to be irreversible, and therefore, the pyrene
derivatives are used to anchor proteins or biomolecules on nanotube surface [6, 14, 15]. Oth‐
er classes of polyaromatic molecules, such as substituted anthracenes, heterocyclic polyaro‐
maticporphyrins [16] and phthalocyanines [17], disperse CNTs via the same mechanism.

The polymers containing hydrophobic backbone and hydrophilic side groups, eg. poly[p-
{2,5-bis(3-propoxysulfonic acid sodium salt)}phenylene] ethynylene (PPES), can effectively
disperse CNTs in water, in which, the strong π– π interactions between CNTs and aromatic
backbone of the polymers drive the wrapping of CNTs, and the water-soluble side groups
impart solubility of CNTs in water [18]. DNA and siRNA can disperse CNTs by wrapping.
DNA or siRNA are made of hydrophobic bases and alternative hydrophilic phosphates and
riboses. Such structure facilitates CNT dispersion by the bases wrapping to CNTs and the
hydrophilic sugar-phosphate groups extending to water phase [19].

2.2. Covalent modification of CNT surface

The covalent modification, namely the chemical modification of CNTs is an emerging area
in materials science. Among the various strategies, the most common ones are:

i. esterification and amidation of oxidized CNTs,

ii. generation of functional groups on CNT sidewalls by cycloaddition reactions.

Oxidation of CNTs is a purification method for raw CNTs. Oxidation of CNTs is carried out
by reflexing raw CNTs in strong acidic media, e.g. HNO3/H2SO4. Under this condition, the
end caps of the CNTs are opened, and carboxylic groups are formed at these ends caps and
at some defect sites on nanotube sidewalls (Figure 3a) [20]. The carboxylic groups provide
opportunities for further derivatization of the CNTs through esterification or amidation re‐
actions. For example, some organic molecules with amine groups can be directly condensed
with the carboxylic groups present on the surface of the CNTs [6, 14]. Alternatively, the car‐
boxyl moieties can be activated with thionyl chloride and subsequent react with amine
groups (Figure 3b) [6, 14]. These reactions are widely applied for conjugation of water-solu‐
ble organic molecules, hydrophilic polymers, nucleic acid (DNA or RNA), or peptides to the
oxidized CNTs, which result in multifunctional CNTs [6, 14]. In most cases, the length of
nanotubes is often shortened [20] ,but the electronic properties of such functionalized CNTs
remain intact. Oxidation reaction only generates carboxyl groups on cap ends and defect
sites on CNTs. To generate chemical bonds on sidewall and cap ends of CNTs, cycloaddition
reactions are used [21](Figure 4). Cycloaddition reaction is a very powerful methodology, in
which the 1,3-dipolar cycloaddition of azomethineylides can easily attach a large amount of
pyrrolidine rings on sidewalls of nanotubes. Thus, the resulting functionalized CNTs are
highly soluble in water [22]. In addition, pyrrolidine ring can be substituted with many
functional groups for different applications.
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Figure 3. Covalent modification of carbon nanotubesby a) Oxidation reaction of cap end of CNTs and b) further at‐
taching hydrophilic molecules by amidation reactions.

In contrast to non-covalent surface modifications, which do not locally disrupt sp 2 hybridi‐
zation, or create defects, the covalent surface modifications disrupt CNT sp 2-conjugated
structures and therefore, could affect the electronic and optical performances [5].

Figure 4. Sidewall covalent modification of carbon nanotubes a) a general scheme of 1,3-dipolar cycloaddition reac‐
tion b) preparation of amino-functionalized CNTs by 1,3-dipolar cycloaddition.

3. Carbon nanotube based therapeutics

3.1. Carbon nanotubes for chemotherapy drug delivery

Cancer is one of the most common causes of death worldwide. Chemotherapy in addition to
the surgical removal of tumors is a conventional treatment for cancers. However, the effec‐
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tiveness of chemotherapy drugs is often limited by the toxicity to other tissues in the body.
This is because most chemotherapy drugs do not specifically kill cancer cells, they act to kill
all cells undergoing fast division. Nanoparticles have been applied to drug delivery and
showed improved drug efficiency and reduced off-target tissue toxicity due to accumulation
in tumor tissues. Nanoparticles target tumor tissues by two mechanisms: passive targeting
and active targeting. As fast growing tissues, tumors display enhanced vascular permeabili‐
ty due to high demand for nutrients and possible oxygen. The features of the leaky vascula‐
ture are employed for delivery of nanoparticle drugs since the size of nanoparticle allows
them to accumulate in tumor tissues [23]. The phenomenon is termed as tumor-selective en‐
hanced permeability and retention (EPR) effect. More efficient tumor targeting can be achieved
through active targeting approaches, in which, targeting molecules can recognize tumor bio‐
markers on cancer cell surface. The properties of CNTs are beneficial for cancer drug deliv‐
ery, firstly, like other nanoparticles, the size of functionalized CNTs is preferable for
accumulation in tumor tissues; secondly, CNTs contain ultrahigh surface area of CNTs facil‐
itate loading of drugs and targeting molecules; thirdly, the hydrophobic benzene ring struc‐
ture of CNTs can be used for loading drugs that contain benzene ring structure, eg.
doxorubicin (DOX), epirubicin (EPI), and daunorubicin (DAU).

Preparation of tumor-targeted devices using carbon nanotubes

A range of tumor targeting molecules has been discovered, including tumor specific anti‐
bodies, peptides, and others. Antibodies have been developed to specifically binding to bio‐
markers on cancer cell surface, eg, Trastuzumab recognizes Human Epidermal Growth
Factor Receptor 2 (HER-2) positive cancer cells[24] and anti-CD20 for CD20 biomarker on B
cell lymphoma [25]. These antibodies have therapeutic effects on their own, and can also
serve as tumor targeting probes. Alpha V beta 3 (αvβ3) integrin is a heterodimerictrans‐
membrane glycoprotein found on a variety of tumor cells, including osteosarcomas, neuro‐
blastomas, glioblastomas, melanomas, lung, breast, prostate cancers. αvβ3) integrin is a
wellrecognized target for cancers. The amino acid sequence of Arg-Gly-Asp (RGD) is identi‐
fied to be responsible for tight binding to αvβ3 integrin, which leads to the development of
short tumor targeting peptide RGD [26]. Similar to RGD, another type of peptide contains
Asn-Gly-Asp (NGR) triad that binds to the endothelium cells on neoangiogenic vessels.
NGR-tagged delivery systems have been developed to deliver cytokines, nanoparticles, and
imaging agents to tumor blood vessels [27]. Folic acid, a small molecule vitamin, binds to
folate receptor overexpressed in a variety of cancer cells, including breast, colon, renal and
lung tumors[28]. As described in section 2 of this chapter, a variety of chemical and physical
methods have been developed for functionalization of CNTs. The above listed tumor target‐
ing molecules are mostly proteins or peptides, which contains sulfhydryl groups that can be
easily conjugated to amino-functionalized CNTs [14] using heterbifunctional linker mole‐
cules that contain NHS ester on one end and Maleimide on the other end [29]. These conju‐
gation reactions are usually carried out under mild conditions [10]. Thus, the molecular
structure of CNTs is not disturbed, and therefore, the optical properties are preserved. The
CNT-based targeted devices developed by this methods are good for potential tumor detec‐
tion and imaging applications. To date, all above-mentioned tumor-targeting strategies have
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been applied for construction of CNT-based, which will be discussed separate in the follow‐
ing sub-sections.

Targeted delivery of chemotherapy drugs by physically absorbed on carbon nanotubes

Supermolecular benzene ring structure of CNTs affords surprisingly high degree of aromat‐
ic molecules by π-π stacking. DOX, an important chemotherapeutic agent, has been effi‐
ciently loaded onto SWNTs-PL-PEG for tumor-targeted delivery [30, 31]. Binding to and
release of drug molecules from nanotubes could be controlled by adjusting pH.The appro‐
priate diameter of nanotube for drug loading was used because the strength of π-π stacking
of aromatic molecules was dependent on nanotube diameter. In-vivo study with SWNTs-
PL-PEG/DOX showed significantly enhanced therapeutic efficacy in a murine breast cancer
model [30]. With further attaching tumor targeting molecules, eg. folic acid (FA) or RGD, the
targeted SWNTs-DOX could more effectively inhibit the growth of cancer cells in-vitro and
in-vivo [31-34]. Similar physical absorption method was applied for drug DAU using
SWNTs, in which, sgc8c Aptamer was used to target leukemia biomarker protein tyrosine
kinase-7 [33]. It has been shown that Aptamer-SWNTs-DAU was able to selectively target
leukemia cells. The release of DAU was pH-dependent.Other hydrophobic drug molecules,
such as paclitaxel (PTX), docetaxel (DTX), can also be absorbed on CNTs surface for delivery
[32, 35], however, their loading efficiency and stability were much lower due to their compa‐
ratively bulky structure.

Targeted delivery of chemotherapy drugs by covalently linked to functionalized carbon nanotubes

Non-aromatic small molecule drugs can be chemically conjugated to CNTs for delivery.
However, the drugmolecules have to be released from the CNTs to take effect, so the linkag‐
es between the drugs and CNTs have to be cleavable. Preferably, the active drugs are re‐
leased inside of the target cells to reduce toxic effect to the neighbouring healthy cells. The
common linkers that are used for drug delivery include ester, peptide, and disulfide bonds.
These linkers can be cleaved by the 7enzymes present in the routes of delivery. Specifically
designed linkers allow controlled release of drug into desired sites. For example, drug cis‐
platin has been conjugated directly to oxidized SWNTs via a peptide linker [36]. This specif‐
ic peptide linkage has been shown tobe selectively cleaved by proteases overexpressed in
tumor cells. Further conjugation of epidermal growth factor (EGF), a growth factor that se‐
lective binding to EGF receptor overexpressed on cancer cells, to SWNTs-cisplatin led to
more efficient tumor inhibition compared to both free cisplatin and non-targeted SWNTs-
cisplatin [36]. Alternative to conjugation of drugs to CNTs directly, drugs can also be conju‐
gated to the molecules, eg. polymers, that are used to disperse CNTs. The end functional
groups in the polymers are used for drug linkage. This method is very useful for delivery of
bulky, hydrophobic drug molecules. In one example, SWNTs was dispersed using a biocom‐
patible polymer PL-PEG-NH2[10] and drug PTX was conjugated to SWNT-PL-PEG-NH2 via
via ester bonding for delivery [37]. PTX is one of the most important drugs for metastatic
breast cancer. However, currently available formulations for PTX have to be infused intrave‐
nously over long periods of time due to the side effects. In addition, due to poor water solu‐
bility of the drug, necessity of use organic solvent, such as Cremophor in clinical
formulation Taxol® causes sever side effects and hypersensitivity reactions [38, 39]. Conju‐
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tumor cells. Further conjugation of epidermal growth factor (EGF), a growth factor that se‐
lective binding to EGF receptor overexpressed on cancer cells, to SWNTs-cisplatin led to
more efficient tumor inhibition compared to both free cisplatin and non-targeted SWNTs-
cisplatin [36]. Alternative to conjugation of drugs to CNTs directly, drugs can also be conju‐
gated to the molecules, eg. polymers, that are used to disperse CNTs. The end functional
groups in the polymers are used for drug linkage. This method is very useful for delivery of
bulky, hydrophobic drug molecules. In one example, SWNTs was dispersed using a biocom‐
patible polymer PL-PEG-NH2[10] and drug PTX was conjugated to SWNT-PL-PEG-NH2 via
via ester bonding for delivery [37]. PTX is one of the most important drugs for metastatic
breast cancer. However, currently available formulations for PTX have to be infused intrave‐
nously over long periods of time due to the side effects. In addition, due to poor water solu‐
bility of the drug, necessity of use organic solvent, such as Cremophor in clinical
formulation Taxol® causes sever side effects and hypersensitivity reactions [38, 39]. Conju‐
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gation of PTX to SWNTs-PL-PEG-NH2 enable removing of solvent in delivery. Indeed, the
SWNTs-PL-PEG-PTX displayed increased tumor inhibition effect and reduced side effects in
a murine breast cancer model compared with Taxol® formulation [37].

Drugs Targeting Moieties Cancer Biomarkers Type of CNTs References

Cisplatin EGF EGF Receptor SWNTs [36] ]

Daunorubicin Sgc8c Aptamer Tyrosine Kinase-7 SWNTs [33]

Docetaxel NGR Endothelial Cells SWNTs [32]

Doxorubicin Folate /Magnetic Folate Receptor MWNTs [34]

Doxorubicin RGD Integrin αvβ3 SWNTs [30]

Doxorubicin Folate Folate Receptor SWNTs [31, 40]

Gemcitabine Magnetic / MWNTs [41]

Platinum (IV) Folate Folate Receptor SWNTs [42]

Table 1. . Abbreviations: SWNTs, single walled carbon nanotubes; MWNTs, multiwalled carbon nanotubes, EGF,
epidermal growth factor; RGD, peptide with arginine-glycine-aspartate sequence; NGR, peptide with
asparagineglycine - arginine sequence; Sgc8c, oligonucleotide sequence.

3.2. Carbon nanotubes for gene delivery

Gene therapy is an important treatment for cancer and other genetic diseases. However, the
effects of gene therapy are limited by the efficiencies of transfection and system delivery.
Since DNA and siRNA are macromolecules, they cannot pass through cell membrane by
themselves, carriers are needed to take them inside of cells to take effects. Structurally, both
DNA and siRNA contain anionic phosphodiester backbone that and be complexed with cati‐
onic reagents, such as cationic lipids and polymers, etc. For system delivery, the DNA or
siRNA can be loaded into cationic nanoparticles made from cationic lipids or polymers [43,
44]. The nanoparticles could protect them from nucleases degradation. Since CNTs are able
to penetrate cells [3], they are investigated for gene delivery. Typically, two methods are
used for loading nucleic acids to CNTs:

i. electrostatic association with cationic molecule functionalized CNTs [45, 46];

ii. chemical conjugation of nucleic acids to functionalized CNTs via cleavable chemi‐
cal bonds [47];

iii. DNA or siRNA are directly wrap to raw or oxidized CNTs.

Gene delivery using cationic molecule functionalized carbon nanotubes via electrostatic interactions

As discussed early, cationic molecules, such as, ammonium-containing molecules and poly‐
ethylene imine (PEI), can be covalently linked to chemically modified CNTs by oxidation or
1,3-cycloadditions reactions[47-50]. In one application, DNA was loaded into CNTs conju‐
gated with ammonium-terminated oligoethylene glycol(CNTs-OEG-NH3 +) for delivery [47,
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48]. Using this deliver vehicle, expression of test plasmid pCMV-βgal was examined in-vi‐
tro.Result showed that the transfection efficiency of CNTs carrier was 5-10 times higher than
naked DNA; but, much lower than that of liposome [47]. It has been shown that charge ratio
(ammonium groups on CNTs vs phosphate groups of the DNA backbone) is a determination
factor for gene expression [48]. In contrast to DNA delivery, the same CNTs carrier for deliv‐
ery of cyclin A2 siRNA demonstrated pronounced silencing effect in-vitro[51]. Surprisingly,
In-vivo delivery of SOCS1 significantly inhibited SOCS1 expression and retarded the tumor
growth in murine B16 tumor model [52]. The studies with PEI functionalized CNTs also
showed very positive results. PEI is an efficient gene delivery reagent by its own, however,
high amount of PEI is toxic to cells. The siRNA delivery by PEI-grafted MWNTs showed im‐
proved gene expression to the equivalent amounts of PEI polymer alone but with reduced
cytotoxicity [46, 53].

Gene delivery by covalently conjugation to carbon nanotubes via cleavable chemical bonds

Alternatively, genes can be conjugated to amphiphilic polymers that are used for non-cova‐
lent CNT functionalization [10, 54,55]. Incorporation of cleavable chemical bonds facilitates
releasing of DNA or siRNA cargos from CNTs in a controlled manner [54]. Thiol-modified
DNA or siRNA were covalently conjugated to amino group of SWNT-PL-PEG- NH2via cleav‐
able disulfide bond [55]. The genes were released by the cleavage of disulfide bonds by thiol
digesting enzymes upon cellular internalization of CNT-PL-PEG-siRNA. The CNT-mediat‐
ed siRNA delivery showed better gene transfection efficiency than liposome-based delivery
system in hard-to-transfect human T cells and primary cells lines [54].

Gene delivery by wrapping directly on carbon nanotubes

Nucleic acids, DNA or siRNA, contains alternative amphiphilic motifs, which can be used to
disperse CNTs in water. The nucleic acids form helical wrapping around the CNTs with the
bases binding to the hydrophobic CNTs and the hydrophilic sugar-phosphate groups ex‐
tending to the water phase [19]. In this way, DNA or siRNA serves both CNT dispersing
agent and the cargo. It has been shown that the siRNA functionalized SWNTs readily enter
cells and exerts its biological activity in cell culture [19]. Studies with intratumoralinjection
of siRNA functionalized SWNTs showed significantly inhibition effect in-vivo [56].

3.3. Carbon nanotubes for stem cell related therapies

There has been an increasing trend in attempts to design and develop different CNT based
tools and devices for tissue engineering and stem cell therapy applications. In particular,
CNT impregnated nanoscaffolds have shown multiple advantages over currently available
scaffolds. This includes its strong mechanical properties, resemblance of structure with col‐
lagen fibrils and extracellular matrix and electrically conductive nature. These attributes of
the CNT based scaffolds and three dimensional nanocomposites have led to their diverse
therapeutic applications in the field of myocardial therapy, bone formation, muscle and neu‐
ronal regeneration. These applications are mainly based on one principle and that is to mod‐
ulate the stem cell growth and differentiation in a more controlled and desirable manner.

Carbon nanotubes for stem cell based heart therapy
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cells and exerts its biological activity in cell culture [19]. Studies with intratumoralinjection
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There has been an increasing trend in attempts to design and develop different CNT based
tools and devices for tissue engineering and stem cell therapy applications. In particular,
CNT impregnated nanoscaffolds have shown multiple advantages over currently available
scaffolds. This includes its strong mechanical properties, resemblance of structure with col‐
lagen fibrils and extracellular matrix and electrically conductive nature. These attributes of
the CNT based scaffolds and three dimensional nanocomposites have led to their diverse
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Over the past two decades there has been significant advancement in stem cell therapy to
repair and replace damaged tissues, such as heart muscle[57]. This is because of their ability
to divide and differentiate into diverse specialized cell types. Recently, there has been in‐
creasing body of evidence indicating that the extracellular matrix plays a critical role in stem
cell viability, proliferation and differentiation [58, 59]. Hence, designing a microenvironment
prepared from polymeric scaffolds which imitate the physical characteristics of natural bio‐
matrix has been the central strategy in tissue engineering. The emergence of nanomaterials
such as nanotubes provide opportunities to design such biocompatible scaffolds for hosting
and directing stem cell differentiation [60].

Preliminary studies demonstrate that neonatal rat ventricular myocytes cultured on sub‐
strates of multiwall carbon nanotubes can interact with the nanofibres by forming tight con‐
tacts and show significantly improved mitotic and chemotactic effects [61]. Moreover, such
mode of culture also altered the electrophysiological properties of cardiomyocytes, indicat‐
ing that CNts are able to promote cardiomyocyte maturation. Further investigations with a
nanocomposite of PLGA:CNF show that cardiomyocyte density increases with greater
amounts of CNF in PLGA [62]. The study also showed similar trends with neurons. The im‐
mense potential of this technology for myocardial therapy roots from the fact that this car‐
diac patch can not only promote myocardial cells, but also induce the nerve cell growth that
help the cardiac cells to contract. In addition, it also supports endothelial cells that make the
inner lining of the blood vessels supplying oxygen to the heart.

Carbon nanotubes for stem cell based bone regeneration

In order to direct stem cell differentiation towards bone regeneration, there has been in‐
creasing interest by the researchers to explore topographical features of the cell culture sub‐
strate. Physical factors, such as rigidity of the extracellular environment, can influence stem
cell growth and differentiation. Such differentiation of human stem cells can be detected by
altering the size of the nanotubes on which the cells are grown [63]. It has been reported that
70- to 100-nm diameter nanotubes can initiate rapid stem cell elongations, which induce cy‐
toskeletal stress and selective differentiation into osteoblast-like cells, offering a promising
route for quicker and better recovery, for example, for patients who undergo orthopedic sur‐
gery. The group also showed that the differentiated stem cells express osteopontin and os‐
teocalcin, the two important osteogenetic protein markers.

Moreover CNTs are promising materials for nanaoscaffold and implantation purposes due
to the fact that CNTs are conductive, have excellent mechanical properties and their nano‐
structured dimensions mimic the 3D structure of proteins found in extracellular matrices.
Their dimensions resembles closely with that of the triple helix of collagen fibrils which can
promote for nucleation and growth of hydroxyapatite, the major inorganic component of
bone. A newly developed nanocomposite scaffold of CNFs/CNTs has been shown to influ‐
ence the cell behaviour [64]. In-vitro study demonstrated that, smaller dimension CNFs dis‐
persed in polycarbonate urethane promoted osteoblast adhesion but did not promote the
adhesion of fibroblasts, chondrocytes, and smooth muscle cells. But the mechanisms that
guide such cell functions are yet to be understood.
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Surface functionalizing the nanotube surface with bone morphogenetic protein-2 (BMP-2)
further accelerates chondrogenic and osteogenic differentiation of MSCs [65, 66]. This stimu‐
lation is a combined effect of the surface nanoscale geometry of the substrate nanostructures
and their BMP-2 coating efficiency. In a similar kind of study, the system also exhibited
higher cell proliferation rate, apart from enhanced differentiation [66]. Nanotubes can also
be used for extended drug release as has been demonstrated by Hu et al, where drug loaded
nanotubes, in combination with multilayers of gelatin and chitosan, have been shown as a
new way to use nanotubes as reservoir for storing drugs [67]. The system effectively pro‐
moted osteoblastic differentiation of MSCs. Further studies in this direction can be beneficial
in order to develop potential bone implants for improved bone osteointegration.

Carbon nanotubes for stem cell based neuronal regeneration

The unique abilities of human embryonic stem cells (hESCs), such as their self-renewal and
potency, hold great promise in the field of regenerative medicine and stem cell based ther‐
apy. The derivation of neuronal lineages from hESCs holds promise to treat neurological
pathologies of the central and peripheral nervous system such as Parkinson’s disease, spi‐
nal cord injury, multiple sclerosis and glaucoma [68, 69]. CNT based substrates have been
shown to promote neuronal  differentiation [70].  It  has also been proposed that  neurons
grown on a  CNT meshwork  displayed better  signal  transmission,  due  to  tight  contacts
between the CNTs and neural  membranes conducible  to electrical  shortcuts  [71].  It  was
demonstrated that the MSCs and the neurosphere of cortex-derived neural stem cells (NSCs)
can grow on the CNT array and both MSCs and NSCs interacted with the aligned CNTs.
The results suggest that CNTs assist in the proliferation of MSCs and aid differentiation of
cortex-derived NSCs [72]. However, due to the harsh external environment in the host body
and lack of supportive substrates during transplantation, much of the transplanted cells lose
its  viability  resulting in reduced therapeutic  efficacy [73].  It  has been reported that  two
dimensional thin film scaffolds, composed of biocompatible poly(acrylic acid) polymer graft‐
ed carbon nanotubes (CNTs), can selectively differentiate human embryonic stem cells in‐
to neuron cells while maintaining the viability of transplanted cells [74]. Even multiwalled
carbon nanotube (MWNT) sheets showed to significantly enhance neural differentiation of
hMSCs grown on the CNT sheets.  Axon outgrowth was also controlled using nanoscale
patterning of CNTs [75]. Recently, silk-CNT-based nanocomposite scaffolds are shown to
protect and promote neuronal differentiation of hESCs [76]. Silks are natural polymers (pro‐
tein) that have been widely used as biomaterials for many years. Fibroin, comprising the
major portion of the silk protein fibre, consists of 90% of amino acids including glycine,
alanine,  and serine.  Due to  its  strong mechanical  and flexible  nature  in  thin  film form,
biocompatibility, and in-vivobioresorbable properties, fibroin protein has been used as the
building block for scaffolds. As confirmed by scanning electron microscope (Figure5 A-C),
similar results were obtained with the developed silk-CNT scaffold where cells grown on
the silk substrate exhibited denser complex three-dimensional axonal bundle networks as
well as better spatial density distribution of the networks compared to other scaffolds. Over‐
all,  the silk-CNT nanocomposite provided an efficient three-dimensional supporting ma‐
trix for stem cell-derived neuronal transplants, offering a promising opportunity for nerve
repair treatments for patients with neurological disorder. In-vitro analysis showed that β-
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III tubulin, representing the mature differentiated neurons and nestin, representing the neu‐
ron precursors, were highly expressed in hESCs grown on the silk-CNT substrate compared
to the expression level of cells grown on the control poly-L-ornithine substrate (figure 5D).
In addition, hESCs cultured on the silk-CNT scaffold exhibited higher maturity along with
dense axonal projections.

Figure 5. Scanning Electron Microscope images of hESCs on various substrates. SEM images of (A) cells cultured on
PLO exhibiting a flat morphology and two-dimensional axonal connections, (B) cells cultured on silk scaffolds demon‐
strating three-dimensional structures and cell migration, and (C) cells cultured on silk-CNT scaffolds demonstrating
three-dimensional axonal connections and silk-CNT matrix degradation. (D) Two neuronal markers (β-III tubulin and
nestin) were used to further determine the hESC differentiation efficiency.Expression intensity of β-III tubulin and nes‐
tin was observed with fluorescence microscopy. Silk-CNT scaffolds exhibited maximum β-III tubulin expression, while
nestin expression exhibited a similar trend. *=P< 0.01, and **= P< 0.001[76]. Abbreviations: PLO, Poly-L-ornithine;
hESCs, human embryonic stem cells; CNT, carbon nanotube.

3.4. Carbon nanotubes for thermal destruction of tumors

Tissues are known to be highly transparent to 700- to 1,100-nm near-infrared (NIR) light,
whereas, SWNTs display strong optical absorbance in this special spectral window. When
constantly absorb energy in NIR region, SWNTs emit heat [77]. Continuous heating leads to
killing of the cells. SWNTs have been engineered with tumor recognition molecules for se‐
lective enteringcancer cells. Upon NIR radiation, the cancer cells were killed by thermal
ablation [78-83]. Previous studies have shown that folic acid decorated SWNTs more effec‐
tively killed folate receptor positive cancer cells [83]; monoclonal antibody (mAb) against
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human CD22 conjugated SWNTsonly targeted CD22(+)CD25(-) Daudi cells; whereas, anti-
CD25 mAb coupled SWNTs only target CD22(-)CD25(+) activated peripheral blood mono‐
nuclear cells [81]. The thermal ablation effects can be combined with other therapies, eg.
chemotherapy, by loading drugs on CNTs for synergic effect [32].

Tumors, in general, contain a small population of tumor initiating stem-like cells, termed as
cancer stem cells. These cells are unmanageable by standard treatment modalities such as
chemotherapy and radiotherapy and tend to persist after treatment [84]. Heat-based cancer
treatments are increasingly becoming a potential alternative to approach this problem. Com‐
bining CNTs with such hyperthermia based therapies can further enhance its efficacy by si‐
multaneously eliminating both the stem cells and bulk cancer cells that constitute a tumor.
In fact, CNTs offer several properties that make them promising candidates for such thermal
therapy. This includes their ability for thermal conductance and strong absorbance of elec‐
tromagnetic radiation. It generates significant amounts of heat upon excitation with near-in‐
frared light which is transparent to biological systems including skins. Such a photothermal
effect can be employed to induce thermal cell death in a noninvasive manner. Thus, if CNTs
can be localized to tumors, they can be stimulated with near-infrared radiation or radiofre‐
quency energy to generate site-specific heat [85]. Preliminary in-vivo results show that a
combination of multiwalled carbon nanotubes (MWNTs) and NIR can be useful for tumor
regression and long-term survival in a mouse model [86]. Such CNT-mediated thermal ther‐
apy addresses the limitations of presently available medical strategies. This includes the
minimally invasive site-specific heating which will greatly diminish the off-target toxicities,
generation of uniform temperature distribution throughout the tumor mass by the activated
CNTs, its compatibility with concurrent MRI temperature mapping techniques. It has also
been recently reported that breast cancer stem cells, highly resistant to conventional thermal
treatments, can be successfully treated with CNT-based photothermal therapies by promot‐
ing necrotic cell death [84]. Further studies in this direction shows that DNA-encased
MWNTs are more efficient at converting NIR irradiation into heat compared to non-encased
MWNTs and that this method can be effectively used in-vivo for the selective thermal abla‐
tion of cancer cells [87].

Glioblastomamultiforme is the most common and aggressive malignant primary brain tu‐
mor involving glial cells and accounting for a large percentage of brain and intracranial tu‐
mor [88, 89]. It is also known for its recurrence and overall resistance to therapy. CD133+
stem cells occurring among GBM cells are responsible for such huge recurrence risk [90]. Re‐
search has been focused on developing strategies to efficiently deliver CNTs to these target
sites, harboring CD133+ cancer stem cells [80]. In-vitro studies show that such targeted elim‐
ination of CD133 (+) cancer stem cells are possible by adding SWNTs functionalized with
CD133 monoclonal antibody, followed by irradiation with NIR laser light. In a separate
study, embryonic stem cells, once administered with MWNTs, have shown to induce an en‐
hanced immune boost and provide subsequent anticancer protection in mice with colon can‐
cer by suppressing the proliferation and development of malignant colon tumors [91].
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PLO exhibiting a flat morphology and two-dimensional axonal connections, (B) cells cultured on silk scaffolds demon‐
strating three-dimensional structures and cell migration, and (C) cells cultured on silk-CNT scaffolds demonstrating
three-dimensional axonal connections and silk-CNT matrix degradation. (D) Two neuronal markers (β-III tubulin and
nestin) were used to further determine the hESC differentiation efficiency.Expression intensity of β-III tubulin and nes‐
tin was observed with fluorescence microscopy. Silk-CNT scaffolds exhibited maximum β-III tubulin expression, while
nestin expression exhibited a similar trend. *=P< 0.01, and **= P< 0.001[76]. Abbreviations: PLO, Poly-L-ornithine;
hESCs, human embryonic stem cells; CNT, carbon nanotube.

3.4. Carbon nanotubes for thermal destruction of tumors

Tissues are known to be highly transparent to 700- to 1,100-nm near-infrared (NIR) light,
whereas, SWNTs display strong optical absorbance in this special spectral window. When
constantly absorb energy in NIR region, SWNTs emit heat [77]. Continuous heating leads to
killing of the cells. SWNTs have been engineered with tumor recognition molecules for se‐
lective enteringcancer cells. Upon NIR radiation, the cancer cells were killed by thermal
ablation [78-83]. Previous studies have shown that folic acid decorated SWNTs more effec‐
tively killed folate receptor positive cancer cells [83]; monoclonal antibody (mAb) against
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human CD22 conjugated SWNTsonly targeted CD22(+)CD25(-) Daudi cells; whereas, anti-
CD25 mAb coupled SWNTs only target CD22(-)CD25(+) activated peripheral blood mono‐
nuclear cells [81]. The thermal ablation effects can be combined with other therapies, eg.
chemotherapy, by loading drugs on CNTs for synergic effect [32].

Tumors, in general, contain a small population of tumor initiating stem-like cells, termed as
cancer stem cells. These cells are unmanageable by standard treatment modalities such as
chemotherapy and radiotherapy and tend to persist after treatment [84]. Heat-based cancer
treatments are increasingly becoming a potential alternative to approach this problem. Com‐
bining CNTs with such hyperthermia based therapies can further enhance its efficacy by si‐
multaneously eliminating both the stem cells and bulk cancer cells that constitute a tumor.
In fact, CNTs offer several properties that make them promising candidates for such thermal
therapy. This includes their ability for thermal conductance and strong absorbance of elec‐
tromagnetic radiation. It generates significant amounts of heat upon excitation with near-in‐
frared light which is transparent to biological systems including skins. Such a photothermal
effect can be employed to induce thermal cell death in a noninvasive manner. Thus, if CNTs
can be localized to tumors, they can be stimulated with near-infrared radiation or radiofre‐
quency energy to generate site-specific heat [85]. Preliminary in-vivo results show that a
combination of multiwalled carbon nanotubes (MWNTs) and NIR can be useful for tumor
regression and long-term survival in a mouse model [86]. Such CNT-mediated thermal ther‐
apy addresses the limitations of presently available medical strategies. This includes the
minimally invasive site-specific heating which will greatly diminish the off-target toxicities,
generation of uniform temperature distribution throughout the tumor mass by the activated
CNTs, its compatibility with concurrent MRI temperature mapping techniques. It has also
been recently reported that breast cancer stem cells, highly resistant to conventional thermal
treatments, can be successfully treated with CNT-based photothermal therapies by promot‐
ing necrotic cell death [84]. Further studies in this direction shows that DNA-encased
MWNTs are more efficient at converting NIR irradiation into heat compared to non-encased
MWNTs and that this method can be effectively used in-vivo for the selective thermal abla‐
tion of cancer cells [87].

Glioblastomamultiforme is the most common and aggressive malignant primary brain tu‐
mor involving glial cells and accounting for a large percentage of brain and intracranial tu‐
mor [88, 89]. It is also known for its recurrence and overall resistance to therapy. CD133+
stem cells occurring among GBM cells are responsible for such huge recurrence risk [90]. Re‐
search has been focused on developing strategies to efficiently deliver CNTs to these target
sites, harboring CD133+ cancer stem cells [80]. In-vitro studies show that such targeted elim‐
ination of CD133 (+) cancer stem cells are possible by adding SWNTs functionalized with
CD133 monoclonal antibody, followed by irradiation with NIR laser light. In a separate
study, embryonic stem cells, once administered with MWNTs, have shown to induce an en‐
hanced immune boost and provide subsequent anticancer protection in mice with colon can‐
cer by suppressing the proliferation and development of malignant colon tumors [91].
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4. Carbon nanotubes for biomedical imaging and detection

The well-ordered molecular structure attributes CNTs with multiple distinct optical proper‐
ties, include strong NIR absorption, photoluminescence and Raman shift [92]. Structurally,
SWNTs can be viewed as a cylinder rolled up by one layer of graphene sheet. TThere are
infinite numbers of ways to roll a graphene sheet into a cylinder. Depending on different
ways of wrapping, the particular nanotube could be metallic or semi-conductive. Individual
semi-conductive SWNTs with appropriate chirality can generate a small band gap fluores‐
cence of 1 eV, which corresponds to NIR range (900-1600 nm), where biological tissues have
very low absorption, scattering, and autofluorescence, and therefore, are very useful for bio‐
logical imaging. In the other side, the inherent graphene structure provides SWNTs with
specific Raman scattering signature [93], which is strong enough for use in-vivo imaging. All
these optical properties offer opportunities for SWNTs as contrast agents for near-infrared
(NIR) photoluminescence imaging [94, 95], Raman imaging and optical absorption agent for
photoacoustic imaging [96-98].

4.1. Photoluminescence imaging

NIR photoluminescence of micelle encapsulated SWNTs was firstly discovered by O.Connel
et al [7]. The single-particle dispersion of individual nanotubes was prepared by ultrasoni‐
cally agitating of raw SWNTs in SDS. The tube bundles, ropes, and residual catalyst were
removed by ultracentrifugation, since the aggregation of nanotubes would quench fluores‐
cence. One advantage of the photoluminescence of SWNTs over organic fluorescence dyes is
that SWNTs have no apparent photobleaching, and therefore, the SWNTs could be a power‐
ful tool for tracking changes in living system. Researchers have applied NIR photolumines‐
cence of SWNTs for tracking endocytosis and exocytosis of SWNTs in NIH-3T3 cells in real
time [94, 95]. Moreover, conjugation of antibodies to SWNTs surface allowed specific cell
targeting. They have shown that, with conjugation of anti-CD20, SWNTs selectively recog‐
nized CD20 cell surface receptor on B-cells with little binding to receptor negative T-cells.
Similarly, with conjugation of Herceptin, SWNTs only recognize HER2/neu positive breast
cancer cells. The selective binding of SWNTs was detected by intrinsic NIR photolumines‐
cence of nanotubes. This technique allows deep tissue penetration and high-resolution intra‐
vital microscopy imaging of tumor vessels beneath thick skin [99, 100].

4.2. Raman shift imaging

Raman spectroscopy is a sensitive analytical tool for biological samples. It also has advan‐
tages of resistance to autofluorescence and photobleaching, high spatial resolution, and
small sample size [101]. CNTs exhibit strong resonance Raman scattering with several dis‐
tinctive scattering features including the radial breathing mode (RBM) and tangential mode
(G-band) [93, 102]. Both RBM and G-band of CNTs are sharp and strong peaks, which can
be easily distinguished from autofluorescence of tissue samples, Recently, Raman micro‐
spectroscopy of SWNTs has been applied for imaging of tissue samples, live cells, and small
animal models [96-98]. Tumor targeted delivery by RGD peptide functionalized SWNTs has
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been investigated in murine tumor model [85]. Raman spectroscopy image of excised tissues
confirmed efficient targeting of αvβ3 integrin positive U87MG tumor by RGD [85]. This
study also disclosed that CNTs have relatively long circulation time, and rapid renal clear‐
ance, which makes SWNTs an attractive diagnostic and therapeutic delivery vehicle. Zevale‐
ta et al further developed a Raman microscope capable of noninvasive in-vivo evaluation of
tumors in mice with RGD-labeled SWNTs. Using the dynamic Raman microscope, pharma‐
cokinetics of SWNTs in the tumor was evaluated immediately following an intravenous in‐
jection of SWNTs. Raman spectral analysis revealed effectiveness of the RGD nanotubes to
the integrin expressing U87MG tumor. The noninvasive Raman imaging results were com‐
pared with excised tissues and shows consistency [97].

4.3. Photoacaustic imaging

Photoacoustic imaging is an optical imaging technique that combines high optical absorp‐
tion contrast with diffraction-limited resolution of ultrasonic imaging, which allows deeper
tissues to be viewed in living subjects. In photoacoustic imaging, short pulses of stimulating
radiation are absorbed by tissues, resulting a subsequent thermal expansion and ultrasonic
emission that can be detected by highly sensitive piezoelectric devices. However, many dis‐
eases, for example cancer, in their early stages, do not exhibit a natural photoacoustic con‐
trast, therefore administering an external photoacoustic contrast agent is necessary. Owing
to the strong light absorption characteristic [77], the CNTs can be utilized as photoacoustic
contrast agents. De la Zerdaet. al, in the first time, applied SWNTs for in-vivo imaging of
tumors in mice [103]. In this study, SWNTs was surface modified by PL-PEG and further
conjugated with cyclic RGD peptides for targeting αvβ3 integrin on cancer cells. Intrave‐
nous injection of these cyclic RGD functionalized CNTs to mice bearing tumors showed
eight times stronger photoacoustic signal in the tumors than mice injected with non-targeted
CNTs. This study suggested that photoacoustic imaging using targeted SWNTs could con‐
tribute to non-invasive in-vivo cancer imaging [103]. Similarly, in another study, SWNTs
functionalized with antibody against αvβ3 integrin for photoacoustic imaging of human
glioblastoma tumors in nude mice [104].

5. Selected examples for preparation of carbon nanotube based
therapeutics

In the above CNTs for drug delivery section, we described the functionalization of CNTs
with drugs or targeting molecules. These preparations are usually applied directly via intra‐
venous delivery route, which is the most widely used route of drug administration. Alterna‐
tive to the intravenous drug administration, some other routes of drug administrations are
also important for certain specific applications. Different formulations of CNT-based thera‐
peutics have also been developed to suit the specific routes of administration. Here, we re‐
port several novel cases of CNTs applications for oral and transdermal delivery routes.
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been investigated in murine tumor model [85]. Raman spectroscopy image of excised tissues
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study also disclosed that CNTs have relatively long circulation time, and rapid renal clear‐
ance, which makes SWNTs an attractive diagnostic and therapeutic delivery vehicle. Zevale‐
ta et al further developed a Raman microscope capable of noninvasive in-vivo evaluation of
tumors in mice with RGD-labeled SWNTs. Using the dynamic Raman microscope, pharma‐
cokinetics of SWNTs in the tumor was evaluated immediately following an intravenous in‐
jection of SWNTs. Raman spectral analysis revealed effectiveness of the RGD nanotubes to
the integrin expressing U87MG tumor. The noninvasive Raman imaging results were com‐
pared with excised tissues and shows consistency [97].

4.3. Photoacaustic imaging

Photoacoustic imaging is an optical imaging technique that combines high optical absorp‐
tion contrast with diffraction-limited resolution of ultrasonic imaging, which allows deeper
tissues to be viewed in living subjects. In photoacoustic imaging, short pulses of stimulating
radiation are absorbed by tissues, resulting a subsequent thermal expansion and ultrasonic
emission that can be detected by highly sensitive piezoelectric devices. However, many dis‐
eases, for example cancer, in their early stages, do not exhibit a natural photoacoustic con‐
trast, therefore administering an external photoacoustic contrast agent is necessary. Owing
to the strong light absorption characteristic [77], the CNTs can be utilized as photoacoustic
contrast agents. De la Zerdaet. al, in the first time, applied SWNTs for in-vivo imaging of
tumors in mice [103]. In this study, SWNTs was surface modified by PL-PEG and further
conjugated with cyclic RGD peptides for targeting αvβ3 integrin on cancer cells. Intrave‐
nous injection of these cyclic RGD functionalized CNTs to mice bearing tumors showed
eight times stronger photoacoustic signal in the tumors than mice injected with non-targeted
CNTs. This study suggested that photoacoustic imaging using targeted SWNTs could con‐
tribute to non-invasive in-vivo cancer imaging [103]. Similarly, in another study, SWNTs
functionalized with antibody against αvβ3 integrin for photoacoustic imaging of human
glioblastoma tumors in nude mice [104].

5. Selected examples for preparation of carbon nanotube based
therapeutics

In the above CNTs for drug delivery section, we described the functionalization of CNTs
with drugs or targeting molecules. These preparations are usually applied directly via intra‐
venous delivery route, which is the most widely used route of drug administration. Alterna‐
tive to the intravenous drug administration, some other routes of drug administrations are
also important for certain specific applications. Different formulations of CNT-based thera‐
peutics have also been developed to suit the specific routes of administration. Here, we re‐
port several novel cases of CNTs applications for oral and transdermal delivery routes.
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5.1. Carbon nanotube based therapeutics delivery using artificial cells: oral delivery

For many therapeutics, oral and targeted delivery are challenge. One way to deliver them
at the targeted site is by novel methods of encapsulating them in polymeric artificial cells.
Artificial cells are vesicles made by polymeric membranes. They can mimic certain func‐
tions of biological cells. The size of artificial cells ranged from nanometer to hundreds of
micrometer [105]. The membranes of artificial cells are usually semi-permeable that allows
for exchange of small molecules and prevention of passage of large substances across it. Up
to date, artificial cells have been applied for encapsulation biologically active agents, includ‐
ing enzymes,  hormones,  drugs,  even live bacteria  cells  for  in-vivo delivery.  Currently a
couple of artificial cells have been applied clinically [106]. The advantages of artificial cells
include protection of the cargos from immune elimination in the body, targeted delivery of
cargos to desired sites and increasing cargo solubility [106]. In a first feasibility study, func‐
tionalized CNTs have been encapsulated in artificial cell made from biocompatible polymer‐
ic membrane for target specific delivery. The polymeric membrane was assembled with three
layers of polymers, alginate-poly-L-lysine-alginate (APA), via electrostatic association (fig‐
ure 6). Artificial cells protected CNT therapeutics from degradation by the harsh environ‐
ments [107].  PH degradation profile of the polymeric membrane of artificial cells can be
adjusted by composition of polymers, which allows the breakdown of the artificial cells and
release of CNT therapeutics to desired sites. This system is ideal for oral delivery, and can
be used for other delivery routes as well.

Figure 6. Alginate-poly-L-lysine-alginate (APA) microcapsules encapsulatingcarbon nanotubes. The calcium ions are
responsible for cross-linking of the alginate monomeric units trapping the carbon nanotubes into the core of micro‐
capsule [108].

5.2. Carbon nanotube based membrane: transdermal drug delivery

One of the most important areas of transdermal drug delivery (TDD) is in addiction treat‐
ment. Nicotine TDD has been widely used for smoking cessation programs. However, these
traditional transdermal patches could not provide variable drug delivery rates. Some TDD
has the capability to provide variable and programmable delivery rates, however, it needs a
strong electric current across the human skin, which can cause serious skin irritation. Re‐
cently, the membranes prepared by functionalized CNTs have been employed in transder‐
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mal drug delivery. It has been shown that this CNT-membrane was very effective for
treatment of drug abuse and addiction [109]. To prepare the CNT-membrane, MWNTs were
firstly functionalized with negatively charged molecule containing sulphonate (−SO3-) to
have a high charge density on the surface of CNTs, which is necessary to get efficient elec‐
tro-osmosis pumping effect. By this functionalization strategy, CNT-membrane achieves
dramatically fast flow through CNT cores, high charge density, and highly efficient electro‐
phoretic pumping effect. These membranes were the integrated with a nicotine formulation
to obtain switchable transdermal nicotine delivery rates on human skin (in vitro). The trans‐
dermal nicotine formulated CNT-membrane was able to successfully switch between high
level and low level fluxes that coincide with therapeutic demand levels for nicotine cessa‐
tion treatment. These programmable devices cause minimal skin irritation [109].

6. Potentials and limitations of carbon nanotubes in medicine

CNTs are being highly explored in the fields of targeted drug delivery, nanoscaffold for tis‐
sue engineering, biomedical imagining and detecting for disease treatment and health moni‐
toring. The use of CNTs in drug delivery, detection and tissue engineering has shown the
potentials to revolutionize medicine. CNTs affords for a large amounts of payloads for spe‐
cific-targeting and drug delivery. With their intrinsic properties, the CNTs have potential for
building-up multifunctional nanodevices for simultaneous therapeutic delivery and detec‐
tion. Current cancer therapies (eg. radiation therapy, and chemotherapy) are usually painful
and less efficient since they kill normal cells in addition to cancer cells, and therefore, pro‐
ducing adverse side effects and resistance. The CNT-based drug delivery systems have
shown efficient tumor-targeting, and they can effectively kill cancer cells with a dosage low‐
er than conventional drugs used, however significantly reduces side effects. Current CNT-
based nanoscaffolds are very advantages for stem cells therapy in that they can modulate
the stem cell growth and differentiation in a more controlled and desirable manner. Thus,
CNTs have recently gained much interest in the field of medicine.

Although very useful, CNTs exist some limitations. Firstly, pristine CNTs, being metallic in
their nature, are insoluble and they form large bundles or ropes in many solvents, including
water and most solvents, so they cannot be used directly in biomedical applications. Much
work has been done to prepare them for use in medicine. Secondly, the CNTs are not homo‐
genous in their sizes (both diameters and lengths), which could be a problem for generation
of reproducible results that allows evaluation of the biological activity relating to specific
structures. Up to date, tremendous efforts have been put in surface functionalization of
CNTs for use in medicine. This includes numerous effective methods for covalent or non-
covalent modification of CNTs as to disperse them into aqueous solutions and to attach
functional molecules for therapeutic applications. However, in terms of homegenecity of
CNTs. Not much work has been done so far. We propose that attentions are needed to de‐
velop the methods for generation of CNTs with homogeneous size, which is very important
for future clinical applications of CNT-based therapeutics.
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As a novel nanomaterial of great potentials in medicine, the toxicology of CNTs has received
much attention in recent years. Pristine CNTs are very light powders and they can enter the
body through inhalation via the respiratory tract, ingestion via the gastrointestinal tract or,
dermal absorption via the skin. Following entering, CNTs distribute rapidly in the central
and peripheral nervous system, lymphatic and blood circulation and potentially cause toxic
effects in a variety of tissues and organs that they reach, such as heart, spleen, kidney, bone
marrow and liver, etc. Toxicity of CNTs has been evaluated in a variety of cell or animal
models for assessing pulmonary, dermal and immune effects. However, the published re‐
sults have not led to any consensus on the toxicity profile of pristine or functionalized
SWNTs and MWNTs. Some investigators reported that pristine SWNTs that were purified
by acid treatment demonstrated no acute toxicity, as opposed to non-purified CNTs, howev‐
er, they induced reactive oxygen species (ROS) in human lung carcinoma epithelial A549
cells and NR8383 cells [110]. Others demonstrated that pristine SWNTs, either acid-treated
or non-treated, were capable of increasing chromosome and DNA damage, and oxidative
stress in macrophage cell lines [111, 112].

In contrast to raw or acid treated CNTs, the well-dispersed CNTs with high levels of surface
functionalization can reduce the toxicity of MWNTs. One study demonstrated that taurine-
MCWNTs in low and medium doses induced slight and recoverable pulmonary inflamma‐
tion in mice, and are less toxic than raw MCWNTs [113]. This is supported by other studies
indicating that the damage caused by non-PEGylated MWNTs is slightly more severe than
that of PEGylated MWNTs [114]. Furthermore, administrations of high doses of PL-PEG
functionalized SWNTs following intravenous injection did not lead to acute or chronic toxic‐
ity in nude mice, albeit SWNTs persisted within liver and spleen macrophages for 4 months
in mice without apparent toxicity [115] and the SWNTs-PL-PEG were excreted from mice
via the biliary and renal pathways [116]. It is hypothesized that the van der Waals forces on
the surfaces of pristine CNTs cause hydrophobic interactions between CNTs, resulting in ag‐
gregation and network formation, which further induce prolonged toxicity. Thus, function‐
alization of CNTs overcomes the aggregate-forming surface properties of CNTs, and
therefore, reduces toxicity.

7. Conclusions:

CNTs have exhibited diverse physical, chemical and mechanical properties suitable for a va‐
riety of applications. In last decade, biomedical applications of CNTs have undergone rapid
progress. Their unique properties, such as, ultrahigh surface area, high aspect ratio, distinct
optical properties have been applied to develop innovative, multi-functional CNT-based
nanodevices for broad applications. This chapter have described the chemical and physical
methods to prepare CNTs for used in medicine. With these methods, targeting molecules
are attached on CNTs for targeted drug delivery, selective imaging, and other therapies. As
a new type of nanomaterial, the toxicity of CNTs has been extensively investigated. To date,
tremendous toxicity studies on CNTs have been published. However, the published data are
inconsistent. The reason is that CNTs used in these studies vary in dispersion status, size
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and length of tubes, metal impurities and functionalization methods etc. Moreover, different
analysis methods used in the evaluation CNTs toxicity studies also cause disparities. De‐
spite these disparities, there is a broad agreement that well-dispersed CNTs have little or no
toxicity both in-vitro and in-vivo, and therefore are useful for biomedical applications. Final‐
ly, an urgent need has been proposed for long-term studies on the absorption, deposition,
metabolism and excretion (ADME) of CNTs. Only after the uncertainty on CNT toxicity is
resolved, the CNT-based therapeutics can be possible applied clinically.
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As a novel nanomaterial of great potentials in medicine, the toxicology of CNTs has received
much attention in recent years. Pristine CNTs are very light powders and they can enter the
body through inhalation via the respiratory tract, ingestion via the gastrointestinal tract or,
dermal absorption via the skin. Following entering, CNTs distribute rapidly in the central
and peripheral nervous system, lymphatic and blood circulation and potentially cause toxic
effects in a variety of tissues and organs that they reach, such as heart, spleen, kidney, bone
marrow and liver, etc. Toxicity of CNTs has been evaluated in a variety of cell or animal
models for assessing pulmonary, dermal and immune effects. However, the published re‐
sults have not led to any consensus on the toxicity profile of pristine or functionalized
SWNTs and MWNTs. Some investigators reported that pristine SWNTs that were purified
by acid treatment demonstrated no acute toxicity, as opposed to non-purified CNTs, howev‐
er, they induced reactive oxygen species (ROS) in human lung carcinoma epithelial A549
cells and NR8383 cells [110]. Others demonstrated that pristine SWNTs, either acid-treated
or non-treated, were capable of increasing chromosome and DNA damage, and oxidative
stress in macrophage cell lines [111, 112].

In contrast to raw or acid treated CNTs, the well-dispersed CNTs with high levels of surface
functionalization can reduce the toxicity of MWNTs. One study demonstrated that taurine-
MCWNTs in low and medium doses induced slight and recoverable pulmonary inflamma‐
tion in mice, and are less toxic than raw MCWNTs [113]. This is supported by other studies
indicating that the damage caused by non-PEGylated MWNTs is slightly more severe than
that of PEGylated MWNTs [114]. Furthermore, administrations of high doses of PL-PEG
functionalized SWNTs following intravenous injection did not lead to acute or chronic toxic‐
ity in nude mice, albeit SWNTs persisted within liver and spleen macrophages for 4 months
in mice without apparent toxicity [115] and the SWNTs-PL-PEG were excreted from mice
via the biliary and renal pathways [116]. It is hypothesized that the van der Waals forces on
the surfaces of pristine CNTs cause hydrophobic interactions between CNTs, resulting in ag‐
gregation and network formation, which further induce prolonged toxicity. Thus, function‐
alization of CNTs overcomes the aggregate-forming surface properties of CNTs, and
therefore, reduces toxicity.

7. Conclusions:

CNTs have exhibited diverse physical, chemical and mechanical properties suitable for a va‐
riety of applications. In last decade, biomedical applications of CNTs have undergone rapid
progress. Their unique properties, such as, ultrahigh surface area, high aspect ratio, distinct
optical properties have been applied to develop innovative, multi-functional CNT-based
nanodevices for broad applications. This chapter have described the chemical and physical
methods to prepare CNTs for used in medicine. With these methods, targeting molecules
are attached on CNTs for targeted drug delivery, selective imaging, and other therapies. As
a new type of nanomaterial, the toxicity of CNTs has been extensively investigated. To date,
tremendous toxicity studies on CNTs have been published. However, the published data are
inconsistent. The reason is that CNTs used in these studies vary in dispersion status, size

Syntheses and Applications of Carbon Nanotubes and Their Composites302

and length of tubes, metal impurities and functionalization methods etc. Moreover, different
analysis methods used in the evaluation CNTs toxicity studies also cause disparities. De‐
spite these disparities, there is a broad agreement that well-dispersed CNTs have little or no
toxicity both in-vitro and in-vivo, and therefore are useful for biomedical applications. Final‐
ly, an urgent need has been proposed for long-term studies on the absorption, deposition,
metabolism and excretion (ADME) of CNTs. Only after the uncertainty on CNT toxicity is
resolved, the CNT-based therapeutics can be possible applied clinically.
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1. Introduction

In the modern world, transparent conductive films (TCF) are extremely common and criti‐
cally important in electrical devices. In our homes or offices, they are found in flat panel dis‐
plays such as in TVs, laptops and in touch panels, of phones, tablet computers, E-readers
and digital cameras [1]. Besides, they are also used as the electrodes for photovotaic devices
such as solar cells [2] and organic light-emitting diodes (OLEDs) [3]. Liquid crystal display
(LCD) is by far the largest user of transparent conductive films but many devices are show‐
ing rapid growth in popularity such as touch panels (362 million units in 2010 with annual
growth of 20% through 2013), E-paper (30 fold growth expected from 2008 to 2014), and thin
film solar cells (expected sales of over $13 billion by 2017) [4].

The dominant transparent conductive material used today is tin doped indium oxide (ITO)
with a demand growing at 20% per annum [5]. ITO has been studied and refined for over 70
years, and as a result, the material offers many beneficial properties. However, ITO has cer‐
tain drawbacks, mainly reflected on the depleted supply of raw material and their brittle‐
ness. The supply of indium is constrained by both mining and geo-political issues, which
leads to dramatic price fluctuations over the last decades, from ＄ 100-＄ 900, as shown in
Figure 1. The high price of indium determined the high cost of ITO, since they compose
nearly 75wt % of a typical ITO film [6]. In addition to the raw materials, the expense of set‐
ting up and maintaining a sputtering deposition line, as well as the low deposition yield
(3-30%) [7] also increases the cost of ITO. Though current devices are typically based on rig‐
id substrates, there is a continued trend toward flexible devices. As ITO tend to fracture at
strains of 2%, they are completely unsuitable for using in flexible electronics. Therefore, new
transparent electrode materials have rapidly emerged in recent years, including carbon
nanotubes (CNTs), graphene and metal nanowires. The intrinsically high conductivity cou‐

© 2013 Sun and Wang; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Sun and Wang; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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pled with high aspect ratio yields films with high transmittance, adequately low sheet resist‐
ance, and superior mechanical flexibility. These material properties, combined with
inexpensive material and deposition costs make these emerging nanomaterials very attrac‐
tive for as transparent electrodes. Of the three dominant nanoscale materials, CNTs are per‐
haps the most promising and mature intensively investigated.

Figure 1. (a) Global demand for resistive style touch panels by area; (b) Average price of Indium over the last sever‐
al decades; Reprinted with permission from reference [4] copyright 2011 Wiley.

This review will  focus on transparent  electrode made of  CNTs,  and six main parts  will
be covered.

1. At first, some basic theories and parameters for characterizing transparent conductive
materials will be presented so that the following parts of the review can be profound‐
ly understood.

2. CNTs prepared from different methods or modified under various conditions have di‐
verse physical and chemical properties, which will yield films with distinct perform‐
ance. Therefore, in the second part, CNTs of different types will be investigated, and the
performance of the as prepared thin films will be compared.

3. One of the major advantages in using CNTs is their ability to be applied to substrates
from solution, which opens up many alternative deposition techniques. Therefore, one
of the primary research areas for making transparent conductive films is to process the
CNT material into printable inks.The third part will outline major approaches to dis‐
perse CNTs and focus on the most important details with regards to making transpar‐
ent conductive films.

4. In the fourth part, a variety of techniques for making transparent conductive CNT films
will be presented and evaluated.

5. During the solubilization step, non-conducting dispersants are induced, which sacrifice
the conductance of the films a lot. Therefore, post-treatment needs to be done to remove
them for enhancing the performance of the films. In the fifth part, various methods used
to improve the performance of the transparent conductive films after their preparation
will be discussed.

Syntheses and Applications of Carbon Nanotubes and Their Composites314

Finally, the latest progress on CNT transparent conductive films and their applications on
electrical devices will be summarized.

2. Optoelectronic properties

The two most important features for a transparent conductingmaterial are its sheet resist‐
ance ( Rs ) and optical transparency. The sheet resistance is defined as Rs = R(W/L), where R
is DC resistance, W and L are width and length of the film. Grüner et al. [8] developed a
suitable merit, the DC conductivity/optical conductivity (σdc/σop), to compare the perform‐
ance of various transparent conductors based on the standard percolation theory, in which
each bundle of nanotubes was counted as one conducting stick. They assumed the conduc‐
tivity ratio σdc/σop remains constant for nanotube networks with different densities in the
measured optical frequency range. By plotting RsvsT and fitting the data to equation 1, one
can estimate the value ofσdc/σop. This value is often used as a Figure of Merit for transparent
conductors since high values of σdc/σop leads to films with high T and low Rs.

T = 1

1 +
2πσOP

c Rsσdc

(1)

Geng et al. [9] found that this equation can be fitted well to the curve of single-walled car‐
bon nanotube TCFs, nevertheless can not be fitted well with carbon nanotubes of other
types. They modified the equation as follows:

T = t ∙ (1 + 188 (Ω)
Rs

σop

σdc
)-2 (2)

The parameter t may represent the optical property of CNT films. A high t value gives a
high transmittance for the CNT films. The t value of SWCNT films is 0.999, while that of
MWCNT is much lower, around 0.884.

Recently, Coleman et al. [5] modified this model to evaluate thinner (more transparent)
films. They found that the data tend to deviate severely from the fits for thinner films, as
seen from Figure 2. This deviation has been observed before [10-12] and tends to occur for
films with T between 50% and 92%.Thus,σdc/σac fails to describe the relationship between T
and Rsin the relevant regime. The deviation from bulk-like behavior as described in Equa‐
tion1, can be explained by percolation effects [13]. Such effects become important for very
sparse networks of nano conductors. When the number of nanoconductors per unit isvery
low, a continuous conducting path from one side of the sample to the other will generally
not exist.
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pled with high aspect ratio yields films with high transmittance, adequately low sheet resist‐
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tive for as transparent electrodes. Of the three dominant nanoscale materials, CNTs are per‐
haps the most promising and mature intensively investigated.

Figure 1. (a) Global demand for resistive style touch panels by area; (b) Average price of Indium over the last sever‐
al decades; Reprinted with permission from reference [4] copyright 2011 Wiley.
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the conductance of the films a lot. Therefore, post-treatment needs to be done to remove
them for enhancing the performance of the films. In the fifth part, various methods used
to improve the performance of the transparent conductive films after their preparation
will be discussed.
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Figure 2. Typical graph of transmittance (generally measured at 550 nm) plotted versus sheet resistance for thin films
of nanostructured materials. Reprinted with permission from reference [5] copyright MRS.

As more  nanoconductors  are  added,  at  some point  (the  percolation  threshold)  the  first
conducting path will  be formed. As more material  is  added, more conductive paths are
formed, and the conductivity of the network increases rapidly. Eventually it reached a “bulk-
like” value above which it remains constant. Percolation theory describes how the dc con‐
ductivity of sparse networks depends on network thickness and predicts a non-linear, power
law dependence:

σdc ∝  (t - tc)n (3)

where tis the estimated thickness of the network, tc is the thickness associated with the per‐
colation thres hold, and nis the percolation exponent. This leads to a new relationship be‐
tween T and Rs, which applies to thin, transparent networks:

T =  1 + 1
П ( Z0

Rs
)

1

(n+1)
-2

(4)

where Π is the percolative FoM:

П=2
σdc / σop

(Z 0tminσop)n

1/(n+1)
(5)

Here, tmin is the thickness below which the dc conductivity becomes thickness dependent. It
scales closely with the nanostructures’ smallest demision, tmin ≈ 2.33 D. The high Tportion
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of data in Figure 1 was fitted using Equation 4, and good fits allow the calculation of both
nand Π. Analysis of these equations shows that large values of Π but low values of nare de‐
sirable to achieve low Rs coupled with high T, which are used to evaluate the performance
of CNT films with high performance.

In addition to their sheet resistance and optical transparency, the stability and mechanical
durability are also critical criteria to evaluate the performance of transparent conductors.
Undoped CNT films exhibit excellent stability upon exposure to atmospheric conditions, as
seen in Figure 3 [14]. Doping with nitric acid or SOCl2 could decrease the sheet resistance
significantly, however at the expense of sacrificing their stability [15-17]. The sheet resist‐
ance of undoped SWCNT films decreases slightly with increasing temperature, which is
consistent with the electrical behavior of semiconductors. Thermal stability of doped CNTs
is dependent on dopants since elevated temperatures may increase chemical reactions or en‐
hance the desorption of dopants out of the films. CNT-PET thin films are significantly more
flexible than commercial ITO/PET films. They can be bent all the way to 180o without a sig‐
nificant change in resistance, [18] and the conductivity of the films can be retained after 500
bending cycles [19].

Figure 3. Absolute sheet resistance versus time in air of four SWNT films. Reprinted with permission from reference
[14] copyright Wiley.

3. The choice of Carbon Nanotubes

Carbon nanotubes synthesized from different methods or processes have diverse material
qualities, such as the degree of purity, the defects, their length and diameters, and the chiral‐

Carbon Nanotube Transparent Electrode
http://dx.doi.org/10.5772/51783

317



Figure 2. Typical graph of transmittance (generally measured at 550 nm) plotted versus sheet resistance for thin films
of nanostructured materials. Reprinted with permission from reference [5] copyright MRS.

As more  nanoconductors  are  added,  at  some point  (the  percolation  threshold)  the  first
conducting path will  be formed. As more material  is  added, more conductive paths are
formed, and the conductivity of the network increases rapidly. Eventually it reached a “bulk-
like” value above which it remains constant. Percolation theory describes how the dc con‐
ductivity of sparse networks depends on network thickness and predicts a non-linear, power
law dependence:

σdc ∝  (t - tc)n (3)

where tis the estimated thickness of the network, tc is the thickness associated with the per‐
colation thres hold, and nis the percolation exponent. This leads to a new relationship be‐
tween T and Rs, which applies to thin, transparent networks:

T =  1 + 1
П ( Z0

Rs
)

1

(n+1)
-2

(4)

where Π is the percolative FoM:

П=2
σdc / σop

(Z 0tminσop)n

1/(n+1)
(5)

Here, tmin is the thickness below which the dc conductivity becomes thickness dependent. It
scales closely with the nanostructures’ smallest demision, tmin ≈ 2.33 D. The high Tportion

Syntheses and Applications of Carbon Nanotubes and Their Composites316

of data in Figure 1 was fitted using Equation 4, and good fits allow the calculation of both
nand Π. Analysis of these equations shows that large values of Π but low values of nare de‐
sirable to achieve low Rs coupled with high T, which are used to evaluate the performance
of CNT films with high performance.

In addition to their sheet resistance and optical transparency, the stability and mechanical
durability are also critical criteria to evaluate the performance of transparent conductors.
Undoped CNT films exhibit excellent stability upon exposure to atmospheric conditions, as
seen in Figure 3 [14]. Doping with nitric acid or SOCl2 could decrease the sheet resistance
significantly, however at the expense of sacrificing their stability [15-17]. The sheet resist‐
ance of undoped SWCNT films decreases slightly with increasing temperature, which is
consistent with the electrical behavior of semiconductors. Thermal stability of doped CNTs
is dependent on dopants since elevated temperatures may increase chemical reactions or en‐
hance the desorption of dopants out of the films. CNT-PET thin films are significantly more
flexible than commercial ITO/PET films. They can be bent all the way to 180o without a sig‐
nificant change in resistance, [18] and the conductivity of the films can be retained after 500
bending cycles [19].
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Carbon nanotubes synthesized from different methods or processes have diverse material
qualities, such as the degree of purity, the defects, their length and diameters, and the chiral‐
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ities, which are presumably important factors in determining the film performance.There‐
fore, the choice of CNTs as well as their further treatment is markedly important. Young
Hee Lee group [9,20] did systematical analysis to investigate the CNT quality dependence.
In their work, single-walled carbon nanotubes (SWCNT), double-walled carbon nanotubes
(DWCNT), thin multiwalled carbon nanotubes (t-MWCNT) and multiwalled carbon nano‐
tubes (MWCNT) powders were separately dispersed in deionized water with sodium do‐
decyl sulfate (SDS) and dichloroethane (DCE) by sonication and sprayed onto poly (ethylene
terephthalate) (PET) substrates to fabricate thin films. The sheet resistance and transmittance
of each film was measured and compared. As seen in Figure 4, the film’s performance
changes dramatically for different types of CNTs dispersed in deionized water with SDS, as
well as in DCE. The TCFs fabricated with SWCNTs show the best film performance among
all the selected CNTs. The trends of film performances are similar for the TCFs fabricated by
using the CNT solution dispersed in deionized water and in DCE, which is
SWCNTTCF>DWCNTTCF> t-MWCNTTCF>MWCNTTCF. Furthermore, they analyzed the
defects and metallicity by Raman spectra, and found that CNTs with fewer defects and high
content of metallic tubes leads to TCFs with higher conductivity. Nevertheless, in Li’s re‐
port, [21]. MWCNTTCFs exhibit better performance than SWCNTTCFs. They indicated that
MWCNT have more conductive π channels than SWCNTs does, therefore MWCNTs have
better electronic transportability. In the case of a MWCNT where conduction occurs through
the outer most shell, the large diameter of the outernanotube causes the gap to approach 0
eV and the nanotubeto become basically metallic. On the contrary, 2/3 of SWCNTs are semi‐
conducting. The other reason they mentioned is that the MWCNTs they used are longer
than SWCNTs, which could decrease the contacts numbers. Another point needs to be ad‐
dressed is that dimethylformamide (DMF) which was chosen as the solvent in their work is
actually not efficient to exfoliate SWCNTs. Therefore, SWCNTs bundled together which
would open up an energy gap or pseudo gap owing to intertube interactions. We believe
this is a critical reason for the worse performance of SWCNTTCFs in their work.

Figure 4. Characteristic sheet resistance-transmittance curves for various CNT-films. Each curve contains several data
points from films with different numbers of sprays by a CNT solution dispersed in (a) deionized water with SDS and (b)
DCE without dispersant. Reprinted with permission from reference [9].
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SWCNTs synthesized by different methods such as arc discharge (Arc), catalytic chemical
vapor deposition (CVD), high pressure carbon monoxide (Hipco), and laser ablation (Laser)
were also analyzed systematically [20]. After the SWCNT powder was characterized, each of
them was dispersed in deionized water with sodiumdodecyl sulfate (SDS) by sonication fol‐
lowed by aspray process to fabricate the SWCNT film onto PET substrates.By analyzing the
SWCNT film performance varying with the SWCNT parameters, they found that the metal‐
licity of the SWCNTsextracted from G’-band intensity of Raman spectros copy and the de‐
gree of dispersion in the solutionare the most decisive factors in determining the film
performance. Figure 5 shows that the film performance changes dramatically with different
types of SWCNTs. The TCFs fabricated with Arc SWCNTs result in the best film perform‐
ance, consistent with previous report [22]. The sheet resistance of the Arc TCF is ~160Ω/sq at
a transmittance of 80%, which can be used in a wide range of applications from touch panels
to electrodes for future flexible displays.

Figure 5. Characteristic curves of sheet resistance-transmittance of TCFs fabricated by various SWCNTs. Reprinted with
permission from Ref. [20].

In order to investigate the underlying reason, CNTs were characterized with SEM, TEM,
TGA and Rama spectra. TEM analysis showed that the diameter of individual nanotube syn‐
thesized with CVD and Hipco process were about 1nm, smaller than those (~1.4 nm) of La‐
ser and Arc SWCNTs. The CVDSWCNTs had the smallest average bundle size, as estimated
from the SEM images, where as the Laser sample exhibited the largest average bundle size
among samples. Carbonaceous particleson the SWCNT bundles are present in the
CVDSWCNTs. The Arc SWCNTs have relatively well-defined crystallinity without amor‐
phous carbonson the tube walls, although the bundle size of the Arc sample is smaller than
that of the Laser sample. Figure 6 disclosed that the influence of the purity of the SWCNT is
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less deterministic, particularlyin CVD and HiPCOSWCNTs, where as the diameter has a
strong correlation to the sheet conductance of SWCNT film. The sheet conductance of the
film increases consistently with increasing diameters of nanotubes, as shown in Figure 6.
This can be attributed to the decreasing band gap with increasing diameters of semi-con‐
ducting SWCNTs. Although individual metallic tubes are independent of the diameters,
there are usually a pseudogap induced by tube-tube interactions, which is also inversely
proportional to thetube diameter. Thus, the conductivityof the metallic nanotubes reveals
the similar diameter dependence to semiconducting ones.

The radical breathing modes (RBM) of Raman spectra were used to characterize the metal‐
licity of SWCNTs [20]. At 514 nm, the Laserand Arc SWCNTs reveal the semiconducting be‐
havior exclusively, on the other hand, CVD and HiPCOSWCNTs containboth metallic and
semiconducting nanotubes. At 633 nm, the Laser and Arc SWCNTs pick up mostly metallic
SWCNTs, where as the CVDSWCNTs retain mostly semiconducting properties (less promi‐
nent Fano line) and the HiPCOSWCNTscontain both the metallic and the semiconducting
behaviors. Other than RBM mode, the G’-band intensity is strongly correlated with the met‐
allicity of SWCNTs. Despite the abundance of metallicity, the presence of defects on then
anotube walls that may act as scattering centersdegrades the conductivity of the SWCNT
network [23]. The intensity of the D-band indicates the amount of defects on the nanotube
walls. Therefore, anappropriate parameter to express conductivity of nanotubes for
SWCNTs is the intensity ratio, G’-band/D-band. High content of metallicity and few defects
on the nanotube walls will be desired for high conductivity of the SWCNT films.

Figure 6. The sheet conductance of TCFs at transmittance of 70% and 80% versus (a) purity and (b) diameter of
SWCNT powders. Reprinted with permission from Ref. [20].

The purity affects the conductivity.The diameter contributes to the conductivity via bandg‐
ap described in the previous paragraph. More defects reduce the mean free path of carriers
and decrease the mobility of carriers in nanotubes.The conductivity is proportional to the
metallicity of nanotubes and inversely proportional to the number of scattering centers or
defects [24-26]. Considering all these factors, a material quality factor Qm was defined to
govern the conductivity of SWCNTs:
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where Eg = 0.82/D (eV), Epg = 0.105/D (eV), D is the average diameter of individual
SWCNTs, P is the purity of the sample, Eiis the intrinsic Fermi Level, Ef is the Fermi Level
for the extrinsic semiconductors, kB is the Boltzmann constant and T is the temperature of
the system. Here IS (IM) is defined as

( ) ( )
'/

S M
S M G D

M S

A A
I I I

A A
= ´

+
(7)

where AS(AM) is the areal intensity of semiconducting (metallic) peaks of RBMs from Raman
shift. After calculation, it was observed that the sheet conductance reveals a linear relation‐
ship with the material quality factor. Although this empirical formula is not rigorous, it can
provide atleast a means to estimate material quality that governs the conductivity of the
SWCNTTCFs. Forinstance, large diameter, higher purity, less defects (lower intensity of D-
band), and more metallic nanotubes (higher intensity of G’-band) will give better conductiv‐
ity of the SWCNTTC. From this point of view, the Arc TCF is the best sample providing the
highest conductivity in comparison toTCFs made by other types of SWCNTs.

In addition to the material parameters discussed above, the length of SWCNTs is also crucial
to the TCF performance. According to the percolation theory, a conducting path could be
formed at a lower density for longer nanotubes, which means at the same sheet resistance,
TCFs prepared with longer nanotubes should exhibit higher optical transparency. This con‐
jecture has been confirmed by experiments [27,28]. In order to optimize the CNTs quality,
such as their purity, their dispersibility and the content of metallic tubes, some pretreat‐
ments need to be done. Several attempts have been tried to purify the CNT powders.Gener‐
ally, Gas phase reaction or thermal annealing in air or oxygen atmosphere is used to remove
amorphous carbon [29,30]. The key idea with these approaches is a selective oxidative etch‐
ing processes, based on the fact that the etching rate of amorphous carbons is faster than
that of CNTs. Since the edge of the CNTs can be etched away as well as carbonaceous parti‐
cles during the annealing, itis crucial to have a keen control of annealing temperatures and
annealing times to obtain high yield. Liquid-phasereactions in various acids are always con‐
ducted to remove the transitionmetal catalysts [31-33]. Hydrochloric acid, nitric acid and
sulfuric acid are the most commonly used acid, and the purification effect is dependent on
the concentration, the reaction temperature and the reaction time. In addition to their reac‐
tion with metal catalysts, nitric acid and sulfuric acid could induce some carboxyl or hy‐
droxyl groups onto the walls of nanotubes, which will improve their dispersibility in water
[34,35]. However, some damages were introduced during this process. Therefore, subse‐
quent annealing or ammonium treatment was sometimes carried out to repair the wall
structures of the nanotubes to fulfill some special requests.[36]. In order to enhance the con‐
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where AS(AM) is the areal intensity of semiconducting (metallic) peaks of RBMs from Raman
shift. After calculation, it was observed that the sheet conductance reveals a linear relation‐
ship with the material quality factor. Although this empirical formula is not rigorous, it can
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highest conductivity in comparison toTCFs made by other types of SWCNTs.

In addition to the material parameters discussed above, the length of SWCNTs is also crucial
to the TCF performance. According to the percolation theory, a conducting path could be
formed at a lower density for longer nanotubes, which means at the same sheet resistance,
TCFs prepared with longer nanotubes should exhibit higher optical transparency. This con‐
jecture has been confirmed by experiments [27,28]. In order to optimize the CNTs quality,
such as their purity, their dispersibility and the content of metallic tubes, some pretreat‐
ments need to be done. Several attempts have been tried to purify the CNT powders.Gener‐
ally, Gas phase reaction or thermal annealing in air or oxygen atmosphere is used to remove
amorphous carbon [29,30]. The key idea with these approaches is a selective oxidative etch‐
ing processes, based on the fact that the etching rate of amorphous carbons is faster than
that of CNTs. Since the edge of the CNTs can be etched away as well as carbonaceous parti‐
cles during the annealing, itis crucial to have a keen control of annealing temperatures and
annealing times to obtain high yield. Liquid-phasereactions in various acids are always con‐
ducted to remove the transitionmetal catalysts [31-33]. Hydrochloric acid, nitric acid and
sulfuric acid are the most commonly used acid, and the purification effect is dependent on
the concentration, the reaction temperature and the reaction time. In addition to their reac‐
tion with metal catalysts, nitric acid and sulfuric acid could induce some carboxyl or hy‐
droxyl groups onto the walls of nanotubes, which will improve their dispersibility in water
[34,35]. However, some damages were introduced during this process. Therefore, subse‐
quent annealing or ammonium treatment was sometimes carried out to repair the wall
structures of the nanotubes to fulfill some special requests.[36]. In order to enhance the con‐
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tent of metallic tubes, discriminated adsorption and separation or ion change chromatogra‐
phy was generally used.

4. CNT Ink Preparation

One of the major advantages in using CNTs overmore conventional metal oxides is their
ability to be applied to substrates from solution, which opens up many alternative deposi‐
tion techniques. Therefore, one of the primary areas of research for making transparent con‐
ductive films is finding ways to process the CNT materials into printableinks.The first part
of the ink making process is in finding suitable ways to disperse the CNT materialinto solu‐
tion. Commercial SWCNTs always aggregated into thick bundles due to their high surface
energy and strong van der Waals force between tubes. However, the conductivity of the
SWCNTTCFs is inversely proportional to the bundle size considering tube-tube junction re‐
sistance [37]. Therefore, it is crucial to exfoliate SWCNT thick bundles into thinner or even
individual ones.

There are three major approaches to dispersing CNTs:

a. dispersing CNTs in neat organic solvents [38,39];

b. dispersing CNTs in aqueous media with the assistant of dispersing agents such as sur‐
factants and biomolecules [40];

c. introducing functional groups which will help draw the CNTs into solution [41].

Each of these methods have advantages and disadvantages in terms of making processable
CNT based inks.

Direct solubilization of CNTs in a suitable solvent is perhaps the simplest and the most fa‐
vorable method from a manufacturing point of view, since there are no solubilization agents
involved which could create processing issues during manufacturing,and also lead to de‐
creased conductivity in the as deposited film. A range of solvents have been tried to exfoli‐
ate SWCNTs, and exhibit tremendous differences on the efficiency. The major issue with
using these organic solvents has beenthe inability to disperse CNTs at a concentration high
enough to be useful for industrial applications ( >0.1 g/L). Recently, workby Prof. Coleman’s
group [42] has shown that the solvent cyclohexylpyrrolidone (CHP) can disperse CNTs up
to 3.5 g/L with high levels of individual tubes or small bundles and can keep stable for at
least one month. However, the high boiling point of this solvent may be an issuein high
speed roll-to-roll manufacturing on plastic. Continuing to search for optimal solvents which
can disperse CNTs at high concentrations and have a reasonably low boiling point (150 oCor
below) could lead to a facile manufacturing process for high performance transparent con‐
ductive films.

Over the years, significant efforts have been devoted to finding a suitable parameter to
guide the selection of good solvents. Three major theories have been proposed, which are
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non-hydrogen Lewis base theory, [43] polar π system and optimal geometry theory [44] and
Hansen parameter [42]. According to non-hydrogen Lewis base theory, all of the solvents
can be divided into three groups on the basis of their properties. Class 1consists of the best
solvents, N-methylpyrrolidone (NMP),N,N-dimethylformamide (DMF), hexamethylphos‐
phoramide(HMPA), cyclopentanone, tetramethylenesulfoxide andε-caprolactone (listed in
decreasing order of optical densityof the dispersions), which readily disperse SWNTs, for‐
minglight-grey, slightly scattering liquid phases. All ofthese solvents are characterized by
high values for electron-pair donicityβ[45], negligible values for H-bond donation parameter
α,[46] and high values for solvochromic parameterπ∗. Thus, Lewis basicity (availability of a
free electronpair) without H-donors is key to good solvation of SWNTs.Class 2 contains the
good solvents, toluene, 1,2-dimethylbenzene (DMB),CS2, 1-methylnaphthalene, iodoben‐
zene,CHCl3, bromobenzene and 1,2-DCB. They show α ≈ β ≈ 0 and high valueof π∗. Class 3
entails the badsolvents, n-hexane, ethylisothiocyanate, acrylonitrile, dimethyl sulfoxide
(DMSO),water and 4-chloroanisole. Badsolvents would have α = β = π∗ ≈ 0. However, the
high electron-pair donicity alone has proven tobe insufficient, as dimethyl sulfoxide
(DMSO) is not an effectivesolvent for SWNTs even though it contains three lone pairs [47].
A systematic study of the efficiency of a series of amide solvents to disperse as-produced
and purified laser-generated SWNTssuggested that the favorable interaction between
SWNTs andalkyl amide solvents is attributable to the highly polar π systemand optimal ge‐
ometries (appropriate bond lengths and bondangles) of the solvent structures [48]. Howev‐
er, this conclusion is some what undermined by the poor solubility of SWNTs intoluene [47].
Recently, Coleman et al found that the dispersibility of SWCNTs was intimately related with
the Hansen parameters of the solvents and it is more sensitive to the dispersive Hansen pa‐
rameter than thepolar or H-bonding Hansen parameter. The dispersion, polar, and hydro‐
gen bonding Hansenparameter for the nanotubes is estimated to be<δD> = 17.8 MPa1/2,<δP> =
7.5 MPa1/2, and<δH> = 7.6 MPa1/2. Success ful solvents exist in only a small volume of Hansen
space, which is 17 <δD< 19 MPa1/2, 5 <δP< 14 MPa1/2, 3 <δH< 11 MPa1/2. Hansen parameters
have been used successfully to aid solvent discovery. Unfortunately they are not perfect. A
number of non-solvents exist in the region of Hansen parameter space close to the solubility
parameters of nanotubes.

Compared with organic solvent, it is more efficient to exfoliate SWCNTs into thin bundles
or even individual tubes with the assistant of dispersants. The most common dispersants
used in TCFs are anionic surfactants including sodium dodecyl sulphate (SDS) and sodium
dodecylbenzenesulphonate (SDBS). They are preferable dispersants because nanotubes can
be highly exfoliated by them at rather high concentrations [49]. Besides, they nearly have no
absorption over the visible spectrum region. However, they are not without disadvantage.
Large amount of them is needed to exfoliate nanotubes into thin bundles; usually the CMC
(critical micelle concentration) value should be reached [50]. Their residue will increase the
sheet resistance of nanotube films significantly since they are nonconductive. In recent
years, a lot of research has been done on the dispersion of CNTs with biomolecules such as
DNA and RNA [51-54]. There are a number of advantages using them as dispersants.First,
they can coat, separate, and solubilize CNTs more effectively with their phosphate back‐
bones interacting with water and many bases binding to CNTs [55]. DNA wrapped around
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tent of metallic tubes, discriminated adsorption and separation or ion change chromatogra‐
phy was generally used.

4. CNT Ink Preparation

One of the major advantages in using CNTs overmore conventional metal oxides is their
ability to be applied to substrates from solution, which opens up many alternative deposi‐
tion techniques. Therefore, one of the primary areas of research for making transparent con‐
ductive films is finding ways to process the CNT materials into printableinks.The first part
of the ink making process is in finding suitable ways to disperse the CNT materialinto solu‐
tion. Commercial SWCNTs always aggregated into thick bundles due to their high surface
energy and strong van der Waals force between tubes. However, the conductivity of the
SWCNTTCFs is inversely proportional to the bundle size considering tube-tube junction re‐
sistance [37]. Therefore, it is crucial to exfoliate SWCNT thick bundles into thinner or even
individual ones.

There are three major approaches to dispersing CNTs:

a. dispersing CNTs in neat organic solvents [38,39];

b. dispersing CNTs in aqueous media with the assistant of dispersing agents such as sur‐
factants and biomolecules [40];

c. introducing functional groups which will help draw the CNTs into solution [41].

Each of these methods have advantages and disadvantages in terms of making processable
CNT based inks.

Direct solubilization of CNTs in a suitable solvent is perhaps the simplest and the most fa‐
vorable method from a manufacturing point of view, since there are no solubilization agents
involved which could create processing issues during manufacturing,and also lead to de‐
creased conductivity in the as deposited film. A range of solvents have been tried to exfoli‐
ate SWCNTs, and exhibit tremendous differences on the efficiency. The major issue with
using these organic solvents has beenthe inability to disperse CNTs at a concentration high
enough to be useful for industrial applications ( >0.1 g/L). Recently, workby Prof. Coleman’s
group [42] has shown that the solvent cyclohexylpyrrolidone (CHP) can disperse CNTs up
to 3.5 g/L with high levels of individual tubes or small bundles and can keep stable for at
least one month. However, the high boiling point of this solvent may be an issuein high
speed roll-to-roll manufacturing on plastic. Continuing to search for optimal solvents which
can disperse CNTs at high concentrations and have a reasonably low boiling point (150 oCor
below) could lead to a facile manufacturing process for high performance transparent con‐
ductive films.

Over the years, significant efforts have been devoted to finding a suitable parameter to
guide the selection of good solvents. Three major theories have been proposed, which are

Syntheses and Applications of Carbon Nanotubes and Their Composites322

non-hydrogen Lewis base theory, [43] polar π system and optimal geometry theory [44] and
Hansen parameter [42]. According to non-hydrogen Lewis base theory, all of the solvents
can be divided into three groups on the basis of their properties. Class 1consists of the best
solvents, N-methylpyrrolidone (NMP),N,N-dimethylformamide (DMF), hexamethylphos‐
phoramide(HMPA), cyclopentanone, tetramethylenesulfoxide andε-caprolactone (listed in
decreasing order of optical densityof the dispersions), which readily disperse SWNTs, for‐
minglight-grey, slightly scattering liquid phases. All ofthese solvents are characterized by
high values for electron-pair donicityβ[45], negligible values for H-bond donation parameter
α,[46] and high values for solvochromic parameterπ∗. Thus, Lewis basicity (availability of a
free electronpair) without H-donors is key to good solvation of SWNTs.Class 2 contains the
good solvents, toluene, 1,2-dimethylbenzene (DMB),CS2, 1-methylnaphthalene, iodoben‐
zene,CHCl3, bromobenzene and 1,2-DCB. They show α ≈ β ≈ 0 and high valueof π∗. Class 3
entails the badsolvents, n-hexane, ethylisothiocyanate, acrylonitrile, dimethyl sulfoxide
(DMSO),water and 4-chloroanisole. Badsolvents would have α = β = π∗ ≈ 0. However, the
high electron-pair donicity alone has proven tobe insufficient, as dimethyl sulfoxide
(DMSO) is not an effectivesolvent for SWNTs even though it contains three lone pairs [47].
A systematic study of the efficiency of a series of amide solvents to disperse as-produced
and purified laser-generated SWNTssuggested that the favorable interaction between
SWNTs andalkyl amide solvents is attributable to the highly polar π systemand optimal ge‐
ometries (appropriate bond lengths and bondangles) of the solvent structures [48]. Howev‐
er, this conclusion is some what undermined by the poor solubility of SWNTs intoluene [47].
Recently, Coleman et al found that the dispersibility of SWCNTs was intimately related with
the Hansen parameters of the solvents and it is more sensitive to the dispersive Hansen pa‐
rameter than thepolar or H-bonding Hansen parameter. The dispersion, polar, and hydro‐
gen bonding Hansenparameter for the nanotubes is estimated to be<δD> = 17.8 MPa1/2,<δP> =
7.5 MPa1/2, and<δH> = 7.6 MPa1/2. Success ful solvents exist in only a small volume of Hansen
space, which is 17 <δD< 19 MPa1/2, 5 <δP< 14 MPa1/2, 3 <δH< 11 MPa1/2. Hansen parameters
have been used successfully to aid solvent discovery. Unfortunately they are not perfect. A
number of non-solvents exist in the region of Hansen parameter space close to the solubility
parameters of nanotubes.

Compared with organic solvent, it is more efficient to exfoliate SWCNTs into thin bundles
or even individual tubes with the assistant of dispersants. The most common dispersants
used in TCFs are anionic surfactants including sodium dodecyl sulphate (SDS) and sodium
dodecylbenzenesulphonate (SDBS). They are preferable dispersants because nanotubes can
be highly exfoliated by them at rather high concentrations [49]. Besides, they nearly have no
absorption over the visible spectrum region. However, they are not without disadvantage.
Large amount of them is needed to exfoliate nanotubes into thin bundles; usually the CMC
(critical micelle concentration) value should be reached [50]. Their residue will increase the
sheet resistance of nanotube films significantly since they are nonconductive. In recent
years, a lot of research has been done on the dispersion of CNTs with biomolecules such as
DNA and RNA [51-54]. There are a number of advantages using them as dispersants.First,
they can coat, separate, and solubilize CNTs more effectively with their phosphate back‐
bones interacting with water and many bases binding to CNTs [55]. DNA wrapped around

Carbon Nanotube Transparent Electrode
http://dx.doi.org/10.5772/51783

323



CNTs helically and there were strong π-π interactions between them [56]. Charges were
transferred from the bases of DNA to CNTs leading to the change of their electron structures
and electrical property [57]. 1 mgDNA could disperse an equal amount of as-producedHiP‐
COCNT in 1 ml water, yielding 0.2 to 0.4 mg/ml CNT solution after removal of non-soluble
material by centrifugation. Such a CNTsolution could be further concentrated by ten-fold to
give a concentration as high as 4 mg/ml [52]. Jeynes’s research disclosed that total cellular
RNA showed better dispersion ability than dT(30) which was the most effective oligonucleo‐
tide dispersants in previous reports [54]. Second, the amount of DNA needed to exfoliate
CNTs into thin bundles was much less than common surfactants such as SDS. In Zheng’s
work, the weight ratio between SWCNTs and DNA was 1:1 [52] while the dosage of RNA in
Jeynes’s work was lower, only half amount of the nanotubes [54]. By contrast, ten fold of
SDS was needed to exfoliate SWCNTs efficiently [11,58]. High dosage of dispersant is not
preferred since they are nonconductive and their residue will decrease the conductivity of
the films significantly. Third, they have little absorption over the visible range and will not
decrease the transmittance of CNT films. Last but not least, as biomolecules, they are easily
degraded and removed by acid, base or appropriate enzyme. Jeynes et al [54] have used
RNA to disperse CNTs and digested them by RNase effectively.

Figure 7. Effects of sonication on SWNT bundle length anddiameter. (a) and (b) AFMimage of SWNTs absorbed on a
silicon waferafter (a) 1 h and (b) 21 h of sonication time. (c) Histogram of bundle length distribution taken from sever‐
al AFM images for 1 h (black) and 21 h (red) of sonication. Plot of the (d) average bundle diameter and (e) average
bundlelength for various sonication times measured from AFM images. Reprinted from Ref. [37] copyright AIP.

The final solubilization approach involves functionalizing CNT walls with covalently bond‐
ed molecules. The most commonly used process is introducing carboxyl groups by reacting
with concentrated acid, such as nitric acid and sulfuric acid [59]. Although thismethod has
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been proven to lead to CNT solutions with high concentrations of thin bundles, the films
made from these tubes tend to have extremely low conductivity values, as the functionaliza‐
tion procedure inducesdefects into the pristine CNTsp2 bond structure.

For all solubilization approaches, energy must be imparted to the system to break the strong
van der Wall force between tubes. This is commonly done by mixing techniques such as
high-shear mixing, rotor-stator, three-roll milling, ball milling, homogenizers, and ultrasoni‐
cation. Among these, ultrasonication is the most commonly used and the most efficient tech‐
nique to prepare SWCNT water solution. The vibration of the sonicationtip in the solution
causes pressure waves which expand and collapse dissolved gas in the liquid; the collapse
of these bubbles causes temperature of local zones exceeding 10 000 oC, [60] which can im‐
part enough energy to separate CNTs from each other, long enough for surfactants to sur‐
round the tubes and prevent them from aggregating. However, such high energy of
sonication would introduce defects onto the walls of CNTs or even shorten them [37]. As
seen from Figure 7, the diameter of the bundles decreases sharply from 5 to 3 nm in the first
5 min of sonication, and then remains 2-3 nm after that. However, the length of the tubes
decreases exponentially with sonication time from 4µm initially, to 0.4µm after about 21 h of
sonication. Therefore, suitable sonication powder and time needs to be chosen to make
SWCNT inks with thin bundles and long length.

Figure 8. Freestanding SACNT film drawn out from a230-mm-high SACNT array on an 8-inch silicon wafer. The film in
the visualfield is about 18cm wide and 30cm long. b) SEM image of the SACNT array on the silicon wafer in side view.
c) SEM image of an SACNT film intop view. Reprinted with permission from Ref. [63] copyright Wiley
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CNTs helically and there were strong π-π interactions between them [56]. Charges were
transferred from the bases of DNA to CNTs leading to the change of their electron structures
and electrical property [57]. 1 mgDNA could disperse an equal amount of as-producedHiP‐
COCNT in 1 ml water, yielding 0.2 to 0.4 mg/ml CNT solution after removal of non-soluble
material by centrifugation. Such a CNTsolution could be further concentrated by ten-fold to
give a concentration as high as 4 mg/ml [52]. Jeynes’s research disclosed that total cellular
RNA showed better dispersion ability than dT(30) which was the most effective oligonucleo‐
tide dispersants in previous reports [54]. Second, the amount of DNA needed to exfoliate
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work, the weight ratio between SWCNTs and DNA was 1:1 [52] while the dosage of RNA in
Jeynes’s work was lower, only half amount of the nanotubes [54]. By contrast, ten fold of
SDS was needed to exfoliate SWCNTs efficiently [11,58]. High dosage of dispersant is not
preferred since they are nonconductive and their residue will decrease the conductivity of
the films significantly. Third, they have little absorption over the visible range and will not
decrease the transmittance of CNT films. Last but not least, as biomolecules, they are easily
degraded and removed by acid, base or appropriate enzyme. Jeynes et al [54] have used
RNA to disperse CNTs and digested them by RNase effectively.

Figure 7. Effects of sonication on SWNT bundle length anddiameter. (a) and (b) AFMimage of SWNTs absorbed on a
silicon waferafter (a) 1 h and (b) 21 h of sonication time. (c) Histogram of bundle length distribution taken from sever‐
al AFM images for 1 h (black) and 21 h (red) of sonication. Plot of the (d) average bundle diameter and (e) average
bundlelength for various sonication times measured from AFM images. Reprinted from Ref. [37] copyright AIP.

The final solubilization approach involves functionalizing CNT walls with covalently bond‐
ed molecules. The most commonly used process is introducing carboxyl groups by reacting
with concentrated acid, such as nitric acid and sulfuric acid [59]. Although thismethod has
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been proven to lead to CNT solutions with high concentrations of thin bundles, the films
made from these tubes tend to have extremely low conductivity values, as the functionaliza‐
tion procedure inducesdefects into the pristine CNTsp2 bond structure.

For all solubilization approaches, energy must be imparted to the system to break the strong
van der Wall force between tubes. This is commonly done by mixing techniques such as
high-shear mixing, rotor-stator, three-roll milling, ball milling, homogenizers, and ultrasoni‐
cation. Among these, ultrasonication is the most commonly used and the most efficient tech‐
nique to prepare SWCNT water solution. The vibration of the sonicationtip in the solution
causes pressure waves which expand and collapse dissolved gas in the liquid; the collapse
of these bubbles causes temperature of local zones exceeding 10 000 oC, [60] which can im‐
part enough energy to separate CNTs from each other, long enough for surfactants to sur‐
round the tubes and prevent them from aggregating. However, such high energy of
sonication would introduce defects onto the walls of CNTs or even shorten them [37]. As
seen from Figure 7, the diameter of the bundles decreases sharply from 5 to 3 nm in the first
5 min of sonication, and then remains 2-3 nm after that. However, the length of the tubes
decreases exponentially with sonication time from 4µm initially, to 0.4µm after about 21 h of
sonication. Therefore, suitable sonication powder and time needs to be chosen to make
SWCNT inks with thin bundles and long length.

Figure 8. Freestanding SACNT film drawn out from a230-mm-high SACNT array on an 8-inch silicon wafer. The film in
the visualfield is about 18cm wide and 30cm long. b) SEM image of the SACNT array on the silicon wafer in side view.
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5. Film Fabrication

Many techniques have been developed to prepare CNT thin films, including both dry and
solution-based methods. Although solution-based techniques are the mostly commonly
used and industry preferred, dry method is negligible for preparing high performance
TCFs. Direct growth of CNT films is one of the typical dry method. CVD can grow CNT
films either randomly distributed or aligned by controlling the gas flow, catalyst patterns, or
by using a substrate with a defined lattice structure [61]. Compared with a solution-based
process, the direct growth method leads to films with individually separated tubes with
fewer defects and better CNT-CNT contact, which leads to highly conductive films [62].
However, films directly grown on a substrate may have significant amounts of residual cata‐
lyst, imprecise density control, and substrate incompatibility for device integration. Further‐
more,CVD is a high vacuum, high temperature process and is not compatible with
substrates used in the emerging plastic electronics field.

Figure 9. Production and performance of SACNTTCFs. a) Illustration of the roll-to-roll setup for producing composite
TCFs. b) A reel of SACNT/PE composite TCF produced by the roll-to-rollsetup. The grey central region of the reel is the
SACNT/PE composite TCF. Reprinted with permission from Ref. [63] copyright Wiley.

In 2002, a method was pioneered by Dr Fan’s group [63] and involves drawing out MWCNT
films directly fromas-grown super aligned CNT (SACNT) arrays. An example of such proc‐
ess and films are shown in Figure 8. An SACNT array is a special kind of vertically aligned
MWCNT array having a higher surface density and better alignment of MWCNTs than an
ordinary one.Typically, an SACNT array with an area of 0.01 m2 can be totally converted to
a SACNT film of ~6–10 m2, depending on the height of the SACNT array. Unlike the solu‐
tion-based process, an entire SACNT array can be converted to films without any significant
loss by the drawing process, which will lower the cost. Another crucial advantage of this
solution-free process is that it can be straight forwardly incorporated into a roll-to-roll proc‐
ess to make SACNT/polymer-sheet composite films. In a roll-to-roll process as shown in Fig‐
ure 9a, aSACNT film is drawn out, then sandwiched by a release layer and a substrate layer,
and pressed by two close rollers tightly, forming an SACNT/substrate composite film. The
release layer, suchas a slick paper, protects the SACNT film from sticking to the roller, and
can be peeled off when using the film.Figure 9b shows a reel of SACNT/polyethylene (PE)
compositefilmthat is produced from anentire wafer of SACNT array. The width of the film
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in this reel is about 8 cm, and the length can be over 60 m. In principle, by periodically in‐
serting a new SACNT source wafer, the composite film can be produced continuously by
the roll-to-roll process. Unfortunately, the performance of such as-drawn films is far below
our expectation. In order to improve their performance, the SACNTarrays were trimmed by
the oxygen plasma to reduce their height, since lower arrays give rise to films without large
bundles. Besides, the SACNT films were trimmed by lasers to burn the outmost CNTs of the
bundles and to make the bundles thinner. After treatment, films with excellent performance
(24 Ω/sq @ 83.4%, 208 Ω/sq @ 90%) were obtained, and successfully used as touch panels.

Compared with dry method, solution-based method is much easier to prepare CNT films
with high reproducibility. Perhaps the simplest way to make CNT films is by filtering the
solution of dispersed tubes over a porous filter membrane. Filtration leads to highly uniform
and reproducible films, and has precisely control over density [64]. Therefore, this method is
often used to evaluate CNT materials and dispersion quality. Deposition method does not
have the issues on the wetting on various substrates and it works well with extremely dilute
CNT solutions. Another merit deserve to be addressed is that some excess dispersants could
be washed away during the filtering process, which could enhance the conductance of the
films. To our experience, films prepared with filtration method always show higher conduc‐
tance than films prepared with spray coating or rod-coating method, since all of the disper‐
sants resided in the films in the later methods. Since the films are deposited onto filters, a
transfer from filters to other substrates is generally needed. Accordingly, transfer methods
such as PDMS method [65]. Laser transfer method and microwave assisted method were de‐
veloped [66]. The limitation of this method is that the size of the films is constrained by the
filter, and is difficult to scale up. It is likely that this method will continue to be restricted to
academic research.

In addition to vacuum assisted filtration, there are other deposition techniques that are use‐
ful for small scalelab testing. These include spray coating, [11] spin coating, [67] dipcoating,
[68] and draw-downs using a Mayer rod or Slot Die [69]. Spray coating is a simple and quick
method to deposit CNT films. Typically, CNT ink is sprayed onto a heated substrate. The
substrate is heated to facilitate the drying of the liquid. The set temperature for the substrate
is adjusted by the choice ofsolvent. By using diluted solution and multiple spray coating
steps, homogeneous films can be obtained. Bundling mayhappen during the drying process
after the sprayed mist of CNT has hit the PET substrate. Thus, it is difficult to get good film
uniformity. The most widespread deposition method involves depositing solution on a sub‐
strate by Mayer Rod or Slot Die, followed by controlled drying. Aheating bar is used to con‐
trol the drying process.This technique can be used to coat directly onto polyethylene
terephthalate (PET), glass, and other substrates at room temperature and in a scalable way.
Inkjet printing is an old and popular technology due to its ability to print fine and easily
controllable patterns, noncontact injection, solution saving, and high repeatability [62]. It is
very prevalent inprinted electronics. In a typical ink jet printing process, the droplet size is
around~10 pL and, on the substrate, has a diameter of around 20-50 μm. Printing on paper is
much easier than printing on a plastic or glass substrate, due to the high liquid absorption of
the paper, which avoids the dewetting of the liquid on substrates. The liquid droplet and
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5. Film Fabrication

Many techniques have been developed to prepare CNT thin films, including both dry and
solution-based methods. Although solution-based techniques are the mostly commonly
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TCFs. Direct growth of CNT films is one of the typical dry method. CVD can grow CNT
films either randomly distributed or aligned by controlling the gas flow, catalyst patterns, or
by using a substrate with a defined lattice structure [61]. Compared with a solution-based
process, the direct growth method leads to films with individually separated tubes with
fewer defects and better CNT-CNT contact, which leads to highly conductive films [62].
However, films directly grown on a substrate may have significant amounts of residual cata‐
lyst, imprecise density control, and substrate incompatibility for device integration. Further‐
more,CVD is a high vacuum, high temperature process and is not compatible with
substrates used in the emerging plastic electronics field.

Figure 9. Production and performance of SACNTTCFs. a) Illustration of the roll-to-roll setup for producing composite
TCFs. b) A reel of SACNT/PE composite TCF produced by the roll-to-rollsetup. The grey central region of the reel is the
SACNT/PE composite TCF. Reprinted with permission from Ref. [63] copyright Wiley.

In 2002, a method was pioneered by Dr Fan’s group [63] and involves drawing out MWCNT
films directly fromas-grown super aligned CNT (SACNT) arrays. An example of such proc‐
ess and films are shown in Figure 8. An SACNT array is a special kind of vertically aligned
MWCNT array having a higher surface density and better alignment of MWCNTs than an
ordinary one.Typically, an SACNT array with an area of 0.01 m2 can be totally converted to
a SACNT film of ~6–10 m2, depending on the height of the SACNT array. Unlike the solu‐
tion-based process, an entire SACNT array can be converted to films without any significant
loss by the drawing process, which will lower the cost. Another crucial advantage of this
solution-free process is that it can be straight forwardly incorporated into a roll-to-roll proc‐
ess to make SACNT/polymer-sheet composite films. In a roll-to-roll process as shown in Fig‐
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Syntheses and Applications of Carbon Nanotubes and Their Composites326

in this reel is about 8 cm, and the length can be over 60 m. In principle, by periodically in‐
serting a new SACNT source wafer, the composite film can be produced continuously by
the roll-to-roll process. Unfortunately, the performance of such as-drawn films is far below
our expectation. In order to improve their performance, the SACNTarrays were trimmed by
the oxygen plasma to reduce their height, since lower arrays give rise to films without large
bundles. Besides, the SACNT films were trimmed by lasers to burn the outmost CNTs of the
bundles and to make the bundles thinner. After treatment, films with excellent performance
(24 Ω/sq @ 83.4%, 208 Ω/sq @ 90%) were obtained, and successfully used as touch panels.

Compared with dry method, solution-based method is much easier to prepare CNT films
with high reproducibility. Perhaps the simplest way to make CNT films is by filtering the
solution of dispersed tubes over a porous filter membrane. Filtration leads to highly uniform
and reproducible films, and has precisely control over density [64]. Therefore, this method is
often used to evaluate CNT materials and dispersion quality. Deposition method does not
have the issues on the wetting on various substrates and it works well with extremely dilute
CNT solutions. Another merit deserve to be addressed is that some excess dispersants could
be washed away during the filtering process, which could enhance the conductance of the
films. To our experience, films prepared with filtration method always show higher conduc‐
tance than films prepared with spray coating or rod-coating method, since all of the disper‐
sants resided in the films in the later methods. Since the films are deposited onto filters, a
transfer from filters to other substrates is generally needed. Accordingly, transfer methods
such as PDMS method [65]. Laser transfer method and microwave assisted method were de‐
veloped [66]. The limitation of this method is that the size of the films is constrained by the
filter, and is difficult to scale up. It is likely that this method will continue to be restricted to
academic research.

In addition to vacuum assisted filtration, there are other deposition techniques that are use‐
ful for small scalelab testing. These include spray coating, [11] spin coating, [67] dipcoating,
[68] and draw-downs using a Mayer rod or Slot Die [69]. Spray coating is a simple and quick
method to deposit CNT films. Typically, CNT ink is sprayed onto a heated substrate. The
substrate is heated to facilitate the drying of the liquid. The set temperature for the substrate
is adjusted by the choice ofsolvent. By using diluted solution and multiple spray coating
steps, homogeneous films can be obtained. Bundling mayhappen during the drying process
after the sprayed mist of CNT has hit the PET substrate. Thus, it is difficult to get good film
uniformity. The most widespread deposition method involves depositing solution on a sub‐
strate by Mayer Rod or Slot Die, followed by controlled drying. Aheating bar is used to con‐
trol the drying process.This technique can be used to coat directly onto polyethylene
terephthalate (PET), glass, and other substrates at room temperature and in a scalable way.
Inkjet printing is an old and popular technology due to its ability to print fine and easily
controllable patterns, noncontact injection, solution saving, and high repeatability [62]. It is
very prevalent inprinted electronics. In a typical ink jet printing process, the droplet size is
around~10 pL and, on the substrate, has a diameter of around 20-50 μm. Printing on paper is
much easier than printing on a plastic or glass substrate, due to the high liquid absorption of
the paper, which avoids the dewetting of the liquid on substrates. The liquid droplet and
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substrate interactionis crucial for uniform drying of the liquid. The most useful deposition
technique is roll to roll coating of CNT inks onto continuous rolls of plastics. This technique
can coat film up to 2 m wide at speeds up to 500 m/min.One such roll-to-roll coating line
running continuously would have the equivalent output of 30 traditional sputter coaters,
and could produce enough film to satisfy half of the available touch panel market. Examples
of various film fabrication methods were shown in Figure 10.

Figure 10. a) Transparent CNT film pulled from vertically grown CNT forest; b) CNT film transferred to PET using PDMS
stamp. c) CNT film spray coated onto large areaplastic; d) Mayer rodcoating schematic. e) Image of CNT film being
coated by slot die f) Roll of printed CNTfilm. g) Inkjet printed CNT lines. Reprinted with permissions from Ref. [4] copy‐
right Wiley

6. Post-Treatment of CNT Films

During the preparation of CNT water solutions, dispersants are always introduced to assis‐
tant the exfoliation of CNT bundles. Since these dispersants are insulating, their residue decrease
the conductance of CNT films significantly. Hence, post-treatments to remove these disper‐
sants are necessary for preparing TCFs with high performance. In addition to remove the
dispersants, doping is the other goal of post-treatment. In addition to rinsing with water, acid
treatment is the most commonly used method to post-treat CNT films. As reported by Geng,
11 the sheet resistance of CNT films reduced by a factor of 2.5 times after treatment in concen‐
trated nitric acid owing to the removal of surfactants SDS. Except their function on remov‐
ing dispersants, concentrated nitric acid is often used to p-dope CNTs and enhances their
conductivity [70]. Although nitric acid was effective to remove dispersants, they induced p-
doping of CNTs, which will lead to instability of the films [71]. Besides, PET substrates will
turn brittle after long time acid treatment. To solve this problem, Dr Sun’s group developed
a novel technique combing base treatment and short time acid treatment [72]. In their work,
biomolecule RNA was chosen was the dispersant since they are easily degraded by base, acid
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and RNase. After depositing CNT films onto a PET substrate, they were immersed in the 5 wt
% NaOH solution for one hour, and then treated with nitric acid for 10 min. The sheet resistance
decreased significantly after treatment with NaOH solution owing to the removal of RNA
molecules. After treatment with nitric acid, the RNA molecules were removed further and
SWCNTs were slightly doped, therefore, the sheet resistance was reduced further. Base treat‐
ment combining short time acid treatment could remove RNA molecules efficiently as well as
retaining the flexibility of PET substrates and the stability of the films.

7. Application of CNTTCFs

CNTTCFs have found a range of applications, among which we focus on the touch screens,
plat panel displays, solar cells and OLEDs.

Touch screen is almost omnipresent in our daily life, such as in cell phones, tablet computers
and many other electronics. Transparent electrodes are an essential component in most
types of touch screens. High optical transmittance (＞ 85%) and low sheet resistance Rs (＜
500 Ω/sq) are normally needed for touch screens. Meanwhile, extremely excellent durability,
flexibility, and mechanical robustness are required given that the touch screen may be under
indentation for millions of times. The mechanical robustness demonstrated by CNT touch
panels give promises for increasing the lifetime and durability of current touch screens.
There are a variety of touchscreen technologies that sense touch in different ways.Figure 11a
shows the basic device structure and the transparent conductor arrangement for a 4-wire an‐
alog resistive touchpanel. These panels use two continuous electrodes separated by hemi‐
spheres of polymeric “spacer dots” that are10–100 µm in radius and 1–2.5 mm apart. Only at
the edges (where electrode attachment occurs) is the transparent electrode patterned. Sur‐
face capacitive devices share the same type of continuous conductor whereas the projected
capacitive deviceuses transparent conductors with specific patterning into predefined geo‐
metries. Resistive touch panels function by current driven measurements andcapacitive de‐
vices depend on capacitive coupling with the input device. Both panel types utilize signal
processing controllers todetermine X-Y and sometimes Z position of inputs.

The mechanical durability of the transparent conductors is very important for resistive
touch panels, since it involves compressive, sheer, and tensile stress every time it works.
Their working process can be summarized as [4]:

1. Deformation of the touchside electrode–compressive, tensile

2. Contact of the touch sideand device side–compressive, shear

3. Contact of touch sideelectrode with spacer dots–compressive, shear

4. Extreme deformationof touch side electrode near edge seal–high tensile.

Compressive stress is not required to activatethe projected capacitive (ProCap) touch panels
(of which theiPhone is a prime example). The ProCap touch panels are activated by a capaci‐
tive coupling with a suitable input device. Thus, there willnot be the mechanical flexing is‐
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and many other electronics. Transparent electrodes are an essential component in most
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500 Ω/sq) are normally needed for touch screens. Meanwhile, extremely excellent durability,
flexibility, and mechanical robustness are required given that the touch screen may be under
indentation for millions of times. The mechanical robustness demonstrated by CNT touch
panels give promises for increasing the lifetime and durability of current touch screens.
There are a variety of touchscreen technologies that sense touch in different ways.Figure 11a
shows the basic device structure and the transparent conductor arrangement for a 4-wire an‐
alog resistive touchpanel. These panels use two continuous electrodes separated by hemi‐
spheres of polymeric “spacer dots” that are10–100 µm in radius and 1–2.5 mm apart. Only at
the edges (where electrode attachment occurs) is the transparent electrode patterned. Sur‐
face capacitive devices share the same type of continuous conductor whereas the projected
capacitive deviceuses transparent conductors with specific patterning into predefined geo‐
metries. Resistive touch panels function by current driven measurements andcapacitive de‐
vices depend on capacitive coupling with the input device. Both panel types utilize signal
processing controllers todetermine X-Y and sometimes Z position of inputs.

The mechanical durability of the transparent conductors is very important for resistive
touch panels, since it involves compressive, sheer, and tensile stress every time it works.
Their working process can be summarized as [4]:

1. Deformation of the touchside electrode–compressive, tensile

2. Contact of the touch sideand device side–compressive, shear
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sues in ProCap devices. Still, the mechanical properties of the conducting layer are
important since the conductors may be patterned to a size assmall as 10 µm in width. Metal
oxides patterned to such small dimension become susceptible to cracking, fractures,and
thermal cycling stress.

Figure 11. a) Schematic of four-wire resistive touch panel operation and functional layers; b) Schematic of the contact
resistance experienced at the interface between two rough conductive layers separated by a very thin dielectric; c) Pho‐
tograph of touch panel utilizing CNT film as touch electrode. Reprinted with permission form Ref. [4] copyright Wiley

Display panels are produced at nearly 1.7 billion unitsannually (1.2 billion mobile phones,
200 million televisions,150 million laptops, and 200 million desktop, machine interfaces,
monitors etc. There are four common types of displays, which are electrowetting displays
(EWD), electrochromic displays (ECD), electrophoretic displays (EPD) and liquid crystal
displays (LCD). Currently, LCD devicesare manufactured in the greatest number and will
be the mainsubject of this section. A transparent conductor’smajor role in LCD/EPD devices
is to serve as pixel and common electrodes. An interesting advantage of using CNT films for
LCD is the ability to use them possibly as both the transparent electrode and the alignment
layer [73]. Recently, Lee et al demonstrated high performance TN-LC cells with ultra-thin
and solution-processible SWNT/PS-b-PPP nanocomposite alignmentlayers. At an optimized
SWNT density, a nanocompositegave rise to low power operation with a super-fast LC re‐
sponsetime of 3.8 ms, which is more than four times faster than thaton a commercial polyi‐
mide layer due to the locally enhancedelectric field around individually networked SWNTs.
Furthermore,TN-LC cells with their SWNT nanocomposite layers exhibited high thermal
stability up to 200 oC without capacitance hysteresis.

Transparent electrodes are the essential components forphotovoltaic devices. The traditional
electrodes for photovoltaic devices is ITO, which has high transmittance and low sheet re‐
sistance (~10-20 Ω/aq with the transmittance of 90%). However, their application was con‐
strained by the high price of indium. Besides, the brittleness of ITO limited their usage in
flexible devices, which will be a developing trend in the future. Therefore, replacing materi‐
als need to be developed. Carbon nanotubes are promising candidates since they have ex‐
tremely high conductivity, high work function of 4.7-5.2 eV, relatively low cost and excellent
flexibility. Besides, they are easy to be deposited into film via solution based process. Glat‐
kowskiet al. [74] reported on the application of transparent CNT electrodesand found a PE‐
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DOT:PSS coating dramatically improves the device efficiency from 0.47% to 1.5%. The thin
layer of PEDOT:PSS can smooth the CNT surface and enhance the charge transfer according
to their investigation. In Hu’s work, [75] flexible transparent electrodes were fabricated by
printing SWCNT solutions on plastic substrates. The SWCNT films have a sheet resistance
of 200 Ω/sq with a transmittance of 85%. The achieved efficiency of 2.5% (AM1.5G) ap‐
proaches that of the controldevice made with ITO/glass (3%). Furthermore, the flexibility is
far superior to devices using ITO coated on the same flexible substrate material. However,
there are several aspects that need to be solved for CNT based electrodes.

1. Long termelectrical stability;

2. Occasional shorting betweenthe cathode and anode due to protruding CNTs;

3. Relatively high sheet resistance.

Light emitting diodes have an opposite light electricity coupling process as solar cells. Ap‐
plications of nanoscale materials based transparent electrodes are mainly focused on organic
light emitting diodes which hold great promise for the future electronics. In Aguirre’s work,
carbon nanotube anodes were implemented in small molecule OLED devices and achieved
performance comparable to ITO-based anodes [76]. Recently, Feng et al [77] proposed a sin‐
gle walled carbon nanotubes-based anodes for organic light-emitting diodes (OLEDs) by
spray-coating process without any use of surfactant or acid treatment. A layer of DMSO
doped PEDOT:PSS was spray-coated on the SWCNT sheets to not only lessen the surface
roughness to an acceptable level, but also improve the conductivity by more than three or‐
ders of magnitude. For the produced SWCNT-based OLEDs, a maximum luminance 4224
cd/m2 and current efficiency 3.12 cd/A were achieved, which is close to the efficiency of ITO-
based OLEDs.
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1. Introduction

A gas sensor is a device that when exposed to gaseous species, is able to alter one or more of
its physical properties, so that can be measured and quantified, directly or indirectly. These
devices are used for applications in homeland security, medical diagnosis, environmental
pollution, food processing, industrial emission, public security, agriculture, aerospace and
aeronautics, among others. Desirable characteristics of a gas sensor are selectivity for differ‐
ent gases, sensitivity at low concentrations, fast response, room temperature operation
(some applications may require high temperature), low power consumption, low-cost, low
maintenance and portability. Traditional techniques like gas chromatography (GC), GC cou‐
pled to mass spectrometry (GC-MS), Fourier transmission infrared spectroscopy (FTIR) and
atomic emission detection (AED) provide high sensitivity, reliability and precision, but they
are also bulky, time consuming, power consuming, operate at high temperature, and the
high maintenance and requirement of trained technicians translate in high costs. In an effort
to overcome those disadvantages, research in the area has been focused on the search for
functional sensing materials.

Carbon nanotubes (CNTs) have been have been focus of intense research as alternative sens‐
ing material because of their attractive characteristics like chemical, thermal and mechanical
stability, high surface area, metallic and semi-conductive properties and functionalization
capability [1]. CNTs are graphene sheets rolled in a tubular fashion. Different types of CNTs
can be synthesized: single walled carbon nanotubes (SWCNT), double wall carbon nano‐
tubes (DWCNTs) and multi walled carbon nanotubes (MWCNT).

The publication of the first CNT-based sensor for NH3 and NO2 detection using an individu‐
al semiconducting SWCNT [2] triggered the research activity in this area. Pristine CNTs
have shown to be chemically inactive to gas molecules in general. However, their modifica‐

© 2013 Contés-de Jesús et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Contés-de Jesús et al.; licensee InTech. This is a paper distributed under the terms of the Creative 
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tion/functionalization capability has been exploited throughout the last years, especially for
the development of devices with enhanced selectivity and sensitivity for the room tempera‐
ture detection of a wide variety of gases. Numerous articles and reviews focused on differ‐
ent aspect of CNTs-based sensors and summarizing their progress and potential have been
published throughout the years. Some of them are listed in references [3-34]. A most recent
review [35] addressing the technological and commercial aspects of CNTs sensors presents
evidence of the continuous active research in the area and that they have real potential to
complement or substitute current technologies.

This chapter presents a summary of selected original research articles that have been pub‐
lished between 2010 and present in which the main subject are modified/functionalized
SWCNTs, DWCNTs and MWCNTs and their use as gas sensing material. The majority of
the references included in this chapter content are based on experimental results. However,
theoretical studies based on computational science are also included because of their impor‐
tance in the study of CNT-based sensors. The use of different methods of calculations and
simulation has been useful to design new structures and materials and to study, evaluate
and predict the interactions and adsorption energies between those materials and gaseous
molecules. First, we present current research activities on pristine CNTs-based sensors and
the different approaches used to improve their sensitivity and selectivity without modifying
the CNTs structure, followed by the review of CNTs modified with conducting polymers,
metallic nanoparticles (NPs), nanostructured oxides and sidewall modification, doping and
others. Different modification/functionalization techniques like chemical deposition, plasma,
sputtering and electrodeposition are discussed. Gas sensors based on changes of electrical
conductivity caused by adsorption of gas molecules (resistors) are the most common sensor
type discussed in this review. Other sensing platforms like surface acoustic wave (SAW) and
quartz microbalance (QMB)are also included.

2. Unmodified carbon nanotubes

Pristine CNTs are known for their high stability because of their strong sp2 carbon-carbon
bonds and thus insensitive when used as sensing material for certain gases. However, the de‐
tection of NO, NO2 and NH3 has been previously reported. In order to improve their sensitivi‐
ty and recovery time, different approaches like dispersion techniques to debundling the CNTs
ropes, humidity assisted detection, application of an electric field, continuous use of ultravio‐
let (UV) light and even separation of semi-conductive types from conductive have been report‐
ed. The detection of NO, NO2 and NH3, as well as other gases like formaldehyde and dimethyl
methylphosphonate (DMMP) with pristine SWCNTs are discussed in this section.

A MWCNTs based sensor was used for the detection of 50 ppm of nitrogen monoxide (NO)
[36]. With the purpose to increase the sensitivity, an electric field was applied between two
copper plates as electrodes, one of them containing MWCNTs-silicon wafer. It was found
that when a positive potential was applied to the copper plate and the negative potential ap‐
plied to the copper plate containing the MWCNTs-sensor, NO, being an electron acceptor,
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moves to the electron enriched zone, which is the one containing the MWCNTs-sensor and
thus enhancement in the sensitivity is observed. The stronger the applied electric field, the
better the sensitivity. However, applying a negative electric field was applied to the copper
plate and a positive potential was applied to the copper plate containing the MWCNTs-sen‐
sor, the NO molecules moved away from the MWCNTs sensor and thus a decrease in the
sensitivity is observed. The more negative the applied electric field, the lower the sensitivity
of the sensor. Recovery of the sensors was achieved by applying reverse potential from the
one used to perform the gas sensing experiments.

Cava, et al. proposed the use of a homogeneous film of MWCNTs prepared by the self-as‐
sembly technique and use it as an active layer for an oxygen gas sensor with increased sensi‐
tivity [37]. When the sensors were exposed to 10% O2 in Nitrogen at 160 oC, the electrical
resistance decreased and showed a better oxygen sensitivity when compared to sensors pre‐
pared under the same condition but using the drop-cast method. The reason for this is that
the self-assembly technique provides a better distribution of the nanotubes and thus pro‐
moting a better gas adsorption between nanotubes (inter-tube contact).

The high van der walls attraction between CNTs causes them to remain in bundles or ag‐
glomerated. This can represent a problem for their application as gas sensors because it re‐
sults in less adsorption/interaction (binding) sites, which translates in less sensitivity.
Considering this, different dispersion techniques were used by Ndiaye and coworkers for
the preparation of CNTs based sensors for NO2 detection [38]. SWCNTs were dispersed in a
surfactant, sodium dodecylbenzene sulfonate (NaDDBs) and an organic solvent, chloroform
(CHCl3), drop-casted in IDEs and tested for the detection of 50, 100, 120, 200 ppb of NO2 at
80 oC. Sensors prepared with SWCNTs dispersed in NaDDBs showed better sensitivity than
those with SWCNTs dispersed in chloroform. The explanation to this is that the surfactant
was more effective in debundle the SWCNTs than the organic solvent. It was stated that
even though the surfactant was not completely removed after several rinsing steps and heat‐
ing treatment at 150oC, it does not have significant effect on the electronic behavior of the
sensor. Both surfactant-dispersed and organic solvent-dispersed samples showed a decrease
in resistance with increasing temperature, which demonstrate the semi-conductive behavior
of the SWCNTs and thus no effect of the solvent.

A SWCNT-based gas sensor selective for NO2 and SO2 at room temperature and ambient
pressure was developed by Yao et al. [39]. High sensitivity and selectivity for 2 ppm of each
gas was achieved by controlling the humidity levels. For instance, at low humidity levels,
the sensors showed to be selective for NO2and insensitive to SO2. At high humidity levels
(92%), both gases were detected. However, NO2 showed a decrease in resistance and SO2

showed an increase in resistance.

Continuous in situ UV illumination on SWCNTs during gas sensing experiments was used
to enhance the sensor’s overall performance in the detection of NO, NO2 and NH3 (Figure 1)
[40]. Changes in conductance (∆G/G0) as function of time were recorded and used to prepare
calibration curves in order to determine sensors sensitivity. It was found that the continuous
exposure of the sensors to UV light under inert atmosphere (N2, Ar) regenerating the sur‐
face, therefore, enhances their sensitivity for the detection of NO and NO2. Linear responses

Latest Advances in Modified/Functionalized Carbon Nanotube-Based Gas Sensors
http://dx.doi.org/10.5772/52173

339



tion/functionalization capability has been exploited throughout the last years, especially for
the development of devices with enhanced selectivity and sensitivity for the room tempera‐
ture detection of a wide variety of gases. Numerous articles and reviews focused on differ‐
ent aspect of CNTs-based sensors and summarizing their progress and potential have been
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This chapter presents a summary of selected original research articles that have been pub‐
lished between 2010 and present in which the main subject are modified/functionalized
SWCNTs, DWCNTs and MWCNTs and their use as gas sensing material. The majority of
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molecules. First, we present current research activities on pristine CNTs-based sensors and
the different approaches used to improve their sensitivity and selectivity without modifying
the CNTs structure, followed by the review of CNTs modified with conducting polymers,
metallic nanoparticles (NPs), nanostructured oxides and sidewall modification, doping and
others. Different modification/functionalization techniques like chemical deposition, plasma,
sputtering and electrodeposition are discussed. Gas sensors based on changes of electrical
conductivity caused by adsorption of gas molecules (resistors) are the most common sensor
type discussed in this review. Other sensing platforms like surface acoustic wave (SAW) and
quartz microbalance (QMB)are also included.

2. Unmodified carbon nanotubes

Pristine CNTs are known for their high stability because of their strong sp2 carbon-carbon
bonds and thus insensitive when used as sensing material for certain gases. However, the de‐
tection of NO, NO2 and NH3 has been previously reported. In order to improve their sensitivi‐
ty and recovery time, different approaches like dispersion techniques to debundling the CNTs
ropes, humidity assisted detection, application of an electric field, continuous use of ultravio‐
let (UV) light and even separation of semi-conductive types from conductive have been report‐
ed. The detection of NO, NO2 and NH3, as well as other gases like formaldehyde and dimethyl
methylphosphonate (DMMP) with pristine SWCNTs are discussed in this section.

A MWCNTs based sensor was used for the detection of 50 ppm of nitrogen monoxide (NO)
[36]. With the purpose to increase the sensitivity, an electric field was applied between two
copper plates as electrodes, one of them containing MWCNTs-silicon wafer. It was found
that when a positive potential was applied to the copper plate and the negative potential ap‐
plied to the copper plate containing the MWCNTs-sensor, NO, being an electron acceptor,
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moves to the electron enriched zone, which is the one containing the MWCNTs-sensor and
thus enhancement in the sensitivity is observed. The stronger the applied electric field, the
better the sensitivity. However, applying a negative electric field was applied to the copper
plate and a positive potential was applied to the copper plate containing the MWCNTs-sen‐
sor, the NO molecules moved away from the MWCNTs sensor and thus a decrease in the
sensitivity is observed. The more negative the applied electric field, the lower the sensitivity
of the sensor. Recovery of the sensors was achieved by applying reverse potential from the
one used to perform the gas sensing experiments.

Cava, et al. proposed the use of a homogeneous film of MWCNTs prepared by the self-as‐
sembly technique and use it as an active layer for an oxygen gas sensor with increased sensi‐
tivity [37]. When the sensors were exposed to 10% O2 in Nitrogen at 160 oC, the electrical
resistance decreased and showed a better oxygen sensitivity when compared to sensors pre‐
pared under the same condition but using the drop-cast method. The reason for this is that
the self-assembly technique provides a better distribution of the nanotubes and thus pro‐
moting a better gas adsorption between nanotubes (inter-tube contact).

The high van der walls attraction between CNTs causes them to remain in bundles or ag‐
glomerated. This can represent a problem for their application as gas sensors because it re‐
sults in less adsorption/interaction (binding) sites, which translates in less sensitivity.
Considering this, different dispersion techniques were used by Ndiaye and coworkers for
the preparation of CNTs based sensors for NO2 detection [38]. SWCNTs were dispersed in a
surfactant, sodium dodecylbenzene sulfonate (NaDDBs) and an organic solvent, chloroform
(CHCl3), drop-casted in IDEs and tested for the detection of 50, 100, 120, 200 ppb of NO2 at
80 oC. Sensors prepared with SWCNTs dispersed in NaDDBs showed better sensitivity than
those with SWCNTs dispersed in chloroform. The explanation to this is that the surfactant
was more effective in debundle the SWCNTs than the organic solvent. It was stated that
even though the surfactant was not completely removed after several rinsing steps and heat‐
ing treatment at 150oC, it does not have significant effect on the electronic behavior of the
sensor. Both surfactant-dispersed and organic solvent-dispersed samples showed a decrease
in resistance with increasing temperature, which demonstrate the semi-conductive behavior
of the SWCNTs and thus no effect of the solvent.

A SWCNT-based gas sensor selective for NO2 and SO2 at room temperature and ambient
pressure was developed by Yao et al. [39]. High sensitivity and selectivity for 2 ppm of each
gas was achieved by controlling the humidity levels. For instance, at low humidity levels,
the sensors showed to be selective for NO2and insensitive to SO2. At high humidity levels
(92%), both gases were detected. However, NO2 showed a decrease in resistance and SO2

showed an increase in resistance.

Continuous in situ UV illumination on SWCNTs during gas sensing experiments was used
to enhance the sensor’s overall performance in the detection of NO, NO2 and NH3 (Figure 1)
[40]. Changes in conductance (∆G/G0) as function of time were recorded and used to prepare
calibration curves in order to determine sensors sensitivity. It was found that the continuous
exposure of the sensors to UV light under inert atmosphere (N2, Ar) regenerating the sur‐
face, therefore, enhances their sensitivity for the detection of NO and NO2. Linear responses
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were achieved at low concentrations and up to 50 ppm. Detection limits (DL), derived from
the noise of the baseline and the slope obtained from the calibration curve, were found to be
as low as 590 parts per quadrillion (ppq) and 1.51ppt for NO and NO2, respectively. For NH3

it was found not only that the in situ UV illumination reverses the direction of the changes in
conductance, but it was also confirmed that it helps to improve the DL from 5.67 ppm to
27.8 ppt when tested under identical conditions. The achieved DL outperformed by several
orders of magnitude the sensitivity of other CNTs-based NO, NO2and NH3 sensors that
have been previously reported. This is attributed to the UV light inducing surface regenera‐
tion and actively removal of all gases adsorbed on SWCNTs surface. It is worth noticing that
this in situ cleaning with continuous UV-light exposure without device degradation was just
achieved under inert atmospheres.

Figure 1. SWCNTs-sensor responses to (A) NO (10 – 200ppt) under in situ UV illumination, (B) NO2 (40 – 1000 ppt)
under in situ UV illumination, (C) NH3 (5 – 500 ppm) without in situ UV illumination, and (D) NH3 (200 – 4000 ppt)
under in situ UV illumination. (From Chen et al. [40]. Copyright © 2012, with permission from Nature Publishing
Group. )

Battie and coworkers used sorted semi-conducting SWCNTs as sensing film for the detec‐
tion of NO2 and NH3 [41]. The density gradient ultracentrifugation (DGU) technique was
used to separate semi-conducting from as produced SWCNTs. Films of as produced and
sorted semi-conducting SWCNTs were exposed to NO2 and NH3 in air. Both films showed
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decrease in resistance and increase in resistance as exposed to NO2 and NH3, respectively.
Full recovery was achieved by applying heat after NH3 exposure and vacuum after NO2 ex‐
posure. However, semi-conducting SWCNTs films were more sensitive for NH3 than to NO2

at different concentrations at ppm level.

Horrillo et al. used SWCNTs films for the room temperature detection of Chemical Warfare
Agents (CWA) [42]. Changes in resistance were measured as samples were exposed to simu‐
lants of CWA at different ppm levels, DL of 0.01 ppm, 0.1 ppm and 50 ppm were achieved
for DMMP, dipropylene glycol methyl ether (DPGME) and dimethylacetamide (DMA), re‐
spectively. The most remarkable advantage is that the sensors perform better and at more
sensitive at room temperature, when tested at different temperatures.

3. Surface modified carbon nanotubes

CNTS modified with different functional groups have been used for the development of
sensors for detection of volatile organic compounds (VOCs) in the environment as well as in
exhaled breath. For the detection of VOCs in air, Wang et al. worked in the preparation of a
sensor array based on MWCNTs covalently modified with different functional groups like
propargyl, allyl, alkyltriazole, thiochain, thioacid, hexafluoroisopropanol (HFIP) [43] and
Shrisat, et al. reported another one based on SWCNTs modified with different porphyrins
(organic macrocyclic compounds) likeoctaethyl porphyrin (OEP), ruthenium OEP (RuOEP),
iron OEP (FeOEP), tetraphenylporphyrin (TPP), among others [44]. Penza et al. also worked
in the modification of MWCNTs with TPP for the room temperature detection of VOCs [45].
In this case, the TTP contained two different metals, Zn (CNT:ZnTPP) and Mn
(CNT:MnTPP). Sensors were exposed to ethanol, acetone, ethylacetate, toluene and Triethyl‐
amine at ppm levels and all showed increase in resistance when exposed to the different
gases. CNT: MnTPP showed the highest sensitivity towards all gases with respect to un‐
modified CNTs but for triethylamine and CNT: ZnTPP was more sensitive to ethylacetate.

Two different CNT-based sensor arrays have been reported for the detection and pattern
recognition of VOCs present in exhaled breath samples for medical diagnosis, Tisch et al.
presented a sensor array containing different nanomaterials including organically function‐
alized random networks of SWCNTs for the detection of VOCs related to Parkinson disease
and that were present in exhaled breath collected from rats [46]. Ionescu and coworkers re‐
ported a sensor array based on bilayers of SWCNTS and polycyclic aromatic hydrocarbons
(PAH) for the detection of multiple sclerosis in exhaled human breath [47]. In general, the
incorporation of organic functional groups provided not only enhanced sensitivity but also
provided better selectivity for each gas when compared to pristine CNTs. The use of statisti‐
cal techniques like principal component analysis (PCA), discriminant factor analysis (DFA)
and linear discriminant analysis (LDA) was possible to determine the discrimination capa‐
bility of the sensors toward each VOC.

SWCNTs were functionalized with tetrafluorohydroquinone (TFQ) at the room temperature
for detection of dimethyl methylphosponate (DMMP) at parts per trillion (ppt) levels (Fig‐
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it was found not only that the in situ UV illumination reverses the direction of the changes in
conductance, but it was also confirmed that it helps to improve the DL from 5.67 ppm to
27.8 ppt when tested under identical conditions. The achieved DL outperformed by several
orders of magnitude the sensitivity of other CNTs-based NO, NO2and NH3 sensors that
have been previously reported. This is attributed to the UV light inducing surface regenera‐
tion and actively removal of all gases adsorbed on SWCNTs surface. It is worth noticing that
this in situ cleaning with continuous UV-light exposure without device degradation was just
achieved under inert atmospheres.
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under in situ UV illumination, (C) NH3 (5 – 500 ppm) without in situ UV illumination, and (D) NH3 (200 – 4000 ppt)
under in situ UV illumination. (From Chen et al. [40]. Copyright © 2012, with permission from Nature Publishing
Group. )

Battie and coworkers used sorted semi-conducting SWCNTs as sensing film for the detec‐
tion of NO2 and NH3 [41]. The density gradient ultracentrifugation (DGU) technique was
used to separate semi-conducting from as produced SWCNTs. Films of as produced and
sorted semi-conducting SWCNTs were exposed to NO2 and NH3 in air. Both films showed
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decrease in resistance and increase in resistance as exposed to NO2 and NH3, respectively.
Full recovery was achieved by applying heat after NH3 exposure and vacuum after NO2 ex‐
posure. However, semi-conducting SWCNTs films were more sensitive for NH3 than to NO2

at different concentrations at ppm level.

Horrillo et al. used SWCNTs films for the room temperature detection of Chemical Warfare
Agents (CWA) [42]. Changes in resistance were measured as samples were exposed to simu‐
lants of CWA at different ppm levels, DL of 0.01 ppm, 0.1 ppm and 50 ppm were achieved
for DMMP, dipropylene glycol methyl ether (DPGME) and dimethylacetamide (DMA), re‐
spectively. The most remarkable advantage is that the sensors perform better and at more
sensitive at room temperature, when tested at different temperatures.

3. Surface modified carbon nanotubes

CNTS modified with different functional groups have been used for the development of
sensors for detection of volatile organic compounds (VOCs) in the environment as well as in
exhaled breath. For the detection of VOCs in air, Wang et al. worked in the preparation of a
sensor array based on MWCNTs covalently modified with different functional groups like
propargyl, allyl, alkyltriazole, thiochain, thioacid, hexafluoroisopropanol (HFIP) [43] and
Shrisat, et al. reported another one based on SWCNTs modified with different porphyrins
(organic macrocyclic compounds) likeoctaethyl porphyrin (OEP), ruthenium OEP (RuOEP),
iron OEP (FeOEP), tetraphenylporphyrin (TPP), among others [44]. Penza et al. also worked
in the modification of MWCNTs with TPP for the room temperature detection of VOCs [45].
In this case, the TTP contained two different metals, Zn (CNT:ZnTPP) and Mn
(CNT:MnTPP). Sensors were exposed to ethanol, acetone, ethylacetate, toluene and Triethyl‐
amine at ppm levels and all showed increase in resistance when exposed to the different
gases. CNT: MnTPP showed the highest sensitivity towards all gases with respect to un‐
modified CNTs but for triethylamine and CNT: ZnTPP was more sensitive to ethylacetate.

Two different CNT-based sensor arrays have been reported for the detection and pattern
recognition of VOCs present in exhaled breath samples for medical diagnosis, Tisch et al.
presented a sensor array containing different nanomaterials including organically function‐
alized random networks of SWCNTs for the detection of VOCs related to Parkinson disease
and that were present in exhaled breath collected from rats [46]. Ionescu and coworkers re‐
ported a sensor array based on bilayers of SWCNTS and polycyclic aromatic hydrocarbons
(PAH) for the detection of multiple sclerosis in exhaled human breath [47]. In general, the
incorporation of organic functional groups provided not only enhanced sensitivity but also
provided better selectivity for each gas when compared to pristine CNTs. The use of statisti‐
cal techniques like principal component analysis (PCA), discriminant factor analysis (DFA)
and linear discriminant analysis (LDA) was possible to determine the discrimination capa‐
bility of the sensors toward each VOC.

SWCNTs were functionalized with tetrafluorohydroquinone (TFQ) at the room temperature
for detection of dimethyl methylphosponate (DMMP) at parts per trillion (ppt) levels (Fig‐
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ure 2) [48]. The conductance of the TFQ-SWCNTs samples increased as function of concen‐
tration when exposed to DMMP in N2 in a concentration range from 20ppt to 5.4ppb.
Sensors showed fast response and ultra sensitivity down to 20ppt when compared to un‐
modified SWCNTs sensor, which had a DL of nearly 1 ppm. The presence of TFQ clearly
showed to improve the sensitivity and this is because it provides additional binding sites
thru hydrogen bonds between hydroxyl groups in TQF and DMMP. In addition, TQF tailors
the electronic properties of SWCNTs via hole doping.

Figure 2. Representation of the possible sensing mechanism of DMMP with TFQ functionalized SWCNTs. (From Wei et
al. [48]. Copyright © 2011, with permission from Institute of Physics Publishing. )

Wang et al. deposited a uniform network of SWCNT with carboxylic groups (-COOH) on a
flexible poly (dimethyldiallylammonium chloride) (PDDA) modified polyimide (PI) sub‐
strate for DMMP detection at room temperature [49]. Changes in resistance as function of
time were measured as the sensors were exposed to DMMP in N2 at a concentration range of
1-40 ppm. Calibration curve showed a [17] linear increase of resistance as function of con‐
centration and responses were found to be fast, stable and reproducible. Sensors showed to
be selective to DMMP in presence of other volatile organic vapors like methanol, xylene and
hexane, among others. Changing the carrier gas from N2 to air caused the responses to
DMMP to be lower which might be due to influence of oxygen and humidity contained in
air. The apparent enhanced performance of this SWCNTs (-COOH) flexible sensor when
compared to sensors prepared on Si/SiO2 rigid substrates is attributed to the presence of
PDDA, which is a polymer that absorbs DMMP. There is no information on the adsorption
of DMMP by PDDA and its possible effect in the recovery of the sensors.

MWCNTs were oxidized with KMnO4 to add oxygenated functional groups, mainly (-
COOH) for the detection of organic vapors [50]. Oxidized MWCNTs in form of a bucky pa‐
per were exposed to different concentrations of acetone. Variations in electrical resistance
were recorded for both unmodified and oxidized MWCNTs. Oxidized MWCNTs showed
higher sensitivity to acetone (2.3 vol. %) than unmodified ones, and good selectivity when
sensing other oxygen containing vapors such as diethyl ether and methanol. The sensors al‐
so showed complete reversibility and high reproducibility for all tested vapors.
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MWCNTs were chemically treated with acid to obtain hydroxyl groups (OH) and used as
sensing material for humidity sensors [51]. Changes in resistance were measured as the RH
was varied from 11% to 98%. It was observed that the resistance increased as sensors were
exposed to the different humidity levels. It was found that acid treated SWCNTS were more
sensitive to humidity than pristine MWCNTs. The higher sensitivity of Acid treated
SWCNTs is attributed to their higher surface and thus more adsorption sites that result from
the acid treatment. Sensors showed fast response and to be stable. As with most humidity
sensors, the recovery time was longer than response time due to slow desorption of water
molecules.

Purified MWCNTs were treated with oxygen plasma or fluorine plasma and used for the
detection of ethanol (Figure 3) [52]. Changes in resistance as function of time were recorded
for the sensors when exposed of 50-500 ppm of ethanol vapor in air. Samples treated with
oxygen plasma for 30 sec and with fluorine plasma for 60 sec showed the highest sensitivity
to 100 ppm of ethanol, compared to pristine MWCNTS and other oxygen and fluorine plas‐
ma treated for different duration time. However, fluorine plasma treated samples showed
the better sensitivity and reduced response and recovery time. The improvement of the fluo‐
rine plasma treated samples is explained by the difference in electronegativity between oxy‐
gen and fluorine.

Figure 3. Responses of pristine (MC), oxygen plasma treated (O30) and fluorine plasma treated (F60) MWCNTs to
100-400 ppm of ethanol. (From Liu et al. [52]Copyright © 2012, with permission from Elsevier. )

Thermally fluorinated MWCNTs (TFC) were used for NO gas detection at room tempera‐
ture [53]. The effect of thermal fluorination process was performed at various temperatures
(100 -1000 oC) and 200 oC was found to be the optimum fluorination temperature. TFC sam‐
ples prepared at temperatures higher than 200 oC showed a decrease of the fluorine func‐
tional groups, and even fluorine-assisted pyrolysis and fluorine-induced reorientation of the
MWCNTs structure occurred at 1000 oC. TFC prepared at 200 oC showed high sensitivity,
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was varied from 11% to 98%. It was observed that the resistance increased as sensors were
exposed to the different humidity levels. It was found that acid treated SWCNTS were more
sensitive to humidity than pristine MWCNTs. The higher sensitivity of Acid treated
SWCNTs is attributed to their higher surface and thus more adsorption sites that result from
the acid treatment. Sensors showed fast response and to be stable. As with most humidity
sensors, the recovery time was longer than response time due to slow desorption of water
molecules.

Purified MWCNTs were treated with oxygen plasma or fluorine plasma and used for the
detection of ethanol (Figure 3) [52]. Changes in resistance as function of time were recorded
for the sensors when exposed of 50-500 ppm of ethanol vapor in air. Samples treated with
oxygen plasma for 30 sec and with fluorine plasma for 60 sec showed the highest sensitivity
to 100 ppm of ethanol, compared to pristine MWCNTS and other oxygen and fluorine plas‐
ma treated for different duration time. However, fluorine plasma treated samples showed
the better sensitivity and reduced response and recovery time. The improvement of the fluo‐
rine plasma treated samples is explained by the difference in electronegativity between oxy‐
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Thermally fluorinated MWCNTs (TFC) were used for NO gas detection at room tempera‐
ture [53]. The effect of thermal fluorination process was performed at various temperatures
(100 -1000 oC) and 200 oC was found to be the optimum fluorination temperature. TFC sam‐
ples prepared at temperatures higher than 200 oC showed a decrease of the fluorine func‐
tional groups, and even fluorine-assisted pyrolysis and fluorine-induced reorientation of the
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stability, reproducibility and full recovery, when their gas sensing properties were evaluat‐
ed towards the detection of 50 ppm NO in dry air. Interestingly, the presence of fluorine re‐
verses the electron transfer process, when compared to pristine MWCNTs, allowing them to
go from NO to MWCNTs and thus causing an increase in resistance. The fluorination not
only helped to enhance the sensitivity but also made the sensors insensitive to humidity
changes.

MWCNTs were  modified with  amino groups  for  the  detection  of  formaldehyde at  ppb
level [54].  Changes in resistance as function of time were measured as the sensors were
exposed to formaldehyde in a concentration range between 20 and 200 ppb. Sensors con‐
taining  MWCNTs with  higher  amino group content  (18%)  were  2.4  and 13  times  more
sensitive to formaldehyde than samples containing 5% amino groups and pristine CNTs,
respectively.  Short  response times are  due to  a  chemical  reaction between the aldehyde
and amino group. For the same reason, the recovery times are longer, since chemical de‐
sorption is a slow and irreversible process. SWCNTs with 18% amino groups showed to
be selective to formaldehyde when tested against interferences like acetone, CO2, ammo‐
nia, methanol and ethanol.

Silicon  (Si)  nitrogen  (N),  and  phosphorous-nitrogen  (P-N)  were  used  to  modify
MWCNTs and study their  gas  sensing properties  for  hydrogen peroxide,  sodium hypo‐
chlorite  and1,  2-dichloromethane,  nitrogen,  and ammonia [55].  Samples  of  Si-MWCNTs,
N-SWCNTs, and P-N-SWCNTs were prepared by aerosol chemical vapor deposition. It is
known that the incorporation of heteroatoms in the CNT structure changes its morpholo‐
gy and thus the reactivity. To evaluate the gas sensing properties of the prepared materi‐
als,  changes in resistance as function of time were recorded when they were exposed to
the different  gases.  Exposure to N2  caused the removal  of  physisorbed water  molecules
and  thus  a  decrease  in  the  resistance  values.  Sodium  hypochlorite  and  dichloroethane
caused decrease in resistance of pristine MWCNTs and Si-MWCNTs due to charge trans‐
fer (electrons) from CNTs to Chlorine atoms and increase in resistance of N-P MWCNTs.
Ammonia showed the opposite effect in resistance. These results demonstrate the p-type
semiconductor  behavior  for  pristine  MWCNTs  and  Si-MWCNTs  and  n-type  of  N-
MWCNTs and N-P-MWCNTs. All sensors recovered in 10 min for all gases with the ex‐
ception of ammonia that exceeded 1 hour.

In  an  effort  to  enhance  the  selectivity  of  SWCNTs-based  vapor  sensors,  Battie  et  al.
worked in the preparation of SWCNTs covered with a mesoporous silica film [56].  Sen‐
sors  were  fabricated by covering a  SWCNTs film with  a  mesoporous  silica  film via  by
sol-gel  deposition  technique.  Characterization  of  the  sensors  was  done  by  measuring
changes in resistance when exposed to 200 ppm of NO2, NH3, and H2O in dry air. A sen‐
sor of SWCNTs without the mesoporous silica film prepared and tested under the same
conditions. While the SWCNTs sensor showed to be sensitive to the three gases, the sen‐
sor based on SWCNTs film covered with mesoporous silica film showed to insensitivity
to H2O, and its sensitivity for NH3 was considerably reduced. These observations can be
explained  considering  the  polarization  capabilities  and  dipole  moments  of  the  silanol
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groups  contained  in  the  mesoporous  silica  layer  and  the  gas  molecules.  The  silanol
groups allow the mesoporous silica film to act as a diffusion barrier and allow the physi‐
cal  interaction and entrapment of  highly polarized molecules like H2O and NH3,  avoid‐
ing them to get in contact with the SWCNTs layer. On the other hand, the sensitivity to
NO2  was  greatly  enhanced,  compared  to  the  SWCNTs  sensor.  Compared  to  H2O  and
NH3, NO2 has a weaker dipole moment and its diffusion thru the mesoporous silica gel
and to the SWCNTs film results easier and thus its enhanced and selective detection.

Computational  studies  based  on  SWCNTs  doped  with  heteroatoms  have  been  also  re‐
ported. Ab initio (ABINIT) simulations of CNTs doped with heteroatoms like boron, oxy‐
gen  and  nitrogen  were  performed  to  predict  the  behavior  of  the  doped  CNTs  and  to
study their application as gas sensors for Cl2, CO, NO and H2  [57, 58]. Density function‐
al  theory (DFT)  applied in  the ABINIT code and the Generalized Gradient  Approxima‐
tion  (GGA)  were  used  to  perform  the  calculations.  The  calculations  demonstrated  that
doping the CNTs with B,  O, and N causes a shift  in the conduction band of the CNTs.
For B and O, the conduction band shifts downward and creates a p-type semiconducting
material.  On the other hand, N dopant causes the conduction band to shift upward and
create  an  n-type  semiconducting  material.  Calculations  also  demonstrated that  Cl2,  NO,
H2and CO considerably  affects  the  NTs  density  of  states  (DOS)  and Fermi  level  as  the
gases become close to their surface. B-doped CNTs can detect CO, NO and H2 gas mole‐
cules, O-doped can detect H2, Cl2 and CO and N-doped can detect CO, NO and Cl2.

Similarly, Hamadanian et al.  presented a computational study of Al-substituted SWCNTs
(10, 0) (2.5% and 25%) and their use as CO gas sensor [59]. DFT calculations (local densi‐
ty approximation with ultrasoft pseudopotential) were used to study the electronic prop‐
erties  of  Al-substituted  SWCNTs  and  how  those  properties  are  affected  by  the
adsorption of CO molecules. Substitution of one carbon atom with an Al atom causes de‐
formation of the 6-membered ring and increasing the bond length. Doping with Al also
alters the DOS and band structure of the CNTs. Since Al has one electron less than C in
the valence shell,  introduces one electron holes in the band structure,  therefore the tube
is changed to p-type semiconductor. Calculations showed low adsorption energy for CO
on pristine CNTs and that CO does not cause significant changes in the electronic band
structure and DOS when adsorbed on pristine CNTs. These results confirm that pristine
CNTs are insensitive to CO as result of their weak physical interaction. When CO is ad‐
sorbed on  both  2.5% and 25% Al-substituted  SWCNTs,  it  causes  severe  changes  in  the
Band structure near Fermi level.  Those changes strongly depended on the site  of  CNTs
and the direction in which the CO molecule interacts.  For  instance,  the most  stable  ad‐
sorption  structure  is  when  the  C  of  the  CO  interacts  with  the  middle  point  of  a  C-C
bond  of  CNTs.  Even  when  the  adsorption  energies  of  CO  in  25%  Al-substituted
SWCNTs were higher than in 5% Al-substituted SWCNTs, the fact that the conductivity
of  the proposed material  changes,  makes them suitable for  their  use as CO gas sensing
material.
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Metal oxide Nanotube Type Op T. oC Target (gas) DL Response Time Ref.

ZnO

SnO2

TiO2

MWNTs RT Ethanol 100ppm* NS [60]

Co3O4 SWNTs RT, 250
NOx 20ppm

NS [61]
H2 4%

ZnO

Pd-COOH SWCNTs

RT NH3 50ppm* NS [62]F-SWCNTs

N-SWCNTs

SnO2 SWNTs 200 NO2 2ppm NS [63]

SnO2 MWNTs RT, 150
NO2 1ppm

3min (150C)

4min (RT) [64]

CO 2ppm 5min

WO3 MWNTs 350 H2 100ppm* Ns [65]

SnO2 MWNTs 320
Ethanol

[66]
LPG 21s

SnO2

O-doped

RT NO2 100ppb

7min

[67]N-doped 1min

B-doped 1min

*Lowest tested concentration

Table 1. Summary of metal oxide NPs used to modify CNTs for gas sensor applications.

4. Conducting polymers and CNT composites

Conducting polymers have been widely used to enhance the sensing properties of CNTs-
based sensors. CNTs unique characteristics combined with polymer’s delocalized bonds,
high permeability and low density have demonstrated that it is possible to detect many dif‐
ferent gases with high sensitivity, fast response and good reproducibility. Previous reports
on polymer/CNTs-based sensor have been summarized and reviewed [7-9, 12]. However,
some challenges to overcome are aggregation or agglomeration of CNTs, thermal stability
and selectivity, among others. Polymer/CNTs composites used in resistors, SAW and QMB
type of sensors are discussed.

CNTs were used to improve Polyaniline (PANi) poor thermal stability (Figure 4) [68]. The
proposed solution to this was the uniform incorporation of CNTs in the polymer network.
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Considering that one of the problems of MWCNTs is their aggregation and agglomeration,
they were oxyfluorinated under different conditions in order to obtain a better dispersion in
aqueous solution and it was found that the better dispersion was obtained with the
MWCNTs with the highest oxygen content. The oxyfluorinated MWCNTs were then mixed
with aniline and ammonium persulfate (APS) and other chemicals, for in-situ polymeriza‐
tion. Changes in resistance as function of time were used to characterize and evaluate the
resulting PANi/MWCNTs composite was for the detection of ammonia (NH3) in a concen‐
tration range of 1-50 ppm. PANi/MWCNTs composite with the highest oxygen content had
a uniform composition, improved thermal stability and highest and faster response for 50
ppm of NH3. The composite was able to detect 1 ppm and showed excellent repeatability for
cycling exposures to 50 ppm and it needed heat treatment to accelerate the NH3 desorption
and thus the recovery of the sensor. A possible drawback is the selectivity to NH3 among
gases that can extract protons (H+) from PANi.

Figure 4. Illustration of the steps to obtain oxyfluorinated CNTs modified with PANI. (From Yun et al. [68]. Copyright
© 2012, with permission from Elsevier. )

Mangu et al. also worked in the preparation of PANi-MCNTs as well as Poly (3, 4-ethyl‐
enedioxythiophene)  poly  (styrenesulfonate)  (PEDOT:PSS)-MWCNTs  composites  for  the
detection of  100 ppm of  NO2  and NH3  [69].  This  group studied the effect  of  dissolving
the polymers in different solvents for the gas sensing properties. PANi was dissolved in
dimethyl sulfoxide (DMSO),  N,  N-dimethyl formamide (DMF),  ethylene glycol (EG) and
2-propanol.  PEDOT:  PSS  was  dissolved  in  DMSO,  DMF  and  0.1M  sodium  hydroxide
(NaOH). Each polymer solution was spin-coated in plasma treated MWCNTs and evalu‐
ated as  sensing material.  All  PANi-MWCNTs composited  showed an increase  in  resist‐
ance  for  NH3  and  a  decrease  in  resistance  for  NO2,  which  is  typical  of  p-type
semiconducting composite  films.  All  PANi-MWCNTs composites  were selective to  NO2.
However,  better  sensitivities  were  achieved  when  PANi  was  dissolved  in  2-propanol
and  DMSO  for  NH3  and  for  NO2,  respectively.  On  the  other  hand,  all  PEDOT:PSS-
MWCNTs  composites  were  also  excellent  for  the  detection  if  both  NO2  and  NH3.  PE‐
DOT:  PSS-MWCNTs  (prepared  without  any  solvent)  showed  to  be  more  sensitive  to
NH3 and PEDOT:PSS dissolved in NaOH to NO2.

Sayago, et al. have worked on the preparation of different composites using polymers with
small percentages of CNTs as sensitive layers for surface acoustic wave (SAW) gas sensors
[70-72]. Composites of polyisobutilene (PIB), polyepichlorohydrin (PECH) and polyetherur‐
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ance  for  NH3  and  a  decrease  in  resistance  for  NO2,  which  is  typical  of  p-type
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ethane (PEUT) with 2% and 5% of MWCNTs were prepared and used to detect volatile or‐
ganic compounds (VOCs) at room temperature using SAW-sensor arrays. All the samples
showed responses (frequency shifts) for octane and toluene (25-200 ppm), even though some
samples were more sensitive than the others. For instance, samples with PIB/5%MWCNTs
showed higher sensitivity for octane while PECH/2%MWCNTs and PEUT/2%MWCNTs
were more sensitive to toluene. The difference in sensitivity is attributed to the difference in
affinity between polymers and VOCs due to their respective polarities. The detection and re‐
covery times were fast and fully reversible, which means that the main interaction is physi‐
sorption. The role of the MWCNTs is unknown. In general, their presence in the composite
showed to improve sensitivity and reduce the limits of detection (LOD) but did not affect
selectivity, response and recovery times.

Another SAW gas sensor was reported by Viespe et al. for the detection of methanol, etha‐
nol, toluene using different polyethyleneimine (PEI)-based nanocomposite as sensitive layer,
including MWCNTs-PEI [73]. In general, frequency shifts were proportional to the gas con‐
centration and MWCNTs-PEI sensors showed better response time and higher sensitivity
than the PEI-sensor. However, it did not show the best LOD when compared to the other
PEI-based nanocomposite. The MWCNTs-PEI sensors showed higher sensitivity towards
toluene and lower sensitivity to methanol when compared to ethanol.

Biopolymer/CNTs composites for chemical vapor sensors were produced by using two dif‐
ferent biopolymers, cellulose, the most naturally abundant one and poly (lactic acid) (PLA).
Considering that previous studies have shown that a homogeneous distribution of MCNTs
in the cellulose matrix can improve the polymer’s mechanical and electrical characteristics,
MWCNTs were functionalized with imidazolide groups and covalently attached it to cellu‐
lose chains [74]. The resulting material, a paper-like film, was then used as sensing element
for the detection of methanol, ethanol, 1-propanol and 1-butanol at ppm levels. Responses
were measured by changes in resistance and were found to be reversible and consistent for
all the tested vapors. However, the sensor only showed linear responses as function of con‐
centration for 1-propanol in the range of 400-3600 ppm. The other composite, PLA/
MWCNTs was prepared by doping the biopolymer with2 and 5% of MWCNTs and anneal‐
ing, in order to understand the effect of MWCNTs in the crystallinity of the polymer and its
performance in the detection of toluene, water, methanol and chloroform [75]. PLA/2%-
MWCNTs showed highest responses for all gases, when compared to PLA/3%-MWCNTs.
However, it was found that all samples were selective to chloroform. Moreover, annealing
the samples showed a decrease in the responses that were significantly lower than the un‐
treated ones. Annealing did not affect the selectivity to chloroform but it considerably affect‐
ed its sensitivity.

Plasma-treated MWCNTs (p-MWCNTs) polyimide (PI) composite films (p-MWCNTs-PI)
were developed by Yoo et al. in an effort to overcome some of the problems presented by PI-
based resistive-type sensors, e. g. nonlinear sensitivity to relative humidity [33]. When tested
as sensing material for 10-95% relative humidity (RH), p-MWCNTs-PI showed better sensi‐
tivity and linear response (resistance) as function of humidity, when compared to pristine-
MWCNT-PI and pristine PI. The increase of p-MWCNTs content inp-MWCNTs-PI films not
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only showed improved the linearity and sensitivity but also lower resistance values. Lower
resistance values might improve the performance at low RH range, a problem that PI resis‐
tive-type sensors present because of their high resistance values.

Yuana and coworkers  prepared a  sensor  array  based on polymer/MWCNTs composites
for  the  selective  detection  of  chloroform  (CHCl3),  tetrahydrofuran  (THF)  and  methanol
(MeOH) [76].  Ethyl  cellulose (EC),  poly [methyl  vinyl  ether-alt-maleic  acid]  (PMVEMA),
hydroxypropyl  methyl  cellulose  (HPMC),  poly  (alpha-methylstyrene)  (PMS),  poly  (vinyl
benzyl  chloride)  (PVBC)  and  poly  (ethyleneadipate)  (PEA)  were  the  polymers  used  to
prepare the polymer/MWCNTs composites and to provide uniqueness to each sensor in
terms  of  their  physical  and  chemical  characteristics  like  molecular  structure,  polymer
length,  polarity  and  intermolecular  forces.  Changes  in  resistance  as  function  of  time
were recorded for the sensor array when exposed to the different gases at different tem‐
peratures (30 40, 50, 60 oC) and 50-60% R. H. The sensors showed to be selective to the
three gases at  the different temperatures when in presence of vapor molecules of  chlor‐
ide,  cyclic  oxide  and  hydroxide  groups.  The  decreasing  order  of  sensitivity  concurred
with  the  order  of  decreasing  conductivity:  PEA/MWCNTs  >EC/MWCNTs  >PMVEMA/
MWCNTs >PVBC/MWCNTs >HPMC/MWCNTs >PMS/MWCNTs.

SWCNTs modified with Poly- (D) glucosamine (Chitosan) (SWCNTs-CHIT) were as high
performance hydrogen sensor  [77].  Three  types  of  sensors  were prepared:  SWCNTs de‐
posited on glass  substrate  (type  1),  SWCNTs deposited over  a  glass  substrate  modified
with CHIT-film (type 2),  Chit-film deposited over SWCNTs deposited over a  glass  sub‐
strate. Each type of sensor showed a different changes in resistance when exposed to 4%
H2  in air. Increase in resistance was observed for three types of sensors and good recov‐
ery but for type (3) sensor. Sensors modified with CHIT showed better sensitivity. More‐
over,  the  authors  explained  that  the  improved  sensitivity  was  far  higher  than  that
reported for Pd-SWCNTs based sensors, which are commonly used for H2 detection. The
enhanced  performance  of  SWCNTs-CHIT  can  be  explained  by  the  strong  interaction/
binding  of  the  H2  molecules  with/to  the  –OH  and  –NH3  groups  contained  in  CHIT,
which also explains the poor recovery of type 3 sensor.

SWCNTs were modified with Polypyrrole (PPy) and 5,  10,  15,  20-tetraphenylporphyrine
(TPP)  to  prepare  composites  for  the  detection  of  1-butanol  in  nitrogen  using  a  quartz
microbalance  (QMB)  [78].  The  QMB  gold  electrodes  were  coated  with  PPy/SWCNTs-
COOH,  PPy/SWCNTs-COOH/SWCNTs-TPP  via  electropolymerization.  Frequency  shifts
of the quartz crystal  resonator as function of time were measured for the sensors when
exposed to 1-butanol in ppb concentration range.  Even though both composites showed
good and  higher  response  magnitudes  than  QMB prepared  with  other  composites  that
did  not  contain  CNTs,  PPy/SWCNTs-COOH/SWCNTs-TPP  showed  better  performance
than  PPy/SWCNTs-COOH.  The  results  demonstrate  that  the  incorporation  of  CNTs  en‐
hanced the sensitivity towards the detection of 1-butanol.

Lu et al. reported a sensor array containing pristine SWCNTs, Rh-loaded SWCNTs, PEI/
SWCNTs and other CNTs with different coatings and loadings for the detection of hydrogen
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ethane (PEUT) with 2% and 5% of MWCNTs were prepared and used to detect volatile or‐
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MWCNT-PI and pristine PI. The increase of p-MWCNTs content inp-MWCNTs-PI films not
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only showed improved the linearity and sensitivity but also lower resistance values. Lower
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tive-type sensors present because of their high resistance values.

Yuana and coworkers  prepared a  sensor  array  based on polymer/MWCNTs composites
for  the  selective  detection  of  chloroform  (CHCl3),  tetrahydrofuran  (THF)  and  methanol
(MeOH) [76].  Ethyl  cellulose (EC),  poly [methyl  vinyl  ether-alt-maleic  acid]  (PMVEMA),
hydroxypropyl  methyl  cellulose  (HPMC),  poly  (alpha-methylstyrene)  (PMS),  poly  (vinyl
benzyl  chloride)  (PVBC)  and  poly  (ethyleneadipate)  (PEA)  were  the  polymers  used  to
prepare the polymer/MWCNTs composites and to provide uniqueness to each sensor in
terms  of  their  physical  and  chemical  characteristics  like  molecular  structure,  polymer
length,  polarity  and  intermolecular  forces.  Changes  in  resistance  as  function  of  time
were recorded for the sensor array when exposed to the different gases at different tem‐
peratures (30 40, 50, 60 oC) and 50-60% R. H. The sensors showed to be selective to the
three gases at  the different temperatures when in presence of vapor molecules of  chlor‐
ide,  cyclic  oxide  and  hydroxide  groups.  The  decreasing  order  of  sensitivity  concurred
with  the  order  of  decreasing  conductivity:  PEA/MWCNTs  >EC/MWCNTs  >PMVEMA/
MWCNTs >PVBC/MWCNTs >HPMC/MWCNTs >PMS/MWCNTs.

SWCNTs modified with Poly- (D) glucosamine (Chitosan) (SWCNTs-CHIT) were as high
performance hydrogen sensor  [77].  Three  types  of  sensors  were prepared:  SWCNTs de‐
posited on glass  substrate  (type  1),  SWCNTs deposited over  a  glass  substrate  modified
with CHIT-film (type 2),  Chit-film deposited over SWCNTs deposited over a  glass  sub‐
strate. Each type of sensor showed a different changes in resistance when exposed to 4%
H2  in air. Increase in resistance was observed for three types of sensors and good recov‐
ery but for type (3) sensor. Sensors modified with CHIT showed better sensitivity. More‐
over,  the  authors  explained  that  the  improved  sensitivity  was  far  higher  than  that
reported for Pd-SWCNTs based sensors, which are commonly used for H2 detection. The
enhanced  performance  of  SWCNTs-CHIT  can  be  explained  by  the  strong  interaction/
binding  of  the  H2  molecules  with/to  the  –OH  and  –NH3  groups  contained  in  CHIT,
which also explains the poor recovery of type 3 sensor.

SWCNTs were modified with Polypyrrole (PPy) and 5,  10,  15,  20-tetraphenylporphyrine
(TPP)  to  prepare  composites  for  the  detection  of  1-butanol  in  nitrogen  using  a  quartz
microbalance  (QMB)  [78].  The  QMB  gold  electrodes  were  coated  with  PPy/SWCNTs-
COOH,  PPy/SWCNTs-COOH/SWCNTs-TPP  via  electropolymerization.  Frequency  shifts
of the quartz crystal  resonator as function of time were measured for the sensors when
exposed to 1-butanol in ppb concentration range.  Even though both composites showed
good and  higher  response  magnitudes  than  QMB prepared  with  other  composites  that
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than  PPy/SWCNTs-COOH.  The  results  demonstrate  that  the  incorporation  of  CNTs  en‐
hanced the sensitivity towards the detection of 1-butanol.

Lu et al. reported a sensor array containing pristine SWCNTs, Rh-loaded SWCNTs, PEI/
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peroxide (H2O2) [79]. The measurements of changes in resistance as function of time were
used to analyze the sensor array performance when exposed to H2O2. Pristine SWCNTs
showed strong increases in resistance and fast responses for H2O2 and an estimated DL (by
IUPAC definition) of 25 ppm. But when the sensor array was exposed to H2O and CH3OH in
order to test its selectivity, pristine SWCNTs showed also good responses for both chemi‐
cals, which means that the discrimination capabilities towards H2O2 are limited. On the oth‐
er hand, the PEI/SWCNTs sensors were sensitive to H2O2, showing decreases in resistance
for each exposure. The PEI/SWCNTs did not show significant changes in resistance when
exposed to H2O and CH3OH, which makes it selective to H2O2 under the tested conditions.

Polymer CNT Type
Sensor

Configuration
Target DL Ref.

PECH, PEUT, PIB MWCNTs SAW

Toluene 1.7-12.2ppm

[70 72]Octane 9.2-12.7ppm

NS

Cellulose MWCNTs Resistor

Methanol 650ppm*

[74]
Ethanol 672ppm*

1-propanol 635ppm*

1-butanol 687ppm*

PANi MWCNTs Resistor NH3 1ppm [68]

PEDOT:PSS MWCNTs Resistor
NH3

100ppm* [69]
NO2

PI MWCNTs Resistor Humidity 10%* [33]

PEI MWCNTs SAW

Ethanol 176.5

[73]Methanol 184.2

Toluene 170.6

PLA MWCNTs Resistor VOC NS [75]

CHI SWCNTs Resistor H2 4%* [77]

EC

MWCNTs Resistor THF, CH3Cl2, MeOH NS [76]
PMVEMA

HPMC

PMS
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PVBC

PEA

PPy
SWCNTs QMB 1-butanol 46ppb* [78]

PPT

PEI SWCNTs resistor H2O2 NS [79 80]

* Lowest detected concentration

Table 2. Summary of polymers used for the preparation of polymer/CNTs-based sensors.

5. Metal nanoparticlesdecorated CNTs

Electronic, physical and chemical properties of metallic nanoclusters are usually sensitive to
the changes in environment [81]. CNTs decorated with metallic nanoparticles (NPs) have
been widely used to achieve selectivity and improve the sensitivity, response time and DLs
for a variety of gas detections. Layer by layer, electrodeposition, chemical deposition, elec‐
trochemical deposition and sputtering are the methods used to prepare the metallic NP-
CNTs composites discussed in this section.

SWCNTs films were modified with Pd NPs using sputtering method [82]. After apply differ‐
ent deposition times (40 – 160 s), it was found that 120 s was the optimum deposition time to
obtain enhanced sensor response for 1% H2 in dry air at 50 oC. A typical response curve (igas/
iair vs. time) showed differences in response and recovery between the first and following H2

sensing cycles. FTIR studies were used to support and explain those differences and mecha‐
nisms of detection. The first cycle showed an overall larger electrical current in the presence
of H2and then it reached a new steady state. When the atmosphere was change to dry air,
the current did not go to its original value but remained in the steady state, which is consid‐
ered as an irreversible response. The explanation to this is that is atomized by the Pd NPs
and spilled to the surface of the MWCNTs, occurring the chemical and irreversible reaction
of hydrogenation of the carbonyl groups of the MWCNTs at the first cycle. The second cycle
and following ones started at the steady state where the first cycle finished and the electrical
current showed a decrease in the presence of H2 and when the atmosphere was changed to
dry air, the electrical current recovered back to where the cycle started. This reversible be‐
havior is explained as physisorption of H2 molecules onto Pd/SWCNTs.

Pd/MWCNTs and Pt-Pd/MWCNTs composites were tested for the detection of H2 in a con‐
centration range of 20 ppm– 2% in N2 and 200 ppm – 2% in air [83]. Composites were pre‐
pared by growing CNTs yarns and then covered them with a layer of Pd NPs or
sequentially deposited layers of Pd and Pt NPs, using a recently developed technique called
self-fuelled electrodeposition (SFED). Exposure to 1% H2using N2 with 1% air as carrier gas.
As with other Pd/CNTs-based sensors [82], an initial irreversible drop in resistance was ob‐
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for a variety of gas detections. Layer by layer, electrodeposition, chemical deposition, elec‐
trochemical deposition and sputtering are the methods used to prepare the metallic NP-
CNTs composites discussed in this section.
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obtain enhanced sensor response for 1% H2 in dry air at 50 oC. A typical response curve (igas/
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sensing cycles. FTIR studies were used to support and explain those differences and mecha‐
nisms of detection. The first cycle showed an overall larger electrical current in the presence
of H2and then it reached a new steady state. When the atmosphere was change to dry air,
the current did not go to its original value but remained in the steady state, which is consid‐
ered as an irreversible response. The explanation to this is that is atomized by the Pd NPs
and spilled to the surface of the MWCNTs, occurring the chemical and irreversible reaction
of hydrogenation of the carbonyl groups of the MWCNTs at the first cycle. The second cycle
and following ones started at the steady state where the first cycle finished and the electrical
current showed a decrease in the presence of H2 and when the atmosphere was changed to
dry air, the electrical current recovered back to where the cycle started. This reversible be‐
havior is explained as physisorption of H2 molecules onto Pd/SWCNTs.

Pd/MWCNTs and Pt-Pd/MWCNTs composites were tested for the detection of H2 in a con‐
centration range of 20 ppm– 2% in N2 and 200 ppm – 2% in air [83]. Composites were pre‐
pared by growing CNTs yarns and then covered them with a layer of Pd NPs or
sequentially deposited layers of Pd and Pt NPs, using a recently developed technique called
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served, and after that, the sensor reached a steady state. A stable baseline was established
just after a couple of exposure/recovery cycles. Pd-MWCNTs was not able to detect H2 con‐
centrations below 20 ppm but with the Pt-Pd/MWCNTs composites it was possible to detect
concentrations as small as 5 ppm (0.0005%). The sensor saturated at 100 ppm and higher
concentrations. When the same experiments were performed using air as carrier gas, it was
found that the detection limit for both composites decreased.

A Pd/MWCNTs flexible substrate H2 sensor was fabricated using the layer-by-layer techni‐
que [84]. For this, an Au IDE was sputtered over a polyester (PET) film, followed by the fab‐
rication of a poly (4-styrenesulfonic acid-co-maleic acid)/poly (allylamine hydrochloride)
(PSSMA/PAH) bilayer film. Then, a MWCNTs layer was deposited over the PSSMA/PAH
bilayer film and decorated with Pd NPs using chemical deposition. The sensors were ex‐
posed to H2 in a range of concentrations between 200 and 40000 ppm at room temperature
and 53% RH. The rapid response and higher sensitivity of the Pd/MWCNTs when compared
to plain MWCNTs is attributed to the well known catalytic effect of Pd NPs. Because the de‐
tection mechanism is the dissociation of the H2 molecules on the surface of the Pd NPs, the
linear relation was found to be between the sensor’s response and the square root of the con‐
centration. It also showed to be selective to H2 at concentrations higher than 1000 ppm (vs.
NH3, CO, CH4 and others), to be highly reproducible, to have long-term stability and com‐
parable to similar sensors fabricated in rigid substrates.

Zilli et al. demonstrated that the H2sensing capacity of the Pd/MWCNTs nanocomposite is
affected by the different stages of purification of the CNTs [85]. Pd NPs were chemically de‐
posited on pristine MWCNTs (Pd-CNT-P), gas-phase oxidized MWCNTs (Pd-CNT-O) and
gas-phase oxidized/acid treated MWCNTs (Pd-CNT-A) and used as H2 sensing material. All
three nanocomposites showed increase in resistance as function of time in the presence of
500µL (STP) of H2 and an immediate decrease when the H2 disappeared from the testing
chamber. However, Pd-CNT-O showed to be more sensitive than Pd-CNT-P and Pd-CNT-
A, which both showed similar responses. The reason for these results is that for CNT-P, cata‐
lytic Fe NPs, used for the CNT growth, are encapsulated inside the CNTs and in CNT-A, the
Fe NPs were removed the during the acid treatment. After the gas-phase oxidation process
(CNT-O), the Fe NPs become exposed and at the same time, oxygen-containing groups are
formed in the surface of CNTs, which act as additional anchoring site for Pd NPs and thus
making the Pd-CNT-O sample more sensitive to H2.

Pd/SWCNT composites were prepared by using a poly (amido amine) (PAMAM) dendrimer
assisted synthesis, followed by a pyrolysis step to remove the dendrimers [86]. For H2 sens‐
ing experiments, the samples were deposited over Ti/Au electrodes and changes in resist‐
ance as function of time were measured. The Pd/SWCNTs samples showed to be more
sensitive to 10, 000 ppm of H2 at room temperature, when compared to samples of chemical‐
ly reduced Pd on SWCNTs (without the presence of dendrimer) and Pd/PAMAM-SWCNTs.
Moreover, these samples were able to detect all of the concentrations in a 10-100 ppm range.
It was concluded that not only the dendrimers provided more nucleation sites for the Pd
NPs and thus higher NPs density, but also that the removal of the dendrimers thru the py‐
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rolysis step reduces the distance between the NPs and the SWCNTs and consequently re‐
duces the delay in electron transfer, allowing faster response times.

Double wall carbon nanotubes (DWCNTs) have shown to have longer length, compared
to SWNTs,  provide a  better  percolation behavior,  the possibility of  modifying the outer
layer without modifying the inner one and flexibility are some of their attractive charac‐
teristics.  Considering those characteristics,  Rumiche et  al.  evaluated Pd NPs/  (DWCNTs)
composites as room temperature H2 sensor (Figure 5) [87]. Different amounts of DWNTs
(15 and 20 µL) were deposited over silicon oxide substrates and decorated with 1, 3 and
6nm  layers  of  Pd  NPs.  To  evaluate  their  sensing  properties,  changes  in  resistance  as
function  of  time  were  recorded  when  exposed  to  3%,  2%,  1%,  0.5%,  0.3%,  0.2%,  0.1%,
and 0.05% of H2  in dry air.  Samples containing 1nm Pd layer were unsuccessful detect‐
ing any of the tested concentrations.  On the other hand, samples containing 3 and 6nm
Pd layer showed overall  similar  performance in terms of  increases of  resistance and re‐
covery.  When analyzing the results  for the lowest  tested H2 concentration (0.05%)it  was
found  that  the  increase  in  resistance  was  comparable  for  samples  with  same  Pd  layer
thickness and different DWCNTs content (e.  g.  3nm thick Pd layer deposited over 15µL
DWCNTs was comparable to of 3nm thick Pd layer over 20µL DWCNTs). However, the
increase in Pd coating thickness produced a reduction in the response. The obtained re‐
sults confirmed that the combination of the amount of DWCNTs and the Pd-layer thick‐
ness directly affects the sensitivity of the sensors.

Another H2 sensor based on N-doped MWCNTs electrochemically decorated with Au NPs
(Au-NMWCNTs) was presented by Sadek and collaborators [88]. N-doped MWCNTs were
chosen because they have enhanced surface reactivity and chemically active sites for the nu‐
cleation of Au NPs during the electrodeposition process. NPs of different sizes were ob‐
tained with variation of electrodeposition potential. Changes in resistance as function of
time were used to evaluate the performance of the Au-NMWCNTs sensors when exposed to
different H2 concentration between 0.06% and 1%. Sensitivity, response time and recovery
time highly depended on the size of the AuNPs: the smallest the size the better the sensitivi‐
ty and the shorter the response and recovery times.

Penza et al. worked in the modification of SWCNTs with Pt, Ru and NiNPs to monitor toxic,
landfill, and greenhouse gases (CO2, CH4, NH3, and NO2) [89, 90]. Pt NP layers with thick‐
ness of 8, 15 and 30 nm were sputtered over SWCNTs films and exposed to the different gas‐
es at an operation temperature of 120oC. Changes in resistance as function of time showed
that Pt-SWCNTs had better sensitivity than unmodified SWCNTs. It was also found that the
sensitivity depended on the layer thickness. For instance, 8 nm Pt layer-SWCNTs showed
highest sensitivity for NO2 and CH4 and 15 nm Pt layer-SWCNTs showed better sensitivity
for NH3 and CO2. In a similar study, a sensor array containing Pt, Ru, and Ag NPs sputtered
over SWCNTs with a thickness of 5nmwas able to detect and selectively discriminate be‐
tween landfill gases. Concentrations as low as 100 ppb of NO2 were selectively detected at a
temperature of 120 oC.
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ance as function of time were measured. The Pd/SWCNTs samples showed to be more
sensitive to 10, 000 ppm of H2 at room temperature, when compared to samples of chemical‐
ly reduced Pd on SWCNTs (without the presence of dendrimer) and Pd/PAMAM-SWCNTs.
Moreover, these samples were able to detect all of the concentrations in a 10-100 ppm range.
It was concluded that not only the dendrimers provided more nucleation sites for the Pd
NPs and thus higher NPs density, but also that the removal of the dendrimers thru the py‐
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rolysis step reduces the distance between the NPs and the SWCNTs and consequently re‐
duces the delay in electron transfer, allowing faster response times.

Double wall carbon nanotubes (DWCNTs) have shown to have longer length, compared
to SWNTs,  provide a  better  percolation behavior,  the possibility of  modifying the outer
layer without modifying the inner one and flexibility are some of their attractive charac‐
teristics.  Considering those characteristics,  Rumiche et  al.  evaluated Pd NPs/  (DWCNTs)
composites as room temperature H2 sensor (Figure 5) [87]. Different amounts of DWNTs
(15 and 20 µL) were deposited over silicon oxide substrates and decorated with 1, 3 and
6nm  layers  of  Pd  NPs.  To  evaluate  their  sensing  properties,  changes  in  resistance  as
function  of  time  were  recorded  when  exposed  to  3%,  2%,  1%,  0.5%,  0.3%,  0.2%,  0.1%,
and 0.05% of H2  in dry air.  Samples containing 1nm Pd layer were unsuccessful detect‐
ing any of the tested concentrations.  On the other hand, samples containing 3 and 6nm
Pd layer showed overall  similar  performance in terms of  increases of  resistance and re‐
covery.  When analyzing the results  for the lowest  tested H2 concentration (0.05%)it  was
found  that  the  increase  in  resistance  was  comparable  for  samples  with  same  Pd  layer
thickness and different DWCNTs content (e.  g.  3nm thick Pd layer deposited over 15µL
DWCNTs was comparable to of 3nm thick Pd layer over 20µL DWCNTs). However, the
increase in Pd coating thickness produced a reduction in the response. The obtained re‐
sults confirmed that the combination of the amount of DWCNTs and the Pd-layer thick‐
ness directly affects the sensitivity of the sensors.

Another H2 sensor based on N-doped MWCNTs electrochemically decorated with Au NPs
(Au-NMWCNTs) was presented by Sadek and collaborators [88]. N-doped MWCNTs were
chosen because they have enhanced surface reactivity and chemically active sites for the nu‐
cleation of Au NPs during the electrodeposition process. NPs of different sizes were ob‐
tained with variation of electrodeposition potential. Changes in resistance as function of
time were used to evaluate the performance of the Au-NMWCNTs sensors when exposed to
different H2 concentration between 0.06% and 1%. Sensitivity, response time and recovery
time highly depended on the size of the AuNPs: the smallest the size the better the sensitivi‐
ty and the shorter the response and recovery times.

Penza et al. worked in the modification of SWCNTs with Pt, Ru and NiNPs to monitor toxic,
landfill, and greenhouse gases (CO2, CH4, NH3, and NO2) [89, 90]. Pt NP layers with thick‐
ness of 8, 15 and 30 nm were sputtered over SWCNTs films and exposed to the different gas‐
es at an operation temperature of 120oC. Changes in resistance as function of time showed
that Pt-SWCNTs had better sensitivity than unmodified SWCNTs. It was also found that the
sensitivity depended on the layer thickness. For instance, 8 nm Pt layer-SWCNTs showed
highest sensitivity for NO2 and CH4 and 15 nm Pt layer-SWCNTs showed better sensitivity
for NH3 and CO2. In a similar study, a sensor array containing Pt, Ru, and Ag NPs sputtered
over SWCNTs with a thickness of 5nmwas able to detect and selectively discriminate be‐
tween landfill gases. Concentrations as low as 100 ppb of NO2 were selectively detected at a
temperature of 120 oC.
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Figure 5. A-D) Responses of the different Pd/DWCNTs composites when exposed to H2. (E) Calibration curves for the
samples presented in figures (A-D). (From Rumiche et al. [87] Copyright © 2012, with permission from Elsevier. )

Lu et  al.  used pristine SWCNTs,  fluorinated SWCNTs (F-SWCNTs) and rhodium doped
SWCNTs (Rh-SWCNTs) and other various coatings and dopings on the SWCNTs for the
room  temperature  detection  of  formaldehyde  (HCOH)  [80].  The  measurements  of
changes  in  resistance  as  function  of  time  when  the  array  was  exposed  to  the  different
concentrations  of  formaldehyde  were  used  to  analyze  the  sensor  array  performance.
When  exposed  to  0.71  ppm  formaldehyde,  pristine  SWCNTs  showed  the  higher  re‐
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sponse,  followed by  Rh/SWCNTs and F-SWCNTs,  which  were  less  sensitive.  The  other
CNTs  with  different  coating  and  loadings  were  insensitive  to  formaldehyde.  However,
when  the  array  was  exposed  to  formaldehyde  at  concentrations  as  low  as  0.01  ppm
(10ppb), Rh/SWCNTs sensor showed to be more sensitive and the presented an estimat‐
ed  DL  (by  IUPAC  definition)  of  10ppb.  The  DL  for  pristine  SWCNTs  and  F-SWCNTs
sensors  were  15ppb  and  20ppb,  respectively.  The  three  sensors  presented  very  fast  re‐
sponse (~18sec) and recovery time of approximately 1 minute.

Theoretical studies have been used to study the interaction between Pd and Pt NPs decora‐
tedCNTs and a wide variety of gases for different applications. Zhou et al. used the density
functional theory (DFT) to study the adsorption and interaction of SO2, CH3OH, and CH4

with Pd-SWCNTs [91]. The replacement of a central C atom of the CNTs with a Pd atom
causes structural deformations. As SO2 is adsorbed, there is a charge transfer from Pd-
SWCNT to SO2. As for CH3OH, the appropriate adsorption conformation is thru the lone par
of the oxygen of CH3OH and thus occurring an overall charge transfer from CH3OH to Pd-
SWCNT. The interaction between Pd-SWCNT and CH4 is similar in that the charge transfer
occurs from Pd-SWCNT to the gas. However, the interaction between Pd-SWCNTs and CH4

is not as strong as the interaction between Pd-SWCNT and SO2 or even CH3OH.

NP NT Type Target
Sensor

Configuration
DL Ref.

Pd MWCNT H2 Resistor 1% [82]

Pd MWCNTs H2 Resistor 10000ppm* [84]

Pd MWCNTs H2 Resistor NS [85]

Pd-Pt MWCNTs H2 Resistor 5ppm [83]

Pd SWCNTs H2 Resistor 10ppm [86]

Pd DWCNTs H2 Resistor 0.05 [87]

Pt, Ru, Ag SWCNTs
CO2,CH4,

NH3,NO2

Resistor 100ppb NO2 [89 , 90]

Au N-doped MWCNTs H2 Resistor 0.06%* [88]

Rh SWCNTs HCOH Resistor 10ppb [80]

*Tested concentration

^For concentrations >1%

Table 3. Metallic nanoparticles used to decorate SWCNTs for gas sensing applications

Li and co workers investigated the adsorption of CO and NO on SWCNTs-decorated with
Pd and Pt using first-principle calculations [92]. It was found that the electronic properties of
SWCNTs change upon modification with Pd or Pd atoms. The semi-conductive band gap is
decreased compared to pristine SWCNTs. The reason for the observed decrease in the band
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tedCNTs and a wide variety of gases for different applications. Zhou et al. used the density
functional theory (DFT) to study the adsorption and interaction of SO2, CH3OH, and CH4

with Pd-SWCNTs [91]. The replacement of a central C atom of the CNTs with a Pd atom
causes structural deformations. As SO2 is adsorbed, there is a charge transfer from Pd-
SWCNT to SO2. As for CH3OH, the appropriate adsorption conformation is thru the lone par
of the oxygen of CH3OH and thus occurring an overall charge transfer from CH3OH to Pd-
SWCNT. The interaction between Pd-SWCNT and CH4 is similar in that the charge transfer
occurs from Pd-SWCNT to the gas. However, the interaction between Pd-SWCNTs and CH4
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Resistor 100ppb NO2 [89 , 90]

Au N-doped MWCNTs H2 Resistor 0.06%* [88]

Rh SWCNTs HCOH Resistor 10ppb [80]

*Tested concentration

^For concentrations >1%

Table 3. Metallic nanoparticles used to decorate SWCNTs for gas sensing applications

Li and co workers investigated the adsorption of CO and NO on SWCNTs-decorated with
Pd and Pt using first-principle calculations [92]. It was found that the electronic properties of
SWCNTs change upon modification with Pd or Pd atoms. The semi-conductive band gap is
decreased compared to pristine SWCNTs. The reason for the observed decrease in the band
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gap is due to charge transfer from the Pd and Pt atoms to the surface of the SWCNTs. Differ‐
ent from pristine SWCNT that show poor adsorption, Pd-SWCNTs and Pt-SWCNTs showed
to chemisorb CO molecules as well as NO. However, Pt-SWCNTs showed bigger binding
energy and charge transfer than Pd-SWCNTs. The formation of C-Pd, N-Pd, C-Pt, and N-Pt
bonds demonstrate that the metal atoms provide additional adsorptions sites for gases and
open the possibility to use both materials as sensors for the detection of CO and NO.

6. Nanostructured oxides mixed with CNTs

Sensors made of metal oxides films have been used for a long time because of they provide
high sensitivity for the detection of a wide variety of gases. However, their major drawback
is their elevated operating temperatures. The development of metal-oxide NPs based films
and nanocomposites has shown advantages like higher surface area and porosity, high cata‐
lytic activity, efficient charge transfer and adsorption capacity. However, it has been demon‐
strated that the improvements in gas detection at low temperature for CNTs/MO-based
sensors is due to the introduction of CNTs in the nanocomposite.

Tin oxide (SnO2)/MWCNTS were synthesized using different ratios of tin dioxide precursor
and plasma treated MWCNTs (Figure 6) [64]. The composites was tested for 2, 10, 20 ppm
for CO and 50 100, 500, 1000 ppb of NO2 in dry air at both room temperature and 150 oC.
Pure tin oxide films and pure plasma treated MWCNT were also tested for comparison pur‐
poses. Pure tin oxide films were unresponsive to all of the tested concentrations at the two
different temperatures because both room temperature and 150 oC are too low when com‐
pared to the operation temperature for pure tin oxide-based sensors. On the other hand,
pure plasma treated MWCNT responded to both gases at room temperature but not at 150
oC. As for the SnO2/MWCNTS composite, higher sensor response for both gases was ach‐
ieved from samples prepared with an intermediate ratio of tin dioxide precursor and plasma
treated MWCNTs (i. e. 20mL and 12mg, respectively), especially when operated at room
temperature. Response time for 1 ppm of NO2 was 3minutesat 150 oC and 4 minutes at room
temperature. Response time for 2 ppm of CO is stated to be 5 minutes but the temperature
was not specified. SnO2/MWCNTS showed higher sensor response to NO2 than to CO, and
was also sensitive to humidity changes.

Different composite synthesis temperature can affect the sensor performance. SnO2/
SWCNTs composites were synthesized at different oxidizing temperatures (300-600 oC)for
testing the effect of temperature in their morphology, structure and gas sensing properties
in the detection of NOX [63]. The synthesized composites were exposed to 60 ppm of NOX at
200 oC and it was found that the ones synthesized at 400 oC showed higher response. From
here, composites synthesized at 400 oC were exposed to 30 ppm NOX at different operating
temperatures and it was determined that the optimum operation temperature was 200 oC.
Concluding that the optimum oxidizing and operating temperatures were 200 oC and 400
oC, respectively, the samples were then exposed to different concentrations of NOX. Under
the aforementioned conditions, the SnO2/SWCNTs composite showed improved perform‐
ance for the detection of NOX when compared to thin films of SWCNTs or SnO2.
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Figure 6. Response of SnO2/MWCNTs to NO2 at (A) room temperature and (B) 150 oC. (From Leghrib et al. [64]. Copy‐
right © 2010, with permission from Elsevier. )

Wongchoosuk, et al. were the first to report the preparation of MWCNT-doped tungsten ox‐
ide (WO3) thin films for H2 sensing application [65]. The thin films of MWCNT-doped WO3

and undoped WO3 (for comparison purposes) were prepared using the electron beam (e-
beam) evaporation technique and exposed to 1000 ppm of H2 at different temperatures
(200-400 oC). It was determined that 350 oC was the optimum operation temperature. Over‐
all, MWCNT-doped WO3 thin films showed higher responses for H2 at any operating tem‐
perature when compared to the undoped WO3 thin film. To demonstrate selectivity, the
response of the MWCNT-doped WO3 thin films was measured in presence of H2, ethanol
(C2H5OH), methane (CH4), acetylene (C2H2) and ethylene (C2H4) at ppm level concentrations
and operating temperature of 350 oC. It was concluded that the MWCNT-doped WO3 thin
filmswere selective to H2 because they showed stronger response for H2, much weaker re‐
sponses for C2H5OH, CH4, C2H2 and insensitivity ethylene (C2H4).

MWCNTs treated with nitric acid were used to fabricate MWCNTs-doped SnO2sensors for
the detection of ethanol and liquid petroleum gases (LPG) [66]. Sensors were tested to
100-1000 ppm of ethanol and 1000-10, 000 ppm of LPG at different operation temperatures
in the range of 10-360 oC. The detection of both chemicals was improved when the operating
temperature was 350 oC or lower and it was determined that the optimum operating tem‐
perature is 320 oC. The MCNTs-doped SnO2 composite showed better selectivity for LGP
than for ethanol and the calibration curve showed the sensors saturated at concentrations
higher than 5000 ppm. The90% response and recovery time were 21s and 36s, respectively.
When undoped SnO2 sensors were exposed to 250 ppm of ethanol and 2500 ppm of LPG,
they showed higher sensitivity to ethanol than to LPG at operation temperature range of 190
- 360 oC. Considering the obtained results, the selectivity of the MCNTs-doped SnO2 compo‐
site for LGP can be attributed to the presence of MWCNTs but further studies are required.

Nanocomposite structures of cobalt oxide (Co3O4) and SWCNTs were prepared using a pol‐
ymer assisted deposition (PAD) method [61]. For this, polyethyleneimine (PEI) was the pol‐
ymer used to bind the cobalt ions from and adjust the viscosity of the solution during the
deposition process in order to get a homogeneous distribution of the particles on the
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SWCNTs thin film. The Co3O4/SWCNTs composite sensor was tested for the detection of
NOx in a concentration range of 20-100 ppm at room temperature. It showed proportional
increases in response as function of concentration, poor recovery at room temperature and
good recovery at 250 oC. Higher responses of the Co3O4/SWCNTs composite when com‐
pared to pristine CNTs are attributed to the high adsorption power of Co3O4 particles. The
composite was also exposed to 4% of H2 in air, and showed enhanced responses than pure
SWCNTs at room temperature and than Co3O4 films at both room temperature and 250 oC.

MO NPs (ZnO, SnO2, TiO2) and MWCNTs composites were simultaneously grown on sili‐
con and silica on silicon substrates by catalytic pyrolysis method and used for gas sensing
[60]. Current differential-voltage (∆I-V) curves were recorded for all the prepared compo‐
sites, while to 100 ppm ethanol. TiO2/MWCNTs showed better sensitivity (defined as ∆I/I-V)
when compared to pure MWNT film, ZnO/MWCNTs and SnO2/MWCNTs.

N-doped, B-doped and O-doped CNTs were used to prepare doped-CNTs/SnO2hybrids
[67]. All doped-CNTs and doped-CNTs/SnO2hybrids were used to study the effect of func‐
tional groups on their gas sensing properties for 100, 200, 500, 1000ppb of NO2 at room tem‐
perature. The responses were as follows: B-doped hybrid> N-doped hybrid>O-doped
hybrid. All doped-CNTs/SnO2hybrids responded better than N-doped and B-doped and O-
doped CNTs. B-doped-CNTs/SnO2 hybrids showed an improvement in the response time
when compared to bare CNTs and recovered its baseline, which was not achieved with B-
doped CNTs. The high sensitivity and improved performance achieved with the B-doped
and N-doped-CNTs/ SnO2 hybrids for low concentrations of NO2 at room temperature are
attributed to two main factors: the interaction of the N2 gas with the n-SnO2/p-CNTs hetero-
structure that affects the conduction of the CNTs and the addition of new functionalities (i.
e. B and N atoms) to the CNTs surface that affects the electronic density of states and Fermi
level and consequently, its conductivity.

A combination of ZnO layer with functionalized MWCNTs for the room temperature detec‐
tion of NH3 has been reported by Tulliani and coworkers [62]. Samples of Pd-doped/COOH-
MWCNTs, N-MWCNTs, and F-MWCNTs were deposited over a screen-printed ZnO layer.
The materials were evaluated by measuring changes in resistance as the sensors were ex‐
posed to NH3 at room temperature, in a concentration range 0-75 ppm and different relative
humidity levels. The sensor based on ZnO with Pd-doped/COOH-MWCNTs was the only
one that showed sensitivity to humidity. When exposed to NH3, all sensors showed a de‐
crease in electrical resistance but did not show better DL than other graphite-based sensors
prepared under the same conditions.

7. Conclusion

Modification and functionalization of CNTs have shown to greatly improve the sensitivity
and selectivity of CNTs-based sensors. For instance, great improvements for room tempera‐
ture detection of different gases have been reported, especially when using metal oxide/
SWCNTs composites. Another subject of high interest is the development of deposition
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methods and synthesis of Pd/CNTs for H2 detection at room temperature. Interestingly,
there is an increase in the tendency of combining other materials with modified CNTs. For
example, CNTs decorated with metal NPs embedded in a polymer matrix or CNTs doped or
CNTs doped with heteroatoms and decorated with NPs or metal oxides are some compo‐
sites that have been successfully used as gas sensing materials. But not only the characteris‐
tics of the CNTs have contributed to these improvements. In fact, the reported
improvements are attributed to the combination of materials and the intrinsic characteristics
of the composites. This trend of combining materials demonstrates that the there is broad
range of possibilities for the design of new materials to meet the requirements of an ideal
sensor by showing selectivity for different gases, sensitivity at low concentrations, fast re‐
sponse, and room temperature operation among others.
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sites, while to 100 ppm ethanol. TiO2/MWCNTs showed better sensitivity (defined as ∆I/I-V)
when compared to pure MWNT film, ZnO/MWCNTs and SnO2/MWCNTs.

N-doped, B-doped and O-doped CNTs were used to prepare doped-CNTs/SnO2hybrids
[67]. All doped-CNTs and doped-CNTs/SnO2hybrids were used to study the effect of func‐
tional groups on their gas sensing properties for 100, 200, 500, 1000ppb of NO2 at room tem‐
perature. The responses were as follows: B-doped hybrid> N-doped hybrid>O-doped
hybrid. All doped-CNTs/SnO2hybrids responded better than N-doped and B-doped and O-
doped CNTs. B-doped-CNTs/SnO2 hybrids showed an improvement in the response time
when compared to bare CNTs and recovered its baseline, which was not achieved with B-
doped CNTs. The high sensitivity and improved performance achieved with the B-doped
and N-doped-CNTs/ SnO2 hybrids for low concentrations of NO2 at room temperature are
attributed to two main factors: the interaction of the N2 gas with the n-SnO2/p-CNTs hetero-
structure that affects the conduction of the CNTs and the addition of new functionalities (i.
e. B and N atoms) to the CNTs surface that affects the electronic density of states and Fermi
level and consequently, its conductivity.

A combination of ZnO layer with functionalized MWCNTs for the room temperature detec‐
tion of NH3 has been reported by Tulliani and coworkers [62]. Samples of Pd-doped/COOH-
MWCNTs, N-MWCNTs, and F-MWCNTs were deposited over a screen-printed ZnO layer.
The materials were evaluated by measuring changes in resistance as the sensors were ex‐
posed to NH3 at room temperature, in a concentration range 0-75 ppm and different relative
humidity levels. The sensor based on ZnO with Pd-doped/COOH-MWCNTs was the only
one that showed sensitivity to humidity. When exposed to NH3, all sensors showed a de‐
crease in electrical resistance but did not show better DL than other graphite-based sensors
prepared under the same conditions.

7. Conclusion

Modification and functionalization of CNTs have shown to greatly improve the sensitivity
and selectivity of CNTs-based sensors. For instance, great improvements for room tempera‐
ture detection of different gases have been reported, especially when using metal oxide/
SWCNTs composites. Another subject of high interest is the development of deposition
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methods and synthesis of Pd/CNTs for H2 detection at room temperature. Interestingly,
there is an increase in the tendency of combining other materials with modified CNTs. For
example, CNTs decorated with metal NPs embedded in a polymer matrix or CNTs doped or
CNTs doped with heteroatoms and decorated with NPs or metal oxides are some compo‐
sites that have been successfully used as gas sensing materials. But not only the characteris‐
tics of the CNTs have contributed to these improvements. In fact, the reported
improvements are attributed to the combination of materials and the intrinsic characteristics
of the composites. This trend of combining materials demonstrates that the there is broad
range of possibilities for the design of new materials to meet the requirements of an ideal
sensor by showing selectivity for different gases, sensitivity at low concentrations, fast re‐
sponse, and room temperature operation among others.
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1. Introduction

1.1. Electronic interconnect

In the electronics industry interconnect is defined as a conductive connection between two
or more circuit elements. The interconnect connects elements (transistor, resistors, etc.) on an
integrated circuit or between components on a printed circuit board. The main function of
the interconnect is to contact the junctions and gates between device cells and input/output
(I/O) signal pads. These functions require specific material properties. For performance or
speed, the metallization structure should have low resistance and capacitance. For reliabili‐
ty, it is important to have the capability of carrying high current density, stability against
thermal annealing, resistance against corrosion and good mechanical properties.

Over the past 40 years the continuous improvements in microcircuit density and perform‐
ance predicted by Moore’s Law has led to reduced interconnect dimensions. According to
Moore’s law the number of transistors incorporated in a chip will approximately double ev‐
ery 18-24 months. The interconnect length increases with each generation, leading to higher
resistances, while the distance between the adjacent interconnects decreases, leading to in‐
crease capacitance. Previously Al interconnect was used for VLSI processing [1]. Al and its
alloys, suffer from the problems of high resistance-capacitance (RC) delay (a "time-delay"
between the input and output, when a signal or voltage is applied to a circuit), poor electro‐
migration resistance and poor mechanical properties for application in ultra-large-scale inte‐
grated (ULSI) circuits [2].

Table 1 shows the comparison of different metals resistivity at room temperature. It can be
seen from the table that only three metals have lower resistivity than Al, namely Ag, Au and
Cu. Ag has the lowest resistivity but it has poor electromigration reliability. Electromigra‐
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tion is the transport of material caused by the gradual movement of the ions in a conductor
due to the momentum transfer between conducting electrons and diffusing metal atoms.
The resistivity of Cu is 1.67 µΩ.cm, which is about 40% better than Al. The self-diffusivity
(the spontaneous movement of an atom to a new site in a crystal of its own species) of Cu is
also the smallest among the four metals, resulting in improved reliability [3, 4].

Metal Bulk resistivity

μΩ.cm

Ag 1.63

Cu 1.67

Au 2.35

Al 2.67

W 5.65

Table 1. Comparison of the bulk resistivity for different metals.

Table 2 shows a comparison of the activation energy (the minimum energy required for
movement of an atom from a lattice position in a crystal) and melting temperature of Al vs.
Cu. It can be seen from this table that Cu is a more reliable metal than Al with more energy
required for diffusion of Cu atoms. The reason that Cu had not been used much earlier than
its introduction in 1997 was because of device reliability concerns and processing difficul‐
ties. Cu diffuses rapidly through SiO2 in the presence of an electric field [5]. This causes deg‐
radation of transistor reliability by increasing metallic impurity levels in the Si. Another
problem with Cu is that it oxidises at low temperatures but without self-passivation [6]. Cu
is also difficult to etch unlike Al. This means that the classical approach where metal is de‐
posited over the entire surface, structures created in the metal and finally infilled with die‐
lectric (oxide) cannot be followed with Cu.

Interconnect Metal Melting Point
oC

Ea for lattice diffusion

eV

Ea for grain boundary diffusion

eV

Al 660 1.4 0.4 – 0.8

Cu 1083 2.2 0.7 – 1.2

Table 2. Comparison of the active energy for diffusion of Al vs. Cu.

To overcome the problems of Cu integration the inter-level dielectric (ILD) is first deposited
and patterned to define “trenches” into which the metal lines of the interconnect will be
placed. A thin layer of barrier material (typically refractory metals or their alloys) is deposit‐
ed generally using a physical vapour deposition (PVD) process. This layer covers the entire
surface to act as a barrier to Cu diffusion. After the deposition of the barrier layer the Cu
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interconnect is deposited. This can be achieved by conventional methods such as physical
vapour deposition (PVD) [7] and chemical vapour deposition (CVD) [8]. However, PVD
presents poor step coverage in sub-micrometer dimension vias and trenches. This technique
deposits blanket films which would require further patterning. CVD also requires the use of
combustible and toxic precursors at elevated temperatures which has limited the develop‐
ment of Cu deposition by CVD. In 1997 IBM developed the electrodeposition technique (du‐
al damascene) for Cu metallization [9]. Electrodeposition has become the standard method
for Cu metallization with demonstrated uniformity, gap filling ability and low processing
temperatures. In the dual damascene technique, lines and vias can be filled with electrode‐
posited Cu at the same time. Fig. 1 shows a schematic diagram of via filling with Cu and the
requirement to achieve superfilling or bottom up deposition through the use of suitable ad‐
ditives in the plating bath rather than subconformal or conformal which result in voids or
seams in the Cu. [10-12].

Figure 1. Cross section schematic of interconnect trench or via showing ‘super-filling’ or ‘bottom-up filling’ of features
through the use of specific plating bath additives for optimum void-free profile evolution in damascene processing [9].

Semiconductor manufacturers have adopted the electroplating technique for Cu intercon‐
nect deposition in electronic devices and continue to work on miniaturization of device and
feature sizes. Fig. 2 shows cross-sections from the International Technology Roadmap for
Semiconductors (ITRS) of a typical microprocessor and application specific integrated circuit
where the interconnect of different lines and vias between two adjacent layers are filled with
Cu. As the feature sizes decrease and consequently the operating currents increase, electro‐
migration becomes a serious issue once more [13].

The effect is important in applications where high direct current densities are used, such as
in high performance processors. Grain boundaries are the fastest diffusion path for Al elec‐
tromigration (activation energy 0.6 eV for grain boundary diffusion and 1 eV for interface
diffusion) but an interface is the fastest diffusion path for Cu (activation energy 1.2 eV for
grain boundary diffusion and 0.7 eV for interface diffusion) [14, 15]. The difference in elec‐
tromigration mechanism drives different focus areas for Cu and Al reliability improvement.
The damascene process requires the removal of overdeposited Cu by chemical mechanical
polishing (CMP). The CMP produced top Cu surface is the fast Cu diffusion path which
needs to be reliably capped. A nonconductive barrier layer is generally applied as the cap
layer (silicon nitride, silicon carbide, nitride silicon carbide etc) is used to cover the top sur‐
face of the Cu line. However, there are some issues with using dielectric caps to passivate
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Interconnect Metal Melting Point
oC

Ea for lattice diffusion

eV

Ea for grain boundary diffusion

eV

Al 660 1.4 0.4 – 0.8

Cu 1083 2.2 0.7 – 1.2

Table 2. Comparison of the active energy for diffusion of Al vs. Cu.

To overcome the problems of Cu integration the inter-level dielectric (ILD) is first deposited
and patterned to define “trenches” into which the metal lines of the interconnect will be
placed. A thin layer of barrier material (typically refractory metals or their alloys) is deposit‐
ed generally using a physical vapour deposition (PVD) process. This layer covers the entire
surface to act as a barrier to Cu diffusion. After the deposition of the barrier layer the Cu
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interconnect is deposited. This can be achieved by conventional methods such as physical
vapour deposition (PVD) [7] and chemical vapour deposition (CVD) [8]. However, PVD
presents poor step coverage in sub-micrometer dimension vias and trenches. This technique
deposits blanket films which would require further patterning. CVD also requires the use of
combustible and toxic precursors at elevated temperatures which has limited the develop‐
ment of Cu deposition by CVD. In 1997 IBM developed the electrodeposition technique (du‐
al damascene) for Cu metallization [9]. Electrodeposition has become the standard method
for Cu metallization with demonstrated uniformity, gap filling ability and low processing
temperatures. In the dual damascene technique, lines and vias can be filled with electrode‐
posited Cu at the same time. Fig. 1 shows a schematic diagram of via filling with Cu and the
requirement to achieve superfilling or bottom up deposition through the use of suitable ad‐
ditives in the plating bath rather than subconformal or conformal which result in voids or
seams in the Cu. [10-12].

Figure 1. Cross section schematic of interconnect trench or via showing ‘super-filling’ or ‘bottom-up filling’ of features
through the use of specific plating bath additives for optimum void-free profile evolution in damascene processing [9].

Semiconductor manufacturers have adopted the electroplating technique for Cu intercon‐
nect deposition in electronic devices and continue to work on miniaturization of device and
feature sizes. Fig. 2 shows cross-sections from the International Technology Roadmap for
Semiconductors (ITRS) of a typical microprocessor and application specific integrated circuit
where the interconnect of different lines and vias between two adjacent layers are filled with
Cu. As the feature sizes decrease and consequently the operating currents increase, electro‐
migration becomes a serious issue once more [13].

The effect is important in applications where high direct current densities are used, such as
in high performance processors. Grain boundaries are the fastest diffusion path for Al elec‐
tromigration (activation energy 0.6 eV for grain boundary diffusion and 1 eV for interface
diffusion) but an interface is the fastest diffusion path for Cu (activation energy 1.2 eV for
grain boundary diffusion and 0.7 eV for interface diffusion) [14, 15]. The difference in elec‐
tromigration mechanism drives different focus areas for Cu and Al reliability improvement.
The damascene process requires the removal of overdeposited Cu by chemical mechanical
polishing (CMP). The CMP produced top Cu surface is the fast Cu diffusion path which
needs to be reliably capped. A nonconductive barrier layer is generally applied as the cap
layer (silicon nitride, silicon carbide, nitride silicon carbide etc) is used to cover the top sur‐
face of the Cu line. However, there are some issues with using dielectric caps to passivate
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Cu. As devices become smaller, the current density through the interconnect increases lead‐
ing to the requirement for better electromigration resistance. The dielectric cap generally has
a higher dielectric constant than the interlevel dielectric, resulting in an increase in line-to-
line capacitance. Improved Cu electromigration resistance was reported when Cu lines were
protected with thin conductive surface capping layers of self-aligned electrolessly deposited
CoWP or CoSnP etc [16, 17]. Diffusion barrier layers such as Ta or TaN for Cu metallization
act as redundant layers for current shunting as well as for uniform Cu seed deposition. It
was reported that Cu vias are the weak link in the interconnect metallization [14]. The Cu
via connects directly to the Cu metal below. If a void forms in the Cu underneath the via,
there is no redundant layer available for current shunting. This is the primary cause of early
failure distribution in Cu interconnects. For the 22 nm technology node or below, the inter‐
connect metal should have current carrying capability of more than 107 A/cm2 to overcome
the electromigration issue but Cu is limited to 107 A/cm2.

Figure 2. Typical cross section illustrating hierarchical scaling methodology [ITRS technology road map, 2011 update].

1.2. Carbon nanotubes

Carbon nanotubes (CNTs) have unique electrical, thermal and mechanical properties [18].
They can carry an electrical current density of ~ 4 × 109 A cm-2, which is three orders of mag‐
nitude higher than Cu [19]. CNT’s have high aspect ratio and the mean free path of the carri‐
ers (or the probability of an electron transmitted from at one end of the CNT to the other
without phonon scattering or other thermal effects) in the CNT at 10 µm is much longer
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than any metal (e.g. 40 nm for Cu). In addition the covalent C-C bonding between the neigh‐
bouring atoms in the CNT is one of the strongest bonds reported in the literature [20] and C
atoms will not migrate even under very high current density (activation energy 7.7 eV for
atom movement). Thus the electromigration resistance of CNT is much better than other in‐
terconnects material such as Al and Cu. Because of these advantages over Cu, CNTs require
consideration as the next generation interconnect material for specific applications, such as
through silicon vias (TSV) for stacked die.

However there are still significant scientific and engineering challenges to incorporate CNTs
in devices. CNTs can deposit inside of vias on suitable catalyst like zeolite [21]. It is necessa‐
ry to ensure the selective growth of metallic CNTs in vias and lines to achieve better electri‐
cal conductivity. Alternatively CNTs can be first synthesized in a powder form and metallic
CNTs separated from bulk growth CNTs (mixture of metallic and semiconducting). After
that metallic CNTs would need to be transferred onto specific wafer locations. The scale of
this task is obvious when considering that there are billions of transistors in a microproces‐
sor and the placement of CNTs inside of all vias and trenches on the wafer is unlikely.

Single CNT Cu at 22 nm node

Maximum Current density (A/cm2) 1 x 109 1 x 107

Electrical conductivity (S/m) 106-107 6 x 107

Thermal coefficient of resistivity (/oC) -1.5 x 10-3 4 x 10-3

Thermal conductivity (W/m K) 6,000 400

Coefficient of thermal expansion (ppm/oC) -1.5 17

Activation energy (eV) 7 2

Table 3. Comparison of the properties of single walled CNTs vs. Cu.

The contact resistance between CNTs and metal is large (≥1 kΩ). The minimum resistance
for a ballistic single-walled CNT is ~ 6.5 kΩ, Therefore, relatively dense arrays of nanotubes
will be needed to replace Cu interconnects and these arrays will still only show reduced re‐
sistance by comparison with Cu interconnect for line lengths ≥ 1 µm. The ITRS [22] therefore
predicts for the 22 nm node an estimated resistance for a 17 nm x 38.5 nm x 1.5 µm Cu inter‐
connect is RCu 145 Ω. An ensemble of ~ 45, 1 nm diameter defect-free metallic CNTs with
mean inter-tube separations ~ 4 nm in a trench of these dimensions would have the same
total resistance as the Cu line.

Intrinsic voids between CNTs significantly reduce the electrical and thermal conductivity and
bring reliability challenges for the use of CNTs as interconnects. Contact resistance between
CNTs and interconnect metal like Cu becomes the dominant source of electrical and thermal
resistance which significantly reduces the benefits of CNTs. The potential use of CNTs alone as
interconnect in semiconductor manufacturing is still open to debate at this time.
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Cu. As devices become smaller, the current density through the interconnect increases lead‐
ing to the requirement for better electromigration resistance. The dielectric cap generally has
a higher dielectric constant than the interlevel dielectric, resulting in an increase in line-to-
line capacitance. Improved Cu electromigration resistance was reported when Cu lines were
protected with thin conductive surface capping layers of self-aligned electrolessly deposited
CoWP or CoSnP etc [16, 17]. Diffusion barrier layers such as Ta or TaN for Cu metallization
act as redundant layers for current shunting as well as for uniform Cu seed deposition. It
was reported that Cu vias are the weak link in the interconnect metallization [14]. The Cu
via connects directly to the Cu metal below. If a void forms in the Cu underneath the via,
there is no redundant layer available for current shunting. This is the primary cause of early
failure distribution in Cu interconnects. For the 22 nm technology node or below, the inter‐
connect metal should have current carrying capability of more than 107 A/cm2 to overcome
the electromigration issue but Cu is limited to 107 A/cm2.

Figure 2. Typical cross section illustrating hierarchical scaling methodology [ITRS technology road map, 2011 update].

1.2. Carbon nanotubes

Carbon nanotubes (CNTs) have unique electrical, thermal and mechanical properties [18].
They can carry an electrical current density of ~ 4 × 109 A cm-2, which is three orders of mag‐
nitude higher than Cu [19]. CNT’s have high aspect ratio and the mean free path of the carri‐
ers (or the probability of an electron transmitted from at one end of the CNT to the other
without phonon scattering or other thermal effects) in the CNT at 10 µm is much longer
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than any metal (e.g. 40 nm for Cu). In addition the covalent C-C bonding between the neigh‐
bouring atoms in the CNT is one of the strongest bonds reported in the literature [20] and C
atoms will not migrate even under very high current density (activation energy 7.7 eV for
atom movement). Thus the electromigration resistance of CNT is much better than other in‐
terconnects material such as Al and Cu. Because of these advantages over Cu, CNTs require
consideration as the next generation interconnect material for specific applications, such as
through silicon vias (TSV) for stacked die.

However there are still significant scientific and engineering challenges to incorporate CNTs
in devices. CNTs can deposit inside of vias on suitable catalyst like zeolite [21]. It is necessa‐
ry to ensure the selective growth of metallic CNTs in vias and lines to achieve better electri‐
cal conductivity. Alternatively CNTs can be first synthesized in a powder form and metallic
CNTs separated from bulk growth CNTs (mixture of metallic and semiconducting). After
that metallic CNTs would need to be transferred onto specific wafer locations. The scale of
this task is obvious when considering that there are billions of transistors in a microproces‐
sor and the placement of CNTs inside of all vias and trenches on the wafer is unlikely.

Single CNT Cu at 22 nm node

Maximum Current density (A/cm2) 1 x 109 1 x 107

Electrical conductivity (S/m) 106-107 6 x 107

Thermal coefficient of resistivity (/oC) -1.5 x 10-3 4 x 10-3

Thermal conductivity (W/m K) 6,000 400

Coefficient of thermal expansion (ppm/oC) -1.5 17

Activation energy (eV) 7 2

Table 3. Comparison of the properties of single walled CNTs vs. Cu.

The contact resistance between CNTs and metal is large (≥1 kΩ). The minimum resistance
for a ballistic single-walled CNT is ~ 6.5 kΩ, Therefore, relatively dense arrays of nanotubes
will be needed to replace Cu interconnects and these arrays will still only show reduced re‐
sistance by comparison with Cu interconnect for line lengths ≥ 1 µm. The ITRS [22] therefore
predicts for the 22 nm node an estimated resistance for a 17 nm x 38.5 nm x 1.5 µm Cu inter‐
connect is RCu 145 Ω. An ensemble of ~ 45, 1 nm diameter defect-free metallic CNTs with
mean inter-tube separations ~ 4 nm in a trench of these dimensions would have the same
total resistance as the Cu line.

Intrinsic voids between CNTs significantly reduce the electrical and thermal conductivity and
bring reliability challenges for the use of CNTs as interconnects. Contact resistance between
CNTs and interconnect metal like Cu becomes the dominant source of electrical and thermal
resistance which significantly reduces the benefits of CNTs. The potential use of CNTs alone as
interconnect in semiconductor manufacturing is still open to debate at this time.
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1.3. Metal CNT composites

To overcome some of the interconnect issues described above metal-CNT composites can be
an alternative candidate material for future interconnects. The composite material would in‐
crease the contact area between vias and interconnect lines. There is also less chance of in‐
trinsic voids between CNTs as they would be metal filled. Among the different metals Cu is
the best choice at this moment to use as a composite material with CNTs for interconnects
applications because of superior electrical and thermal conductivity. Chai et al [23,24] and
Yoo et al [25] reported that Cu fills the voids between neighbouring CNTs which results in a
more densely packed structure. They reported that the addition of Cu increases the contact
area between the nanotube (1 D) and the substrate (3 D contact) making it a mechanically
strong material that can sustain high electrical or thermal stress cycling. To obtain superior
properties of metal-CNT composites, it is necessary to achieve a homogeneous dispersion of
CNT throughout the metal matrix. It is also necessary that the composites should be void
free to obtain better electrical and thermal conductivity.

Cu/CNT composites can be prepared by powder metallurgy, electroless plating or electrode‐
position techniques [25, 26]. Among these methods electrochemical routes are relatively
straightfoward methods to produce defect free nanocomposites [24, 25]. Powder metallurgy
requires sintering at elevated temperatures that may damage CNT’s and the difficulty of
composite placement remains an issue. Chen et al [26] observed a clear separation of CNTs
and Cu matrix composites deposited by powder metallurgy. To achieve optimum perform‐
ance, CNTs need to be well-dispersed and aligned parallel rather than randomly oriented in
the Cu matrix. Hjortstam et al [27] estimated the increase of effective conductivity as a func‐
tion of the volume fraction of CNT in a Cu matrix. Their calculation showed that 30-40%
CNT is needed in the composite with a resistivity 50% lower than for Cu. Liu et al [28]
found that electrical sheet resistance is lower in Cu/CNT composite films than Cu and also
decreases due to annealing at 200 - 300ºC.

Improved electromigration resistance is expected to result from the location of the alloy ele‐
ment at grain boundaries to prevent movement of Cu at those vulnerable points, which may
lead to wiring voids (opens) or hillocks (shorts) during operation [25]. Cu/CNT composites
may also improve thermal conductivity of lines and vias which also increases electromigra‐
tion resistance. Chai et al [24] reported that the Cu/CNT composite vias have lower electrical
resistance than that of vias with CNT only. Their electromigration test results showed that
the void growth rate for a Cu/CNT composite strip was four times lower than that of pure
Cu strip. Their electromigration test of Cu and Cu/CNT composites which were carried out
in the temperature range of 100 to 250ºC and current density from 5 × 105 to 2 × 106 A/cm2

using a conventional Blech-Kinsborn test structure showed that longer strips had larger void
length, while no void formation was detected in the strips below 40 µm. Below the critical
length the electromigration flux is balanced by the opposing backflow generated by the
stress gradient in the test strip.

Yoo et al [25] fabricated Cu/MWCNT composite films by a pulsed electrodeposition techni‐
que with additives and obtained a dense structure without any voids. Their microstructure
analysis showed that most of the MWCNTs exist at the Cu grain boundaries and cross-linked
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each other. They reported that C content in the composite increased by increasing CNT con‐
centration in the bath but it decreased with annealing. Chai [29] et al reported that the me‐
chanical strength of Cu/CNT nanocomposite was three times higher than that of pure Cu.
Chen et al [26] observed good interfacial bonding between CNT and Cu when the nanocom‐
posites were codeposited by electrodeposition. They reported that for Cu/SWCNT nanocom‐
posites, the radial breathing mode (RBM) in the Raman was absent and the tangential or G-
band had shifted and widened. Recently several patents on the metal/CNT composites co-
deposited by electrodeposition have been filed [30-32]. The comparison of electrical resistivity
of Cu and Cu/SWCNT film which was reported by Chan [30] are shown in table 4.

electrodeposited Cu

(thickness = 10.5 μm)

Cu/CNT composite

(thickness = 22 μm)

Resistivity (μΩ.cm) 1.72 1.22

Sheet resistance (mΩ/sq) 1.64 0.56

Table 4. Comparison of the electrical resistivity of electrodeposited Cu/SWCNT composite film vs. Cu alone [30].

1.4. Chlorosulphonic acid for CNT dissolution

Recently Davis et al [33] reported that CNTs can dissolve spontaneously in chlorosulphonic
acid solution up to 0.5 wt % [5 g/l], which is much higher than previously reported in other
acids (up to 80 mg/l). They reported that at higher concentrations, they form liquid-crystal
phases that can be processed into fibres and sheets of controlled morphology. Their pro‐
posed phase diagram helps to identify the optimal starting fluid composition and determine
micro and macrostructure of fibres and films such as plated fibres, straight fibres and
smooth films. Plated fibres have potential application for hydrogen storage and sensors be‐
cause of high surface area. Straight fibres are of interest for structural reinforcement and
smooth, dense films for electrical applications such as electrically conductive thin films.

1.5. Purification and functionalization of carbon nanotubes

A significant problem in dealing with CNTs is the difficulty to separate them as the individ‐
ual CNTs form bundles due to van der Waals attractive forces. Also in all of the synthesis
techniques several impurities like catalyst particles, amorphous carbon etc. are also present
in the bundles of CNTs. These impurities may deteriorate the properties of CNTs. To pre‐
pare stable and homogeneous dispersions of CNTs considerable efforts have been made
[34-39] but the solubility of CNTs in water or organic solvent is relatively low. At room tem‐
perature the solubility of CNTs is in the range of 60 to 80 mg/l [34]. In order to achieve better
stabilization, CNTs require additional hydrophilic groups directly on the CNT walls or pro‐
vided by surfactant molecules to impart ionic charge on the CNTs [40-42]. The most com‐
mon hydrophilic groups are –OH-, -COOH-, -SO3-, -NH2-. Functionalization of CNTs can be
an important factor to manipulate the properties of CNTs. With functionalization CNTs mau
be more easily separated. Several methods have been suggested for the purification and
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1.3. Metal CNT composites

To overcome some of the interconnect issues described above metal-CNT composites can be
an alternative candidate material for future interconnects. The composite material would in‐
crease the contact area between vias and interconnect lines. There is also less chance of in‐
trinsic voids between CNTs as they would be metal filled. Among the different metals Cu is
the best choice at this moment to use as a composite material with CNTs for interconnects
applications because of superior electrical and thermal conductivity. Chai et al [23,24] and
Yoo et al [25] reported that Cu fills the voids between neighbouring CNTs which results in a
more densely packed structure. They reported that the addition of Cu increases the contact
area between the nanotube (1 D) and the substrate (3 D contact) making it a mechanically
strong material that can sustain high electrical or thermal stress cycling. To obtain superior
properties of metal-CNT composites, it is necessary to achieve a homogeneous dispersion of
CNT throughout the metal matrix. It is also necessary that the composites should be void
free to obtain better electrical and thermal conductivity.

Cu/CNT composites can be prepared by powder metallurgy, electroless plating or electrode‐
position techniques [25, 26]. Among these methods electrochemical routes are relatively
straightfoward methods to produce defect free nanocomposites [24, 25]. Powder metallurgy
requires sintering at elevated temperatures that may damage CNT’s and the difficulty of
composite placement remains an issue. Chen et al [26] observed a clear separation of CNTs
and Cu matrix composites deposited by powder metallurgy. To achieve optimum perform‐
ance, CNTs need to be well-dispersed and aligned parallel rather than randomly oriented in
the Cu matrix. Hjortstam et al [27] estimated the increase of effective conductivity as a func‐
tion of the volume fraction of CNT in a Cu matrix. Their calculation showed that 30-40%
CNT is needed in the composite with a resistivity 50% lower than for Cu. Liu et al [28]
found that electrical sheet resistance is lower in Cu/CNT composite films than Cu and also
decreases due to annealing at 200 - 300ºC.

Improved electromigration resistance is expected to result from the location of the alloy ele‐
ment at grain boundaries to prevent movement of Cu at those vulnerable points, which may
lead to wiring voids (opens) or hillocks (shorts) during operation [25]. Cu/CNT composites
may also improve thermal conductivity of lines and vias which also increases electromigra‐
tion resistance. Chai et al [24] reported that the Cu/CNT composite vias have lower electrical
resistance than that of vias with CNT only. Their electromigration test results showed that
the void growth rate for a Cu/CNT composite strip was four times lower than that of pure
Cu strip. Their electromigration test of Cu and Cu/CNT composites which were carried out
in the temperature range of 100 to 250ºC and current density from 5 × 105 to 2 × 106 A/cm2

using a conventional Blech-Kinsborn test structure showed that longer strips had larger void
length, while no void formation was detected in the strips below 40 µm. Below the critical
length the electromigration flux is balanced by the opposing backflow generated by the
stress gradient in the test strip.

Yoo et al [25] fabricated Cu/MWCNT composite films by a pulsed electrodeposition techni‐
que with additives and obtained a dense structure without any voids. Their microstructure
analysis showed that most of the MWCNTs exist at the Cu grain boundaries and cross-linked
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each other. They reported that C content in the composite increased by increasing CNT con‐
centration in the bath but it decreased with annealing. Chai [29] et al reported that the me‐
chanical strength of Cu/CNT nanocomposite was three times higher than that of pure Cu.
Chen et al [26] observed good interfacial bonding between CNT and Cu when the nanocom‐
posites were codeposited by electrodeposition. They reported that for Cu/SWCNT nanocom‐
posites, the radial breathing mode (RBM) in the Raman was absent and the tangential or G-
band had shifted and widened. Recently several patents on the metal/CNT composites co-
deposited by electrodeposition have been filed [30-32]. The comparison of electrical resistivity
of Cu and Cu/SWCNT film which was reported by Chan [30] are shown in table 4.

electrodeposited Cu

(thickness = 10.5 μm)

Cu/CNT composite

(thickness = 22 μm)

Resistivity (μΩ.cm) 1.72 1.22

Sheet resistance (mΩ/sq) 1.64 0.56

Table 4. Comparison of the electrical resistivity of electrodeposited Cu/SWCNT composite film vs. Cu alone [30].

1.4. Chlorosulphonic acid for CNT dissolution

Recently Davis et al [33] reported that CNTs can dissolve spontaneously in chlorosulphonic
acid solution up to 0.5 wt % [5 g/l], which is much higher than previously reported in other
acids (up to 80 mg/l). They reported that at higher concentrations, they form liquid-crystal
phases that can be processed into fibres and sheets of controlled morphology. Their pro‐
posed phase diagram helps to identify the optimal starting fluid composition and determine
micro and macrostructure of fibres and films such as plated fibres, straight fibres and
smooth films. Plated fibres have potential application for hydrogen storage and sensors be‐
cause of high surface area. Straight fibres are of interest for structural reinforcement and
smooth, dense films for electrical applications such as electrically conductive thin films.

1.5. Purification and functionalization of carbon nanotubes

A significant problem in dealing with CNTs is the difficulty to separate them as the individ‐
ual CNTs form bundles due to van der Waals attractive forces. Also in all of the synthesis
techniques several impurities like catalyst particles, amorphous carbon etc. are also present
in the bundles of CNTs. These impurities may deteriorate the properties of CNTs. To pre‐
pare stable and homogeneous dispersions of CNTs considerable efforts have been made
[34-39] but the solubility of CNTs in water or organic solvent is relatively low. At room tem‐
perature the solubility of CNTs is in the range of 60 to 80 mg/l [34]. In order to achieve better
stabilization, CNTs require additional hydrophilic groups directly on the CNT walls or pro‐
vided by surfactant molecules to impart ionic charge on the CNTs [40-42]. The most com‐
mon hydrophilic groups are –OH-, -COOH-, -SO3-, -NH2-. Functionalization of CNTs can be
an important factor to manipulate the properties of CNTs. With functionalization CNTs mau
be more easily separated. Several methods have been suggested for the purification and
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functionalization of CNTs mainly based on covalent and noncovalent functionalization.
Functionalized CNTs are easily dispersed and highly ionized in contract with water [43].

1.5.1. Covalent functionalization of carbon nanotubes

Several methods have been suggested for covalent functionalization of CNTs. The most
common technique is to functionalize CNTs in concentrated acid by refluxing. In this proc‐
ess raw materials are sonicated followed by refluxing at 120-130°C. This process requires
long processing times. After cooling at room temperature, the mixture is then centrifuged,
leaving a black precipitate and a clear brownish yellow supernatant acid. Ko et al [44] re‐
ported that the presence of metal impurities in the MWCNTs is reduced significantly using
this method. The purification process usually requires two repeat processing steps. The first
step is acid reflux which washes metal catalyst and carbon impurities and the second step is
annealing which burns the defective tubes and carbon particles. Ko et al [44] also used a mi‐
crowave oven technique to purify MWCNTs. Chen and Mitra [45] reported that MWCNTs
were less reactive and had lower solubility than the SWNTs. Li and Grennberg [46] also
found that microwave heating is highly useful for side wall functionalization of MWCNTs.

Lau et al [47] reported that the electrical conductivity of MWCNTs increased with different
functionalization techniques such as oxidation, acid reflux, dry UV-ozonolysis. They ex‐
plained that the new functionalized groups increase the number of bands near the Fermi
level, promoting electron transfer between the carbon atoms. They have claimed that CNT
functionalization by UV-ozonolyzed technique significantly increases the electrical conduc‐
tivity of CNTs. Agarwal et al [48] reported that controlled defect creation could be an attrac‐
tive strategy to induce an electrical conductivity increase in MWCNTs. They reported that
the outermost shell of MWCNTs is semiconducting so it is difficult to make electrical con‐
tacts to the inner shells of MWCNTs. Functionalization of CNTs may promote cross-shell
bridging via sp3 bond formation. They proposed that intershell bridging facilitates charge
carrier hopping to inner shells which can serve as additional charge carrier transport path‐
ways. Tantang et al [49] also reported that acid treatment increases the conductivity of CNT
electrodes.

1.5.2. Non-covalent functionalization of carbon nanotubes

Covalent functionalization may deteriorate the unique ionic properties of CNTs by the for‐
mation of new covalent bonds on the CNTs wall. To overcome this disadvantage non-cova‐
lent functionalization mainly based on polymer surfactant interaction was developed that
can disperse nanotubes easily but not degrade the CNT’s unique properties [50]. The pro‐
posed mechanism for this solubilisaiton is through an individual CNT being wrapped by
the polymer which acts as a surfactant in the solution to achieve separation. A surfactant is a
wetting agent which lowers surface tension of liquids. It is usually an organic compound
that contains both hydrophobic and hydrophilic groups. As a result, they are soluble both in
organic solvents and water. Surfactants are classified based on the presence of a charged
group. The head of an ionic surfactant carries a net charge. If the charge is negative, the sur‐
factant is more specifically called anionic; if the charge is positive, it is cationic. Ionic surfac‐

Syntheses and Applications of Carbon Nanotubes and Their Composites374

tants not only separate individual CNTs but also carry charge to the surface of CNTs so that
the CNTs can be codeposited with Cu by electrodeposition. Examples of surfactants which
have been investigated are given below.

1. Nafion® as a surfactant

In our study we primarily used nafion, a polymer surfactant for the dispersion of CNT bun‐
dles. It is a sulfonated tetrafluorethylene co-polymer with ionic properties which bears a po‐
lar side chain (-SO3H) and hydrophobic backbone (-CF2-CF2). It has unique ionic properties
because of the incorporation of perfluorovinyl ether groups terminated with sulfonate
groups onto a tetrafluoroethylene (Teflon) backbone. The hydrophobic backbone strongly
anchors to the hydrophobic side-wall of CNTs. On the other hand the polar side-chain of the
polymer imparts sufficient ionic charge to the CNT surface which enhances the solubility of
CNTs in liquid solvents. Fig. 3 shows the chemical structure of nafion.

Figure 3. Chemical structure of Nafion.

2. CTAB as a surfactant

Cetyl trimethyl ammonium bromide (CTAB) is a cationic surfactant. Chen et al [51, 52] used
CTAB for the dispersion of CNTs to prepare CNTs/Ni composites by an electroless deposi‐
tion technique. The chemical structure of CTAB is shown in fig. 4 (a). As a cationic surfac‐
tant it can make the CNT surface positively charged to assist the codeposition of CNT on the
cathodic surface [52]. The CNT with negative charge readily adsorbs the cationic surfactant.
This adsorption develops a net positive charge on the CNT, which prevents them from ag‐
glomerating and leads to electrostatic attraction to the cathode surface with negative poten‐
tial [51]. The net positive charge on the CNT increases the amount of CNT in the deposits.
To calculate the volume fraction of CNTs, they dissolved the deposits in nitric acid. The
CNTs in the deposits were filtered and the quantity of the CNTs in the deposits determined
[52]. They reported that the content of CNTs in the deposit increases with an increase of
CNT concentration in the bath, up to a maximum value at the CNT concentration of 1.1 g/l
and then decreases. They explained this as a result of the CNT agglomeration in solution at
higher concentration which reduces the content of CNT in the deposit. They also reported
that the saturation concentration increases with decrease of length of CNTs because the lon‐
ger CNTs tend to agglomerate more readily.

3. SDS as a surfactant

Sodium dodecyl sulfate (SDS) is an anionic surfactant used to improve the surface uniformi‐
ty of the composite deposit [53]. The chemical structure of SDS is shown in fig. 4 (b).
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functionalization of CNTs mainly based on covalent and noncovalent functionalization.
Functionalized CNTs are easily dispersed and highly ionized in contract with water [43].

1.5.1. Covalent functionalization of carbon nanotubes

Several methods have been suggested for covalent functionalization of CNTs. The most
common technique is to functionalize CNTs in concentrated acid by refluxing. In this proc‐
ess raw materials are sonicated followed by refluxing at 120-130°C. This process requires
long processing times. After cooling at room temperature, the mixture is then centrifuged,
leaving a black precipitate and a clear brownish yellow supernatant acid. Ko et al [44] re‐
ported that the presence of metal impurities in the MWCNTs is reduced significantly using
this method. The purification process usually requires two repeat processing steps. The first
step is acid reflux which washes metal catalyst and carbon impurities and the second step is
annealing which burns the defective tubes and carbon particles. Ko et al [44] also used a mi‐
crowave oven technique to purify MWCNTs. Chen and Mitra [45] reported that MWCNTs
were less reactive and had lower solubility than the SWNTs. Li and Grennberg [46] also
found that microwave heating is highly useful for side wall functionalization of MWCNTs.

Lau et al [47] reported that the electrical conductivity of MWCNTs increased with different
functionalization techniques such as oxidation, acid reflux, dry UV-ozonolysis. They ex‐
plained that the new functionalized groups increase the number of bands near the Fermi
level, promoting electron transfer between the carbon atoms. They have claimed that CNT
functionalization by UV-ozonolyzed technique significantly increases the electrical conduc‐
tivity of CNTs. Agarwal et al [48] reported that controlled defect creation could be an attrac‐
tive strategy to induce an electrical conductivity increase in MWCNTs. They reported that
the outermost shell of MWCNTs is semiconducting so it is difficult to make electrical con‐
tacts to the inner shells of MWCNTs. Functionalization of CNTs may promote cross-shell
bridging via sp3 bond formation. They proposed that intershell bridging facilitates charge
carrier hopping to inner shells which can serve as additional charge carrier transport path‐
ways. Tantang et al [49] also reported that acid treatment increases the conductivity of CNT
electrodes.

1.5.2. Non-covalent functionalization of carbon nanotubes

Covalent functionalization may deteriorate the unique ionic properties of CNTs by the for‐
mation of new covalent bonds on the CNTs wall. To overcome this disadvantage non-cova‐
lent functionalization mainly based on polymer surfactant interaction was developed that
can disperse nanotubes easily but not degrade the CNT’s unique properties [50]. The pro‐
posed mechanism for this solubilisaiton is through an individual CNT being wrapped by
the polymer which acts as a surfactant in the solution to achieve separation. A surfactant is a
wetting agent which lowers surface tension of liquids. It is usually an organic compound
that contains both hydrophobic and hydrophilic groups. As a result, they are soluble both in
organic solvents and water. Surfactants are classified based on the presence of a charged
group. The head of an ionic surfactant carries a net charge. If the charge is negative, the sur‐
factant is more specifically called anionic; if the charge is positive, it is cationic. Ionic surfac‐
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tants not only separate individual CNTs but also carry charge to the surface of CNTs so that
the CNTs can be codeposited with Cu by electrodeposition. Examples of surfactants which
have been investigated are given below.

1. Nafion® as a surfactant

In our study we primarily used nafion, a polymer surfactant for the dispersion of CNT bun‐
dles. It is a sulfonated tetrafluorethylene co-polymer with ionic properties which bears a po‐
lar side chain (-SO3H) and hydrophobic backbone (-CF2-CF2). It has unique ionic properties
because of the incorporation of perfluorovinyl ether groups terminated with sulfonate
groups onto a tetrafluoroethylene (Teflon) backbone. The hydrophobic backbone strongly
anchors to the hydrophobic side-wall of CNTs. On the other hand the polar side-chain of the
polymer imparts sufficient ionic charge to the CNT surface which enhances the solubility of
CNTs in liquid solvents. Fig. 3 shows the chemical structure of nafion.

Figure 3. Chemical structure of Nafion.

2. CTAB as a surfactant

Cetyl trimethyl ammonium bromide (CTAB) is a cationic surfactant. Chen et al [51, 52] used
CTAB for the dispersion of CNTs to prepare CNTs/Ni composites by an electroless deposi‐
tion technique. The chemical structure of CTAB is shown in fig. 4 (a). As a cationic surfac‐
tant it can make the CNT surface positively charged to assist the codeposition of CNT on the
cathodic surface [52]. The CNT with negative charge readily adsorbs the cationic surfactant.
This adsorption develops a net positive charge on the CNT, which prevents them from ag‐
glomerating and leads to electrostatic attraction to the cathode surface with negative poten‐
tial [51]. The net positive charge on the CNT increases the amount of CNT in the deposits.
To calculate the volume fraction of CNTs, they dissolved the deposits in nitric acid. The
CNTs in the deposits were filtered and the quantity of the CNTs in the deposits determined
[52]. They reported that the content of CNTs in the deposit increases with an increase of
CNT concentration in the bath, up to a maximum value at the CNT concentration of 1.1 g/l
and then decreases. They explained this as a result of the CNT agglomeration in solution at
higher concentration which reduces the content of CNT in the deposit. They also reported
that the saturation concentration increases with decrease of length of CNTs because the lon‐
ger CNTs tend to agglomerate more readily.

3. SDS as a surfactant

Sodium dodecyl sulfate (SDS) is an anionic surfactant used to improve the surface uniformi‐
ty of the composite deposit [53]. The chemical structure of SDS is shown in fig. 4 (b).
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Figure 4. Chemical structure of (a) CTAB and (b) SDS.

A comparison of hardness and XRD patterns of Ni/CNT composites by using SDS and
CTAB surfactant in the bath with Ni was performed [53]. The hardness changes for the com‐
posite films and depends on the concentration of CNTs in the bath as well as surfactant. The
composite from the CTAB bath showed an increase of hardness unlike that of the composite
from the SDS containing bath. It can be also seen from the XRD data that (111) is the prefer‐
red plane of Ni when the bath contains CTAB like pure Ni deposition. On the other hand,
SDS in the bath reduces the preferred Ni (111) orientation significantly in the composite. A
summary of surfactants which are commonly used for the dispersion of CNTs are reported
in table 5.

CNT CNT: g/l Surfactant Surfactant: g/l Composites References

MW 0.3 CTAB 0.6 Ni/CNT [53]

MW 0.1 Mg(NO3)2 Cu/CNT [26]

MW 6 PA 0.5 Cu/CNT [23]

SW 3 CTAC 3 Cu/CNT [54]

MW 1 CTAB 4 Cu/Zn [55]

SW 0.002 Nafion 0.4 Nafion/CNT [56]

MW 0.6 Gelatine 0.4 CNT/Cu [57]

MW 2 CTAB Ni/CNT [58]

SW 2 Cu/CNT [24]

MW 1 Nafion 0.01 Nafion/CNT [59]

MW 6 PA 0.1 Cu/CNT [60]

MW 1 Ni-Co/CNT [61]

MW 1 Nafion 5 Nafion/CNT film [62]

SW 0.2 Nafion Nafion/CNT [63]

SW 0.05 SDS 0.1 PVP/CNT [50]

Table 5. Literature review of CNT dispersion surfactants.

1.6. Analysis of carbon nanotubes in deposit

There is very little in the literature on quantifying CNT content in the deposits [48, 51, 52].
Arai et al [60, 64, 65] measured the content of multi-walled CNTs in the electrodeposited
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composite film by dissolving the deposit in hot nitric acid. The CNTs in the nitric acid solu‐
tion were filtered, dried and weighed. Osaka et al [66] reported the carbon content in the
deposit was analyzed by the combustion infrared absorption method (CS 444, LECO) as this
element analyzer is capable of analysing for carbon. The summary of CNT content in the de‐
posit obtained from the literature is shown in table 2.5.

Bath Surfactant CNT

g/l

Weight % CNT in deposit Reference

Ni PA 6 Up to 1 [64]

Cu PA 2 0.4 [60]

Ni SDS 0.3 Up to 7 [53]

Cu PA Up to 6 Up to 2.5 [25]

Table 6. Literature data of CNT content in the plating bath and deposit.

2. Cu and Cu/CNT pillars for flip chip interconnect assembly

Historically, IC chips have been electrically connected to the substrate by a wire bond meth‐
od. In this method, the chip faces up and is attached to the package via wires. This connec‐
tion has limited electrical performance and reliability problems in addition to requiring pad
location at the edge of the die. Flip chip, also known as ‘Controlled Collapse Chip Connec‐
tion, C4’, replaced the traditional wire bond method. In this method, solder bumps are de‐
posited on the chip pads over the full area of the top side of the wafer during the final wafer
processing step. In order to mount the chip to external circuitry (e.g., a circuit board or an‐
other chip or wafer), it is flipped over so that its top side faces down, aligned to the sub‐
strate and then the solder is reflowed to complete the interconnect. Generally, Sn-Pb based
solder bumps have been used in flip chip packaging to connect chips to external circuitry.
According to the International Technology Roadmap for Semiconductors the total number
of I/Os will reach up to 10,000 cm2 chip area by 2014 which require finer interconnect with a
pitch size less than 20 µm. To fabricate such fine pitch interconnect, conventional solder
bump requires fine solder deposition or paste particle which are not readily available [67]. It
is also important to reduce lead-based solders for environmental concerns (RoHS compli‐
ance). As circuit density increases, devices are also more vulnerable to non-uniform thermal
distribution.

Cu has higher thermal conductivity than most binary or ternary solders. Cu bumps in flip
chip assembly offer increased reliability, extended temperature range capability, greater me‐
chanical strength, higher connection density, improved manufacturability, better electrical
and heat dissipating performance over Pb-Sn solder. It is also less expensive and decreases
the amount of solder needed to create bumps. Cu pillars do not change shape during reflow
so they do not encounter any volumetric redistribution which can lead to voids in the sol‐
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A comparison of hardness and XRD patterns of Ni/CNT composites by using SDS and
CTAB surfactant in the bath with Ni was performed [53]. The hardness changes for the com‐
posite films and depends on the concentration of CNTs in the bath as well as surfactant. The
composite from the CTAB bath showed an increase of hardness unlike that of the composite
from the SDS containing bath. It can be also seen from the XRD data that (111) is the prefer‐
red plane of Ni when the bath contains CTAB like pure Ni deposition. On the other hand,
SDS in the bath reduces the preferred Ni (111) orientation significantly in the composite. A
summary of surfactants which are commonly used for the dispersion of CNTs are reported
in table 5.

CNT CNT: g/l Surfactant Surfactant: g/l Composites References

MW 0.3 CTAB 0.6 Ni/CNT [53]

MW 0.1 Mg(NO3)2 Cu/CNT [26]

MW 6 PA 0.5 Cu/CNT [23]

SW 3 CTAC 3 Cu/CNT [54]

MW 1 CTAB 4 Cu/Zn [55]

SW 0.002 Nafion 0.4 Nafion/CNT [56]

MW 0.6 Gelatine 0.4 CNT/Cu [57]

MW 2 CTAB Ni/CNT [58]

SW 2 Cu/CNT [24]

MW 1 Nafion 0.01 Nafion/CNT [59]

MW 6 PA 0.1 Cu/CNT [60]

MW 1 Ni-Co/CNT [61]

MW 1 Nafion 5 Nafion/CNT film [62]

SW 0.2 Nafion Nafion/CNT [63]

SW 0.05 SDS 0.1 PVP/CNT [50]

Table 5. Literature review of CNT dispersion surfactants.

1.6. Analysis of carbon nanotubes in deposit

There is very little in the literature on quantifying CNT content in the deposits [48, 51, 52].
Arai et al [60, 64, 65] measured the content of multi-walled CNTs in the electrodeposited
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composite film by dissolving the deposit in hot nitric acid. The CNTs in the nitric acid solu‐
tion were filtered, dried and weighed. Osaka et al [66] reported the carbon content in the
deposit was analyzed by the combustion infrared absorption method (CS 444, LECO) as this
element analyzer is capable of analysing for carbon. The summary of CNT content in the de‐
posit obtained from the literature is shown in table 2.5.

Bath Surfactant CNT

g/l

Weight % CNT in deposit Reference

Ni PA 6 Up to 1 [64]

Cu PA 2 0.4 [60]

Ni SDS 0.3 Up to 7 [53]

Cu PA Up to 6 Up to 2.5 [25]

Table 6. Literature data of CNT content in the plating bath and deposit.

2. Cu and Cu/CNT pillars for flip chip interconnect assembly

Historically, IC chips have been electrically connected to the substrate by a wire bond meth‐
od. In this method, the chip faces up and is attached to the package via wires. This connec‐
tion has limited electrical performance and reliability problems in addition to requiring pad
location at the edge of the die. Flip chip, also known as ‘Controlled Collapse Chip Connec‐
tion, C4’, replaced the traditional wire bond method. In this method, solder bumps are de‐
posited on the chip pads over the full area of the top side of the wafer during the final wafer
processing step. In order to mount the chip to external circuitry (e.g., a circuit board or an‐
other chip or wafer), it is flipped over so that its top side faces down, aligned to the sub‐
strate and then the solder is reflowed to complete the interconnect. Generally, Sn-Pb based
solder bumps have been used in flip chip packaging to connect chips to external circuitry.
According to the International Technology Roadmap for Semiconductors the total number
of I/Os will reach up to 10,000 cm2 chip area by 2014 which require finer interconnect with a
pitch size less than 20 µm. To fabricate such fine pitch interconnect, conventional solder
bump requires fine solder deposition or paste particle which are not readily available [67]. It
is also important to reduce lead-based solders for environmental concerns (RoHS compli‐
ance). As circuit density increases, devices are also more vulnerable to non-uniform thermal
distribution.

Cu has higher thermal conductivity than most binary or ternary solders. Cu bumps in flip
chip assembly offer increased reliability, extended temperature range capability, greater me‐
chanical strength, higher connection density, improved manufacturability, better electrical
and heat dissipating performance over Pb-Sn solder. It is also less expensive and decreases
the amount of solder needed to create bumps. Cu pillars do not change shape during reflow
so they do not encounter any volumetric redistribution which can lead to voids in the sol‐
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der. Because of these advantages the semiconductor industry is adopting Cu pillar bump by
electrodeposition for flip-chip attachment to replace the typical Pb solder [67, 68]. Power
and thermal non-uniformity in devices are increasing steadily with each new device genera‐
tion leading to serious concerns for the industry regarding thermal issues. Mechanical stress
on Cu bumps generated by the difference in thermal expansion coefficients between the chip
and the substrate materials can lead to device failures. This differential thermal expansion
also creates shearing forces at the bump. As a result bumps are most vulnerable to damage.
Repeated thermal expansion and contraction leads to fatigue cracking of the bump.

Cu/CNT composites could be a suitable candidate material to resolve these issues for next
generation flip chip assembly. CNTs have high mechanical strength (10-60 GPa, c.f. Cu 70
MPa) and thermal conductivity (>3000 W/m.K, c.f. Cu 400 W/m.K) which may alleviate the
issues related to die degradation and non-uniform temperature distribution in the pillars.
CNTs have a negative temperature coefficient of resistivity (- 1.5 х10-3/ºC, c.f. Cu + 4 х10-3/ºC)
and low coefficient of thermal expansion (- 1.5 ppm/ºC, c.f. Cu + 17 ppm/ºC) which can make
the Cu/CNT composites material more reliable against thermal cycling and fatigue with less
risk of stress induced failure. Typical photolithography techniques can be utilised to fabri‐
cate Cu/CNT pillar bumps on chip. Arai et al [64] recently demonstrated Cu/CNT pillar
emitters deposited by electrodeposition on a patterned substrate.

3. Cu and Cu/CNT in through Si via (TSV) for 3D interconnect

Cu electrodeposition in TSV features is a key component of new 3D integration approaches
that are of great interest in the semiconductor industry [69]. 3D integration increases per‐
formance and lowers power consumption due to reduced length of electrical connections.
Cu has been selected as the TSV interconnect because of its low electrical resistance and
compatibility with conventional multilayer interconnection in large-scale integration (LSI)
and back-end processes. The key challenges for TSV plating processes are to fill the vias
across the entire wafer and to complete the fill as fast as possible to minimize cost. TSV in‐
terconnect shortens the interconnect requirements and reduces signal delay. However, it is
difficult to fill high aspect ratio vias without voids through conventional damascene electro‐
plating. Perfect filling without voids is required to minimise interconnect failure and relia‐
bility issues. TSVs have been extensively studied because of their ability to achieve chip
stacking for enhanced system performance. This is a very promising technology that may
replace wire bonding in chips or single chip solder bumping. Metal filled TSVs allow devi‐
ces to be connected using a 3D approach [69]. Cu is the best low cost conductor for TSV in‐
terconnect and an extension of the damascene plating in smaller features. Recently
enormous attention has been given to bottom up filling of TSVs to fill high aspect ratio vias
without voids like conventional damascene electroplating [70-72]. However, there are key
issues that need to be resolved, such as process reliability, electrical continuity and thermal
management. TSVs should have the ability to maintain operation over a wide range of tem‐
peratures and to withstand these temperatures in a cyclic manner. The TSV material proper‐
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ties must include mechanical strength, good thermal conductivity and stability with thermal
cycling.

The key issues for 3D integration are process reliability, die degradation, electrical continui‐
ty, bump to pad electrical contact and thermal management. Temperature cycling and ther‐
mal shock accelerate fatigue failures. Also, non-uniform temperature distribution may
influence the operation of circuits and sensing elements dramatically. Stress fields resulting
from differential thermal expansion of Cu-based TSV may cause serious problems. The relia‐
bility problems of high aspect ratio TSV interconnect may be alleviated by the codeposition
of carbon nanotubes (CNTs) with Cu as a suitable composite material. CNTs have high me‐
chanical strength, thermal conductivity and low coefficient of thermal expansion which may
alleviate the issues related to die degradation and non-uniform temperature distribution in
the TSVs.

4. Experimental methods

In this work the Cu/CNT composites codeposition process was assessed and the deposited
materials characterised. Electrochemical analysis of the deposition requires an analysis of
the nucleation and growth characteristics for the candidate materials. MWCNTs have been
added to the typical Cu sulphate plating bath to achieve homogeneous Cu/MWCNT compo‐
sites. Here, we will report electrochemical analysis and kinetics of electrodeposited Cu when
MWCNTs were present in the bath. Solubilisation or suspension of the CNTs in the Cu bath
is also a key requirement. Composite plating bath chemistries for Cu/CNT deposition were
investigated. The influence of typical additives in the Cu bath on the deposit characteristics
was determined for optimised electrodeposition in vias and trenches. The influence of dif‐
ferent surfactants on the deposition and electrical properties of composite films was also an‐
alyzed. Cu and Cu/CNT composites were electrodeposited on planar and structured
substrates. Microstructure characterization of the deposit employed scanning electron mi‐
croscopy (SEM), focussed ion beam microscopy (FIB) and x-ray diffraction (XRD). The sheet
resistance of Cu/CNTs film and changes due to self-annealing and high temperature anneal‐
ing were monitored by 4 point probe resistivity techniques. Cu/CNT composites were also
deposited in test structures. After chemical mechanical polishing of the test structures, the
line resistance was measured using a Cascade probe station.

The amount of CNTs in the deposit was determined by dissolving the deposit in a concen‐
trate HNO3 solution. The Cu/CNT films were deposited on 1 cm X 1 cm thin film sputtered
Cu on Si. The deposition current was 1 A and deposition time was 1 h. The concentration of
CNTs in the bath was 10 or 100 mg/l. After deposition, the sample was dipped in hot con‐
centrate acidic solution (65% HNO3, 65°C). The diluted acid solution was then vacuum fil‐
tered using PTFE filter paper. The filtration process was repeated at least 5 times to ensure
all CNTs were left on filter residue. After filtration, the PTFE membrane was dried in an
oven at 80°C for at least 30 minutes to ensure the membrane was completely dried. The
weight difference of the PTFE membrane before and after filtration gives the amount of
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tion leading to serious concerns for the industry regarding thermal issues. Mechanical stress
on Cu bumps generated by the difference in thermal expansion coefficients between the chip
and the substrate materials can lead to device failures. This differential thermal expansion
also creates shearing forces at the bump. As a result bumps are most vulnerable to damage.
Repeated thermal expansion and contraction leads to fatigue cracking of the bump.
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MPa) and thermal conductivity (>3000 W/m.K, c.f. Cu 400 W/m.K) which may alleviate the
issues related to die degradation and non-uniform temperature distribution in the pillars.
CNTs have a negative temperature coefficient of resistivity (- 1.5 х10-3/ºC, c.f. Cu + 4 х10-3/ºC)
and low coefficient of thermal expansion (- 1.5 ppm/ºC, c.f. Cu + 17 ppm/ºC) which can make
the Cu/CNT composites material more reliable against thermal cycling and fatigue with less
risk of stress induced failure. Typical photolithography techniques can be utilised to fabri‐
cate Cu/CNT pillar bumps on chip. Arai et al [64] recently demonstrated Cu/CNT pillar
emitters deposited by electrodeposition on a patterned substrate.

3. Cu and Cu/CNT in through Si via (TSV) for 3D interconnect

Cu electrodeposition in TSV features is a key component of new 3D integration approaches
that are of great interest in the semiconductor industry [69]. 3D integration increases per‐
formance and lowers power consumption due to reduced length of electrical connections.
Cu has been selected as the TSV interconnect because of its low electrical resistance and
compatibility with conventional multilayer interconnection in large-scale integration (LSI)
and back-end processes. The key challenges for TSV plating processes are to fill the vias
across the entire wafer and to complete the fill as fast as possible to minimize cost. TSV in‐
terconnect shortens the interconnect requirements and reduces signal delay. However, it is
difficult to fill high aspect ratio vias without voids through conventional damascene electro‐
plating. Perfect filling without voids is required to minimise interconnect failure and relia‐
bility issues. TSVs have been extensively studied because of their ability to achieve chip
stacking for enhanced system performance. This is a very promising technology that may
replace wire bonding in chips or single chip solder bumping. Metal filled TSVs allow devi‐
ces to be connected using a 3D approach [69]. Cu is the best low cost conductor for TSV in‐
terconnect and an extension of the damascene plating in smaller features. Recently
enormous attention has been given to bottom up filling of TSVs to fill high aspect ratio vias
without voids like conventional damascene electroplating [70-72]. However, there are key
issues that need to be resolved, such as process reliability, electrical continuity and thermal
management. TSVs should have the ability to maintain operation over a wide range of tem‐
peratures and to withstand these temperatures in a cyclic manner. The TSV material proper‐
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ties must include mechanical strength, good thermal conductivity and stability with thermal
cycling.

The key issues for 3D integration are process reliability, die degradation, electrical continui‐
ty, bump to pad electrical contact and thermal management. Temperature cycling and ther‐
mal shock accelerate fatigue failures. Also, non-uniform temperature distribution may
influence the operation of circuits and sensing elements dramatically. Stress fields resulting
from differential thermal expansion of Cu-based TSV may cause serious problems. The relia‐
bility problems of high aspect ratio TSV interconnect may be alleviated by the codeposition
of carbon nanotubes (CNTs) with Cu as a suitable composite material. CNTs have high me‐
chanical strength, thermal conductivity and low coefficient of thermal expansion which may
alleviate the issues related to die degradation and non-uniform temperature distribution in
the TSVs.

4. Experimental methods

In this work the Cu/CNT composites codeposition process was assessed and the deposited
materials characterised. Electrochemical analysis of the deposition requires an analysis of
the nucleation and growth characteristics for the candidate materials. MWCNTs have been
added to the typical Cu sulphate plating bath to achieve homogeneous Cu/MWCNT compo‐
sites. Here, we will report electrochemical analysis and kinetics of electrodeposited Cu when
MWCNTs were present in the bath. Solubilisation or suspension of the CNTs in the Cu bath
is also a key requirement. Composite plating bath chemistries for Cu/CNT deposition were
investigated. The influence of typical additives in the Cu bath on the deposit characteristics
was determined for optimised electrodeposition in vias and trenches. The influence of dif‐
ferent surfactants on the deposition and electrical properties of composite films was also an‐
alyzed. Cu and Cu/CNT composites were electrodeposited on planar and structured
substrates. Microstructure characterization of the deposit employed scanning electron mi‐
croscopy (SEM), focussed ion beam microscopy (FIB) and x-ray diffraction (XRD). The sheet
resistance of Cu/CNTs film and changes due to self-annealing and high temperature anneal‐
ing were monitored by 4 point probe resistivity techniques. Cu/CNT composites were also
deposited in test structures. After chemical mechanical polishing of the test structures, the
line resistance was measured using a Cascade probe station.

The amount of CNTs in the deposit was determined by dissolving the deposit in a concen‐
trate HNO3 solution. The Cu/CNT films were deposited on 1 cm X 1 cm thin film sputtered
Cu on Si. The deposition current was 1 A and deposition time was 1 h. The concentration of
CNTs in the bath was 10 or 100 mg/l. After deposition, the sample was dipped in hot con‐
centrate acidic solution (65% HNO3, 65°C). The diluted acid solution was then vacuum fil‐
tered using PTFE filter paper. The filtration process was repeated at least 5 times to ensure
all CNTs were left on filter residue. After filtration, the PTFE membrane was dried in an
oven at 80°C for at least 30 minutes to ensure the membrane was completely dried. The
weight difference of the PTFE membrane before and after filtration gives the amount of
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CNTs in the deposit. The amount of CNTs in the deposit was approximately 2% by weight
by using long CNTs (length 5-9 µm, diameter 110-170 nm) or short CNTs (length < 1 µm,
diameter 9.5 nm) in the bath. The density of CNTs is close to 1.3 gm/cm3 and pure Cu is 8.89
gm/cm3 which indicates the CNTs in the deposit are up to 12% by volume.

5. Results

To utilise CNTs as a composite with Cu for interconnect applications it is necessary to verify
the influence of the materials on the Cu plating chemistry. Fig. 5 shows the comparison of
cyclic voltammetry of Cu and Cu/CNTs co-deposition from a simple CuSO4/H2SO4 bath
(hereafter referred to as the basic bath) with/without CNTs and surfactant at a scan rate of
0.01 V/s. It can be seen that the addition of CTAB and CNT results in a cathodic peak poten‐
tial shift to a more negative value which represents a suppression influence on Cu deposi‐
tion. On the other hand the Cu deposition occurs at lower overpotential when the bath
contains either nafion or SDS which represents an acceleration influence. The diffusion coef‐
ficient for Cu2+ ions estimated from chronoamperometry data using the Cottrel equation in
the basic bath (0.24M CuSO4 + 1.8M H2SO4) is 4.5 x 10-6 cm2/s. A similar value (4.6 x 10-6

cm2/s) was found from the SDS containing Cu/CNTs bath. Upon addition of nafion or CTAB
in the Cu/CNTs bath, the diffusion coefficient value of Cu2+ ions slightly increases to 5.1 x
10-6 cm2/s and 5.3 x 10-6 cm2/s, respectively. It is clear that CNTs and surfactants in the Cu
bath do not have a significant influence on the diffusion coefficient value of Cu. These re‐
sults indicate that the CNT + surfactant is compatible with the basic Cu sulphate/sulphuric
acid bath chemistry. An assessment of the influence of the composite materials on baths that
contain the basic constituents and the necessary additives to achieve bottom-up fill or super‐
filling of interconnect features in silicon technology is also required.

Figure 5. CVs of Cu and Cu/CNTs deposition on a glassy carbon electrode (scan rate: 0.1 V/s) from 0.24 mol dm-3

CuSO4 + 1.8 mol dm-3 H2SO4 with/without CNTs and different surfactants in the bath.
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The kinetics of the metal nucleation and growth/dissolution can be analysed with a rotating
disk electrode system. While acknowleding the limitations and complications in the kinetic
analysis of Cu [12] the general trends indicated in the data are consistent with published da‐
ta for the Cu sulphate system and those with typical damascene additives. It can be seen
from the kinetic data analysis below that the exchange current density, i0, for Cu nucleation
and growth from the basic CuSO4 bath without any additive is 7.24 mA/cm2 and the E0 value
is - 406 mV. The exchange current value for Cu nucleation and growth in the literature var‐
ies from 1 to 15 mAcm-2 [73–75]. Addition of all typical additives in CuSO4 bath decreases
the exchange current density, i0 for Cu nucleation and growth from 7.24 mA/cm2 to 1.2
mA/cm2 and increases the E0 value from - 406 mV to - 417.5 mV. This result confirms that all
additives together have a suppressor effect on Cu deposition. It can be observed that addi‐
tion of 1% nafion also has a minor suppressor type behaviour on Cu nucleation and growth
as it slightly decreases the exchange current density, i0 from 7.24 mA/cm2 to 7.07 mA/cm2

and increases E0 value from - 406 mV to - 410.5 mV. But addition of CNTs has an accelerator
influence on Cu nucleation and growth increasing the exchange current density, i0 from 7.24
mA/cm2 to 10.23 mA/cm2 and decreasing the E0 value from - 406 mV to - 403.5 mV. It is also
observed that all typical additives including nafion and nanotubes together in the solution
have an overall suppressor effect on Cu deposition. The summary results are shown in table
7. It can be seen from the table that anodic slopes are in the range from 1/65 mV to 1/76 mV
and cathodic slopes are in the range from 1/122 mV to 1/164 which are close to the theoreti‐
cal values when the reactions are two separate single electron transfer steps. The above re‐
sults show that baths containing nafion & CNTs are compatible with the existing typical
CuSO4 bath used in IC interconnect deposition.

Conditions
1/slope, mV

Anode Cathode
E0/mV

I0/

mAcm-2

0.24 M CuSO4 + 1.8 M H2SO4 (Basic bath) 154 67 - 406.0 7.24

Basic bath + 1% nafion 161 66 - 410.5 7.07

Basic bath + 1% nafion

+ 10 ppm CNTs
164 76 - 403.5 10.23

Basic bath + 50 ppm Cl- + 300 ppm PEG + 1

ppm SPS
151 67 - 417.5 0.54

Basic bath + All additives

+ 1% nafion
128 72 - 420.0 1.70

Basic bath + All additives

+ 1% nafion + 10 ppm CNTs
122 76 - 421.0 1.66

Table 7. Summary of Tafel analysis obtained from rotating disk system.
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Figure 5. CVs of Cu and Cu/CNTs deposition on a glassy carbon electrode (scan rate: 0.1 V/s) from 0.24 mol dm-3

CuSO4 + 1.8 mol dm-3 H2SO4 with/without CNTs and different surfactants in the bath.
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have an overall suppressor effect on Cu deposition. The summary results are shown in table
7. It can be seen from the table that anodic slopes are in the range from 1/65 mV to 1/76 mV
and cathodic slopes are in the range from 1/122 mV to 1/164 which are close to the theoreti‐
cal values when the reactions are two separate single electron transfer steps. The above re‐
sults show that baths containing nafion & CNTs are compatible with the existing typical
CuSO4 bath used in IC interconnect deposition.
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Figure 6. Comparison of Tafel plots for Cu deposition from with/without additives and CNTs in a standard Cu bath
using a Cu rotating disk electrode which was rotated at 2000 rpm during experiments (Initial potential: 0 V, scan rate
0.1 V/s). Area of Cu RDE was 12.566 mm2

On a 1 cm2 Cu substrate (200 nm sputtered Cu on Si) the deposition current was 15 mA/cm2

and deposition time was 1 h. The concentration of CNTs in the bath was 100 mg/l. The acid
solution was then vacuum filtered using 5 µm PTFE filter paper. The length and diameter of
the MWCNTs were 5-9 µm and 110-170 nm respectively. Fig. 7 shows the SEM images of
PTFE membrane after filtration of Cu/CNT deposits. The CNTs are clearly observed.

Figure 7. SEM image of CNTs on PTFE membrane after filtration of dissolved Cu/CNT composites. Image magnification
5000X on left and 40000X on right.

The amounts of CNTs in the deposit are shown in table 8 which compares the percentage of
CNTs in the deposit when long or short CNTs with different surfactants were added in the
bath. We found the percentage of CNTs was slightly higher (CNT content 1.69% by weight)
when SDS was added with long CNTs in the bath (CNT content 1.13% by weight when
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CTAB was added). On the other hand, the percentage of CNTs was slightly higher (CNT
content 1.64% by weight) when SDS or CTAB was used in the bath with short CNTs in the
bath (CNT content 1.12% by weight when nafion was added). It can be seen from the table,
the weight percentage of MWCNTs in the deposit was less than 2%. According to the litera‐
ture [25, 60] the maximum CNT concentration in Cu/CNT composites achieved has been ap‐
proximately 2.5 % by weight. So the value found in these experiments is quite reasonable.
The density of MWCNTs is close to 1.3 g/cm3 and pure Cu is 8.89 g/cm3 which indicates that
the CNT content in the deposit is up to 12% by volume.

MWCNTs Length

μm

MWCNTs Diameter

nm
Surfactant % CNTs

5 – 9 110 - 170 Nafion 1.12

5 – 9 110 - 170 CTAB 1.64

5 – 9 110 - 170 SDS 1.64

<1 9.5 Nafion 1.56

<1 9.5 CTAB 1.13

<1 9.5 SDS 1.69

Table 8. The weight percentage comparison of CNTs in the composite films using different size of CNTs and
surfactants in the bath. PTFE membrane was used for filtration purpose.

The electrical properties of Cu/CNT composites were assessed by determining the resistivity
of submicron films. Room temperature self-anneal phenomenon is usually observed in elec‐
trodeposited Cu films [76-80]. Due to large grain growth at room temperature and annihila‐
tion of the defects (void, vacancy, stacking fault, impurities redistribution etc), the electrical
resistivity of Cu may change with time. It is therefore necessary to monitor the resistivity
changes of Cu and Cu/CNT composite films over time after electrodeposition. The resistivity
of Cu and Cu/CNTs composite films at room temperature was monitored using a four point
probe apparatus (Keithley 2400 four point probe). In each case we took 4 samples and record‐
ed the average resistivity. The film was electrodeposited on a sputter Cu coated Si substrate.
The deposition current density was 15 mAcm-2 and deposition time was 2 minutes. The thick‐
ness of film was measured by using surface profilometry to be approximately 660 nm.

The electrical resistivity results showed that at room temperature the resistivity of Cu/CNTs
composite films (2.46 µΩ-cm) when nafion was used for the surfactant of CNTs is close to
the resistivity of Cu film deposited (2.15 µΩ-cm). The resistivity of Cu/CNTs composite film
was higher when SDS (3.03 µΩ-cm) or CTAB (4.19 µΩ-cm) was used as a surfactant. The
results are summarised in table 9. There was a larger scatter in the distribution of resistivity
data in the CTAB case. This is probably a result of a less uniform and void rich deposit from
the CTAB containing bath which significantly increased the resistivity.

The resistivity of samples maintained at room temperature did not change significantly. The
summary of the changes of the room temperature resistivity over time for Cu and Cu/CNT
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solution was then vacuum filtered using 5 µm PTFE filter paper. The length and diameter of
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PTFE membrane after filtration of Cu/CNT deposits. The CNTs are clearly observed.

Figure 7. SEM image of CNTs on PTFE membrane after filtration of dissolved Cu/CNT composites. Image magnification
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The amounts of CNTs in the deposit are shown in table 8 which compares the percentage of
CNTs in the deposit when long or short CNTs with different surfactants were added in the
bath. We found the percentage of CNTs was slightly higher (CNT content 1.69% by weight)
when SDS was added with long CNTs in the bath (CNT content 1.13% by weight when
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CTAB was added). On the other hand, the percentage of CNTs was slightly higher (CNT
content 1.64% by weight) when SDS or CTAB was used in the bath with short CNTs in the
bath (CNT content 1.12% by weight when nafion was added). It can be seen from the table,
the weight percentage of MWCNTs in the deposit was less than 2%. According to the litera‐
ture [25, 60] the maximum CNT concentration in Cu/CNT composites achieved has been ap‐
proximately 2.5 % by weight. So the value found in these experiments is quite reasonable.
The density of MWCNTs is close to 1.3 g/cm3 and pure Cu is 8.89 g/cm3 which indicates that
the CNT content in the deposit is up to 12% by volume.

MWCNTs Length

μm

MWCNTs Diameter

nm
Surfactant % CNTs

5 – 9 110 - 170 Nafion 1.12

5 – 9 110 - 170 CTAB 1.64

5 – 9 110 - 170 SDS 1.64

<1 9.5 Nafion 1.56

<1 9.5 CTAB 1.13

<1 9.5 SDS 1.69

Table 8. The weight percentage comparison of CNTs in the composite films using different size of CNTs and
surfactants in the bath. PTFE membrane was used for filtration purpose.

The electrical properties of Cu/CNT composites were assessed by determining the resistivity
of submicron films. Room temperature self-anneal phenomenon is usually observed in elec‐
trodeposited Cu films [76-80]. Due to large grain growth at room temperature and annihila‐
tion of the defects (void, vacancy, stacking fault, impurities redistribution etc), the electrical
resistivity of Cu may change with time. It is therefore necessary to monitor the resistivity
changes of Cu and Cu/CNT composite films over time after electrodeposition. The resistivity
of Cu and Cu/CNTs composite films at room temperature was monitored using a four point
probe apparatus (Keithley 2400 four point probe). In each case we took 4 samples and record‐
ed the average resistivity. The film was electrodeposited on a sputter Cu coated Si substrate.
The deposition current density was 15 mAcm-2 and deposition time was 2 minutes. The thick‐
ness of film was measured by using surface profilometry to be approximately 660 nm.

The electrical resistivity results showed that at room temperature the resistivity of Cu/CNTs
composite films (2.46 µΩ-cm) when nafion was used for the surfactant of CNTs is close to
the resistivity of Cu film deposited (2.15 µΩ-cm). The resistivity of Cu/CNTs composite film
was higher when SDS (3.03 µΩ-cm) or CTAB (4.19 µΩ-cm) was used as a surfactant. The
results are summarised in table 9. There was a larger scatter in the distribution of resistivity
data in the CTAB case. This is probably a result of a less uniform and void rich deposit from
the CTAB containing bath which significantly increased the resistivity.

The resistivity of samples maintained at room temperature did not change significantly. The
summary of the changes of the room temperature resistivity over time for Cu and Cu/CNT
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composite films deposited from different surfactant containing baths are shown in table 10.
Osaka et al [66] reported that the resistivity of a deposit from an additive free bath and Cl- +
PEG containing bath was unchanged with time. But when SPS was present in the bath, the
resistivity decreased over time due to self-annealing. Lee and Park [82] reported that self-
annealing is caused by Cu grain boundary diffusion. They mentioned that locally high stress
originated from the trapped large molecule PEG which can accelerate grain boundary diffu‐
sion of Cu. There is a lack of consensus about the cause of self-annealing [81-86]. Among the
suggested possible causes for self-annealing of electrodeposited Cu film are bath composi‐
tions [83], additives [77, 81, 82], film thickness [79, 80, 84], barrier layers [86, 87], impurities
[79, 85] and deposition current [80].

Bath Resistivity / μΩ-cm

Basic (0.24 M CuSO4 + 1.8 M H2SO4) 2.17

Basic + Nafion + CNT 2.43

Basic + SDS + CNT 3.03

Basic + CTAB + CNT 4.69

Table 9. Comparison of the resistivity of Cu and Cu/CNT composite film at room temperature 1 hour after deposition
using different surfactants in the bath.

Bath
Time after deposition

/ hour

Resistivity

/ μΩ-cm

Basic
1 2.17

312 2.15

Basic + Nafion + CNT
1 2.43

311 2.47

Basic + CTAB + CNT
1 4.09

313 4.19

Table 10. Comparison of the resistivity changes of Cu and Cu/CNT composite film at room temperature and 311 to
313 hours after deposition.

It is well known that through annealing at higher temperature a reduced defect Cu micro‐
structure can be obtained [76-87]. Cu/CNT composite films (660 nm in thickness) were an‐
nealed in nitrogen at 215°C, 265°C and 315°C for 20 minutes. It can be seen that a clear
decrease of sample resistivity was observed with increasing annealing temperature which is
shown in table 11. The resistivity value of Cu film approaches that of bulk Cu value (1.67
µΩ-cm) after annealing at 315°C for 20 minutes. Also the resistivity of Cu/CNTs composite
films decreased with increasing annealing temperature. The electrical resistivity of the Cu/
CNTs composite films deposited from a nafion and CTAB containing bath became 1.88 µΩ-
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cm and 2.10 µΩ-cm respectively when the sample was annealed at 315 °C. The conductivity
increase of the composite films was probably due to a decrease the interface resistance be‐
tween CNTs and Cu matrix at the higher temperature, grain refinement and elimination of
defects under high temperature annealing.

Annealing

temperature
oC

Basic bath Resistivity / μΩ-cm

Basic + Nafion + CNT

Basic + CTAB + CNT

No anneal 2.15 2.46 4.19

215 1.78 2.14 2.72

265 1.92 2.04 2.45

315 1.67 1.88 2.10

Table 11. Comparison of the resistivity of Cu and Cu/CNT composite films at room temperature and higher
temperatures 312 hours after deposition using different surfactants in the bath.

The influence of CNT concentration in the Cu/CNT composite bath was investigated. The
electrical resistivity results showed (fig. 8) that at room temperature the resistivity increased
10% when the concentration of CNT in the bath was increased from 10 mg/l to 100 mg/l. This
data also shows no evidence of self annealing at room temperature for the composite material.

Figure 8. Comparison of the resistivity of Cu/CNT composite film at room temperature over time using 10 mg/l and
100 mg/l CNT in the bath.

It can be seen from fig. 9 that when the samples were annealed at higher temperature up to
315ºC for 20 minutes the resistivity decreased from 2.46 µΩ-cm to 1.89 µΩ-cm for 10 mg/l CNT
and 2.7 µΩ-cm to 2.19 µΩ-cm for 100 mg/l CNT in the bath. It is expected that CNT content in
the composite is higher when deposited from higher CNT concentration containing bath [25,
60]. The resistivity increase of the higher CNT content bath is probably due to increased CNTs
content and higher contact resistance between CNTs and Cu in the composites.
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313 hours after deposition.

It is well known that through annealing at higher temperature a reduced defect Cu micro‐
structure can be obtained [76-87]. Cu/CNT composite films (660 nm in thickness) were an‐
nealed in nitrogen at 215°C, 265°C and 315°C for 20 minutes. It can be seen that a clear
decrease of sample resistivity was observed with increasing annealing temperature which is
shown in table 11. The resistivity value of Cu film approaches that of bulk Cu value (1.67
µΩ-cm) after annealing at 315°C for 20 minutes. Also the resistivity of Cu/CNTs composite
films decreased with increasing annealing temperature. The electrical resistivity of the Cu/
CNTs composite films deposited from a nafion and CTAB containing bath became 1.88 µΩ-

Syntheses and Applications of Carbon Nanotubes and Their Composites384

cm and 2.10 µΩ-cm respectively when the sample was annealed at 315 °C. The conductivity
increase of the composite films was probably due to a decrease the interface resistance be‐
tween CNTs and Cu matrix at the higher temperature, grain refinement and elimination of
defects under high temperature annealing.

Annealing

temperature
oC

Basic bath Resistivity / μΩ-cm

Basic + Nafion + CNT

Basic + CTAB + CNT

No anneal 2.15 2.46 4.19

215 1.78 2.14 2.72

265 1.92 2.04 2.45

315 1.67 1.88 2.10

Table 11. Comparison of the resistivity of Cu and Cu/CNT composite films at room temperature and higher
temperatures 312 hours after deposition using different surfactants in the bath.

The influence of CNT concentration in the Cu/CNT composite bath was investigated. The
electrical resistivity results showed (fig. 8) that at room temperature the resistivity increased
10% when the concentration of CNT in the bath was increased from 10 mg/l to 100 mg/l. This
data also shows no evidence of self annealing at room temperature for the composite material.

Figure 8. Comparison of the resistivity of Cu/CNT composite film at room temperature over time using 10 mg/l and
100 mg/l CNT in the bath.

It can be seen from fig. 9 that when the samples were annealed at higher temperature up to
315ºC for 20 minutes the resistivity decreased from 2.46 µΩ-cm to 1.89 µΩ-cm for 10 mg/l CNT
and 2.7 µΩ-cm to 2.19 µΩ-cm for 100 mg/l CNT in the bath. It is expected that CNT content in
the composite is higher when deposited from higher CNT concentration containing bath [25,
60]. The resistivity increase of the higher CNT content bath is probably due to increased CNTs
content and higher contact resistance between CNTs and Cu in the composites.
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Figure 9. Comparison of the resistivity change of Cu/CNT composite film after annealing for 20 minutes at higher
temperature using 10 mg/l and 100 mg/l CNT in the bath.

In summary, the Cu/CNT composites were codeposited with the aid of a surfactants at differ‐
ent current densities. As a comparative study, three surfactants (nafion, CTAB and SDS) were
used separately to disperse CNTs in the bath and Cu/CNT composite films were electrodepos‐
ited. SDS in the bath results in a smoother deposition whereas CTAB leads to rougher deposi‐
tion of the composite. The maximum CNT concentration in Cu/CNT composites achieved in
our study was approximately 2 % by weight deposited from 100 mg/l CNT containing compo‐
site baths. The electrical resistivity results show that at room temperature the resistivity of Cu/
MWCNT composite film (2.47 µΩ-cm) is close to the resistivity of Cu film (2.15 µΩ-cm) when
nafion was used in the deposition bath for the surfactant of MWCNTs. With the use of CTAB
or SDS in the bath, the resistivity of Cu/MWCNT film was higher [deposited from 10 mg/l
CNT containing composite baths]. A clear decrease in sample resistivity was observed with
increasing annealing temperature. The resistivity also increased when the concentration of
MWCNTs was increased from 10 mg/l to 100 mg/l in the bath.

The line resistance of Cu filled and Cu/CNT filled test chip structures was measured using a
Cascade probe station. The test chip structure consisted of 110 µm x 80 µm pads connected
with metal lines of different widths. A Cu seed (12 nm) and a barrier Ta/TaN (25 nm) were
PVD deposited. To achieve a uniform deposit the plated substrates were planarised with a
CMP process. The test chip coupon was mounted on a 4 inch Si carrier-wafer. A Logitech
CDP51 was used for the CMP. The polishing slurry used was a Cabot Microelectronics prod‐
uct, Eterpol 2362, which was mixed with H2O2 (30%), the ratio of H2O2 to slurry was 5% by
volume. During CMP, the rotation of wafer holder and polishing pad was 50 rpm and the
applied pressure was 2-3 psi. Fig. 10 shows the SEM image of the test structure after CMP
for 2 minutes. It can be seen that excess deposits were completely removed by the devel‐
oped CMP process. Before probing, the test sample was vacuum attached in a dedicated
holder. Four micro-probes were placed on four pads in the structure. The pads were con‐
nected with Cu filled interconnect lines. The Cu was deposited from a damascene additive
containing sulphate based bath. Fig. 11 shows the electrical measurement of 110 nm width
Cu line in the test structure. It can be seen from the measurement that the I-V curves of Cu
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deposited line was linear and the resistance value was estimated to be 284 Ω which is to be
expected for lines of that dimension.

 

Figure 10. Plan view SEM image of test structure after complete CMP. The structure was filled by electrodeposited Cu
(lighter colour in image). Image magnification 40000X.
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Figure 11. Current vs. voltage curve of the 110 nm line width connected with four 110 μm x 80 μm pads. The features
were filled with electrodeposited Cu.

The next samples investigated contained CNTs in the Cu deposited from the nafion contain‐
ing bath. The concentrations of CNTs and nafion were 50 mg/l and 0.5% respectively. Fig. 12
shows the electrical measurement of 110 nm line width filled with Cu/MWCNT in the test
structure. It can be seen from the measurement that the I-V curve of the Cu/MWCNT depos‐
ited line was linear and the resistance value was 29.7 kΩ. The resistance of individual
MWCNT is hundreds of kΩ (minimum resistance for a ballistic single-walled CNT is ~ 6.5
kΩ). The high resistance of individual CNTs is due to high contact and quantum resistance.
Therefore, relatively dense arrays of CNTs will be needed to replace Cu interconnects. As
Cu and MWCNTs were codeposited in the narrow line with 110 nm width, so the resistance
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Figure 9. Comparison of the resistivity change of Cu/CNT composite film after annealing for 20 minutes at higher
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our study was approximately 2 % by weight deposited from 100 mg/l CNT containing compo‐
site baths. The electrical resistivity results show that at room temperature the resistivity of Cu/
MWCNT composite film (2.47 µΩ-cm) is close to the resistivity of Cu film (2.15 µΩ-cm) when
nafion was used in the deposition bath for the surfactant of MWCNTs. With the use of CTAB
or SDS in the bath, the resistivity of Cu/MWCNT film was higher [deposited from 10 mg/l
CNT containing composite baths]. A clear decrease in sample resistivity was observed with
increasing annealing temperature. The resistivity also increased when the concentration of
MWCNTs was increased from 10 mg/l to 100 mg/l in the bath.

The line resistance of Cu filled and Cu/CNT filled test chip structures was measured using a
Cascade probe station. The test chip structure consisted of 110 µm x 80 µm pads connected
with metal lines of different widths. A Cu seed (12 nm) and a barrier Ta/TaN (25 nm) were
PVD deposited. To achieve a uniform deposit the plated substrates were planarised with a
CMP process. The test chip coupon was mounted on a 4 inch Si carrier-wafer. A Logitech
CDP51 was used for the CMP. The polishing slurry used was a Cabot Microelectronics prod‐
uct, Eterpol 2362, which was mixed with H2O2 (30%), the ratio of H2O2 to slurry was 5% by
volume. During CMP, the rotation of wafer holder and polishing pad was 50 rpm and the
applied pressure was 2-3 psi. Fig. 10 shows the SEM image of the test structure after CMP
for 2 minutes. It can be seen that excess deposits were completely removed by the devel‐
oped CMP process. Before probing, the test sample was vacuum attached in a dedicated
holder. Four micro-probes were placed on four pads in the structure. The pads were con‐
nected with Cu filled interconnect lines. The Cu was deposited from a damascene additive
containing sulphate based bath. Fig. 11 shows the electrical measurement of 110 nm width
Cu line in the test structure. It can be seen from the measurement that the I-V curves of Cu
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deposited line was linear and the resistance value was estimated to be 284 Ω which is to be
expected for lines of that dimension.
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(lighter colour in image). Image magnification 40000X.

-40
-30
-20
-10

0
10
20
30
40
50

-0.015 -0.01 -0.005 0 0.005 0.01 0.015
Voltage (V)

Cu
rr

en
t (

m
A)

Figure 11. Current vs. voltage curve of the 110 nm line width connected with four 110 μm x 80 μm pads. The features
were filled with electrodeposited Cu.

The next samples investigated contained CNTs in the Cu deposited from the nafion contain‐
ing bath. The concentrations of CNTs and nafion were 50 mg/l and 0.5% respectively. Fig. 12
shows the electrical measurement of 110 nm line width filled with Cu/MWCNT in the test
structure. It can be seen from the measurement that the I-V curve of the Cu/MWCNT depos‐
ited line was linear and the resistance value was 29.7 kΩ. The resistance of individual
MWCNT is hundreds of kΩ (minimum resistance for a ballistic single-walled CNT is ~ 6.5
kΩ). The high resistance of individual CNTs is due to high contact and quantum resistance.
Therefore, relatively dense arrays of CNTs will be needed to replace Cu interconnects. As
Cu and MWCNTs were codeposited in the narrow line with 110 nm width, so the resistance
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in Cu/MWCNT composites is expected to be between the resistance value of Cu (284 Ω) and
MWCNT (hundreds kΩ). The resistance of the line filled with Cu/CNTs could be improved
by using SWCNT instead of the MWCNTs used in this composite.
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Figure 12. Current vs. voltage curve of the 110 nm line width which was filled with electrodeposited Cu/MWCNT
composite. The concentrations of nafion and MWCNTs in the bath were 0.5% and 50 mg/l respectively.

6. Conclusion

In this chapter we have reported the influence of surfactants on the properties of Cu/CNT
composites on Si substrates. Cu/CNTs composite films were co-deposited by electrodeposi‐
tion. Before electrodeposition, CNTs were dispersed by a suitable surfactant. Electrochemi‐
cal data shows that nafion or SDS accelerates the co-deposition where as CTAB suppresses
the deposition. Nafion and SDS surfactants result in a relatively smooth deposit whereas
CTAB surfactant leads to rougher deposition of the composite. The amount of CNTs in the
deposit was up to 2 % by weight using different surfactants and different length/diameter of
CNTs. Our electrical analysis showed that for Cu/CNT composite samples maintained at
room temperature, the resistivity over time did not change significantly. The electrical resis‐
tivity results also showed that at room temperature the resistivity of the Cu/CNT compo‐
sites film (2.43 µΩ cm) is close to the resistivity of Cu film (2.17 µΩ cm) when nafion was
used in the bath to disperse the CNTs. The resistivity of Cu/CNTs film was higher when
CTAB or SDS were used instead of nafion as a surfactant. The electrical resistivity results
showed that at room temperature the resistivity increased 10% when the concentration of
CNT in the bath was increased from 10 mg/l to 100 mg/l. A clear decrease of sample resistiv‐
ity of composite films was observed with increasing annealing temperature. Cu/CNT com‐
posites deposited at a test structure with submicron lines and vias with Cu/CNT composites
was only possible from the nafion surfactant containing damascene. The electrical measure‐
ment of 110 nm line width filled with Cu/MWCNT showed that the I-V curves of the Cu/
MWCNT deposited line was linear and the resistance value was 29.7 kΩ which was signifi‐
cantly higher that the resistance value of Cu (284 Ω) deposited. Improvements on these val‐
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ues will require lower resistance SWCNTs or the improvement of the density of aligned
nanotubes in the composite structure. This may be more feasible in larger dimension fea‐
tures such as those required for TSV interconnect at the chip scale rather the use of compo‐
sites for IC interconnect at deep sub micron dimensions.
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1. Introduction

It is well known that optoelectronics, telecommunication systems, aerospace, and correction
of amplitude-phase aberration schemes, as well as laser, display, solar energy, gas storage
and biomedicine techniques are searching for the new optical materials and for the new
methods to optimize their properties. So many scientific and research groups are involving
in this process and are opening the wide aspects of different applications of new materials,
especially optical ones. It has been going on last century that simple manufacturing, design,
ecology points of view, etc. indicate good advantage of the nanostructured materials with
improved photorefractive parameters among other organic and inorganic systems.

Really, it should be tell that photorefractive properties change is correlated with the spectral,
photoconductive and dynamics ones. The change in nonlinear refraction and cubic nonli‐
nearity reveals the modification of barrier free electron pathway and dipole polarizability.
From one side it is connected with the change of the dipole moment and the charge carrier
mobility, from other side, it is regarded to the change of absorption cross section. Thus, this
feature shows the unique place of photorefractive characteristics among other ones in order
to characterize the spectral, photoconductive, photorefractive and dynamic properties of the
optical materials.

It should be mentioned that promising nanoobjects, such as the fullerenes, the carbon nano‐
tubes (CNTs), the quantum dots (QDs), the shungites, and the graphenes permit to found
different area of applications of these nanoobjects [1-6]. The main reason to use the fuller‐
enes, shungites, and quantum dots is connected with their unique energy levels and high
value of electron affinity energy. The basic features of carbon nanotubes and graphenes are

© 2013 Kamanina; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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regarded to their high conductivity, strong hardness of their C-C bonds as well as compli‐
cated and unique mechanisms of charge carrier moving.

These peculiarities of carbon nanoobjects and their possible optoelectronics, solar energy,
gas storage, medicine, display and biology applications connecting with dramatic improve‐
ment of photorefractive, spectral, photoconductive and dynamic parameters will be under
consideration in this paper. In comparison with other effective nanoobjects the mail accent
will be given namely on carbon nanotubes (CNTs) and their unique features to modify the
properties of the optical materials.

2. Experiment

The different experimental techniques have been used to study the properties of nanostruc‐
tured materials.

To reveal the change of the photorefractive properties, as the systems under study the or‐
ganic thin films based on conjugated monomer, polymer and liquid crystals sensitized with
carbon nanotubes, fullerenes, shungites, graphenes oxides, or quantum dots have been chos‐
en. Polyimides (PI), 2-cyclooctylamino-5-nitropyridine (COANP), N-(4-nitrophenyl)-(L)-pro‐
linol (NPP), 2-(N-prolinol)-5-nitropyridine (PNP), nematic liquid crystals (NLCs) have been
considered as organic matrixes. These conjugated systems are the good model with effective
intramolecular charge transfer process which can be easy modify via sensitization by nano‐
objects. Carbon nanotubes, fullerenes, shungites, graphenes oxides, quantum dots content
was varied in the range of 0.003-5.0 wt.%. The solid thin films have been developed using
centrifuge deposition. The general view of these films is shown in Fig.1. The thickness of the
films was 2-5 micrometers. The LC cell thickness was 5-10 micrometers.

Figure 1. Photographs of samples of pure (nk8) and nanoobjects-containing (nk10) PI films.

The nanostructured LC films have been placed onto glass substrates covered with transpar‐
ent conducting layers based on ITO contacts. The nanostructured monomer or polymer sol‐
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id films have been deposited on the substrate with ITO contact. For the electric
measurements of volt-ampere parameters, gold contact has been put to the solid thin films
upper side. The picture which can interpret the placement of the conducting contacts on the
solid conjugated organic thin films is shown in Fig.2.

Figure 2. Interpretation of the solid thin films with the conducting layers

The bias voltage applied to the photosensitive polymer layers has been varied from 0 to 50
V. The current–voltage characteristics have been measured under the illumination condi‐
tions from dark to light. Voltmeter-electrometer В7—30 and Characteriscope—Z, type
TR-4805 has been used for these photoconductive experiments.

The photorefractive characteristics have been studied using four-wave mixing technique
analogous to paper [7]. The experimental scheme is shown in Fig.3.
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Figure 3. An experimental scheme: 1 – Nd-laser; 2 – second harmonic convertor; 3 – telescope; 4 – diaphragm; 5 –
rotating mirror; 6 – beam-splitting mirror; 7 – prism; 8 – sample; 9 – lens; 10 - photodetector.

Carbon Nanotubes Influence on Spectral, Photoconductive, Photorefractive and Dynamic Properties of the Optical
Materials

http://dx.doi.org/10.5772/50843

399



regarded to their high conductivity, strong hardness of their C-C bonds as well as compli‐
cated and unique mechanisms of charge carrier moving.

These peculiarities of carbon nanoobjects and their possible optoelectronics, solar energy,
gas storage, medicine, display and biology applications connecting with dramatic improve‐
ment of photorefractive, spectral, photoconductive and dynamic parameters will be under
consideration in this paper. In comparison with other effective nanoobjects the mail accent
will be given namely on carbon nanotubes (CNTs) and their unique features to modify the
properties of the optical materials.

2. Experiment

The different experimental techniques have been used to study the properties of nanostruc‐
tured materials.

To reveal the change of the photorefractive properties, as the systems under study the or‐
ganic thin films based on conjugated monomer, polymer and liquid crystals sensitized with
carbon nanotubes, fullerenes, shungites, graphenes oxides, or quantum dots have been chos‐
en. Polyimides (PI), 2-cyclooctylamino-5-nitropyridine (COANP), N-(4-nitrophenyl)-(L)-pro‐
linol (NPP), 2-(N-prolinol)-5-nitropyridine (PNP), nematic liquid crystals (NLCs) have been
considered as organic matrixes. These conjugated systems are the good model with effective
intramolecular charge transfer process which can be easy modify via sensitization by nano‐
objects. Carbon nanotubes, fullerenes, shungites, graphenes oxides, quantum dots content
was varied in the range of 0.003-5.0 wt.%. The solid thin films have been developed using
centrifuge deposition. The general view of these films is shown in Fig.1. The thickness of the
films was 2-5 micrometers. The LC cell thickness was 5-10 micrometers.

Figure 1. Photographs of samples of pure (nk8) and nanoobjects-containing (nk10) PI films.

The nanostructured LC films have been placed onto glass substrates covered with transpar‐
ent conducting layers based on ITO contacts. The nanostructured monomer or polymer sol‐

Syntheses and Applications of Carbon Nanotubes and Their Composites398

id films have been deposited on the substrate with ITO contact. For the electric
measurements of volt-ampere parameters, gold contact has been put to the solid thin films
upper side. The picture which can interpret the placement of the conducting contacts on the
solid conjugated organic thin films is shown in Fig.2.

Figure 2. Interpretation of the solid thin films with the conducting layers

The bias voltage applied to the photosensitive polymer layers has been varied from 0 to 50
V. The current–voltage characteristics have been measured under the illumination condi‐
tions from dark to light. Voltmeter-electrometer В7—30 and Characteriscope—Z, type
TR-4805 has been used for these photoconductive experiments.

The photorefractive characteristics have been studied using four-wave mixing technique
analogous to paper [7]. The experimental scheme is shown in Fig.3.

-1

+1

10 9 8

7

6

54321

Figure 3. An experimental scheme: 1 – Nd-laser; 2 – second harmonic convertor; 3 – telescope; 4 – diaphragm; 5 –
rotating mirror; 6 – beam-splitting mirror; 7 – prism; 8 – sample; 9 – lens; 10 - photodetector.

Carbon Nanotubes Influence on Spectral, Photoconductive, Photorefractive and Dynamic Properties of the Optical
Materials

http://dx.doi.org/10.5772/50843

399



The second harmonic of pulsed Nd-laser at wave length of 532 nm has been used. The laser
energy density has been chosen in the range of 0.005-0.9 J×cm-2. The nanosecond laser re‐
gime with the pulse width of 10-20 ns has been applied. The amplitude-phase thin gratings
have been recorded under Raman-Nath diffraction conditions according to which Λ-1 ≥ d,
where Λ–1 is the inverse spatial frequency of recording (i.e., the period of the recorded gra‐
ting) and d is the film thickness. In the experiments the spatial frequency was in the range of
90-150 mm-1.

The spectral characteristics have been tested using Perkin Elmer lambda 9 spectrophotome‐
ter. Dynamic features of nanoobjects-doped LC films have been studied via the four-wave
mixing technique and the Frederick’s scheme one. Atomic force microscopy (AFM) method
using equipment of “NT-MDT” firm, “Bio47-Smena” in the “share-force” regime has been
applied to analyze the diffraction relief into the solid conjugated nanostructured thin film.

3. Results and discussion

It should be noticed that previously, we demonstrated [5,6,8] the formation of barrier-free
charge transfer pathways, increased dipole moment, and increased specific (per unit vol‐
ume) local polarizability in some organic matrices doped with fullerenes, carbon nanotubes
and quantum dots, where the formation of intermolecular complexes predominated over the
intramolecular donor–acceptor interaction. The possible schemes of charge transfer between
matrix organic molecule donor fragment and different efficient nanosensitizers including
the additional graphene and shungites nanostructures are schematically shown in Fig. 4.

Figure 4. Schematic diagram of possible intermolecular charge transfer domination under intramolecular ones.

Analyzing the Fig.4, one can say that it is necessary to take into account that the charge
transfer between matrix organic molecule donor fragment and nanasensitizers can be organ‐
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ized due to their high electron affinity energy (for example, electron affinity energy is close
to 2 eV for shungites [9], to 2.65 eV for fullerenes [5,8] and to 3.8-4.2 eV for quantum dots
[10]) that is more than the ones for intramolecular acceptor fragments (for example, electron
affinity energy of COANP acceptor fragment is close to 0.54 eV [11] and to 1.14-1.4 eV for
polyimide one [12]). Regarding graphenes it is necessary to take into account the high sur‐
face energy and planarity of the graphenes plane which can provoke to organize the charge
transfer complex (CTC) with good advantage too. Regarding the CNTs it should be drawn
the attention on the variety of charge transfer pathways, including those along and across a
CNT, between CNTs, inside a multiwall CNT, between organic matrix molecules and CNTs,
and between the donor and acceptor fragments of an organic matrix molecule.

Figure 5. The rate of release of C70 molecules on heating of systems: (1) COANP with 5 wt % of C70 and (2) polyimide
with 0.5 wt % of C70

It should be noticed that some supporting CTC results for PIs and COANP systems sensi‐
tized with nanoobjects can be presented via mass-spectrometry experiments. It is easy to
show the organization of CTC using fullerenes acceptor. Really, the mass spectroscopy data
point to the effective CTC formation between fullerene and donor part of PI (triphenyla‐
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mine) and between fullerene and the HN group of COANP systems, respectively. For the 5
wt.% C70-COANP film, mass spectrometry curve contains two peaks. The first one at 400 C
corresponds to the release rate of fragments with free fullerene masses. The second one is
shifted to the temperature range of 520 °C and associated with the decomposition tempera‐
ture of the fullerene-HN group complex. For the 0.5 wt.% C70-PI film, curve contains three
peaks. The first one is observed also close to 400 C. The second peak is located at 560 °C and
associated with the decomposition of fullerene- triphenylamine complex. It should be no‐
ticed that the melting temperature of these PIs is 700-1000 °C, thus, the third peak at the
temperature higher 700 °C corresponds to the total decomposition of PI. Figure 5 presents
the mass-spectrometry data.

By monitoring the diffraction response manifested in the laser scheme (see Fig.6); it is possi‐
ble to study the dynamics of a photo-induced change in the refractive index of a sample and
to calculate via [13] the nonlinear refraction and nonlinear third order optical susceptibility
(cubic nonlinearity). An increase in the latter parameter characterizes a change in the specif‐
ic (per unit volume) local polarizability and, hence, in the macroscopic polarization of the
entire system.

Figure 6. The visualization of the diffraction response in the organic films doped with nanoobjects.

The main results of this study are summarized in the Table 1 (Ref. 5,6,9,14-18) in compari‐
son to the data of some previous investigations. An analysis of data presented in the Table 1
for various organic systems shows that the introduction of nanoobjects as active acceptors of
electrons significantly influences the charge transfer under conditions where the intermolec‐
ular interaction predominates over the intramolecular donor–acceptor ones. Moreover, redis‐
tribution of the electron density during the recording of gratings in nanostructured materials
changes the refractive index by at least one order of magnitude in comparision to that in the
initial matrix. The diffusion of carriers from the bright to dark region during the laser record‐
ing of  the interference pattern proceeds in three (rather than two) dimensions,  which is
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manifested by a difference in the distribution of diffraction orders along the horizontal and
vertical axes (see Fig.6). Thus, the grating displacement takes place in a three dimensional (3D)
medium formed as a result of the nanostructirization (rather than in a 2D medium).

Some atomic force microscopy data are supported the realization of 3D-media via develop‐
ment of complicated diffraction relief into the solid thin conjugated films after transfer from
the reversible regime to the irreversible one. Figure 7 demonstrates this fact. Two types of
diffraction replica, namely due to interference of laser beams onto the thin films surface
and due to the diffraction of these beams inside the body of the nanostructured media have
been presented.

Figure 7. Demonstration of AFM evidence of new 3D-media development.

Using the obtained results, the nonlinear refraction n 2 and nonlinear third order optical sus‐
ceptibility (cubic nonlinearity) χ(3) for all systems have been calculated using a method de‐
scribed in [13,18]. In the current experiments using four-wave mixing technique, the
nonlinear refraction coefficient and cubic nonlinearity (third order susceptibility) have been
estimated via equations (1) and (2):

n2 =Δni / I (1)

χ (3) =n2n0c / 16π 2 (2)

where I – is the irradiation intensity, n o – is the linear refractive index of the media, с – is the
speed of the light.

It was found that these parameters fall within n 2 = 10–10–10–9 cm2/W and χ(3) = 10–10–10–9 cm3/erg.

Moreover, it should be remained, that optical susceptibility χ(n), from fundamental point of
view, directly connected with the dipole system polarizability (n) via equation (3) written in
the paper [19]:
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Figure 6. The visualization of the diffraction response in the organic films doped with nanoobjects.
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tribution of the electron density during the recording of gratings in nanostructured materials
changes the refractive index by at least one order of magnitude in comparision to that in the
initial matrix. The diffusion of carriers from the bright to dark region during the laser record‐
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ceptibility (cubic nonlinearity) χ(3) for all systems have been calculated using a method de‐
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estimated via equations (1) and (2):

n2 =Δni / I (1)

χ (3) =n2n0c / 16π 2 (2)

where I – is the irradiation intensity, n o – is the linear refractive index of the media, с – is the
speed of the light.

It was found that these parameters fall within n 2 = 10–10–10–9 cm2/W and χ(3) = 10–10–10–9 cm3/erg.

Moreover, it should be remained, that optical susceptibility χ(n), from fundamental point of
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χ (n) =α (n) / υ (3)

where α(n) – dipole polarizability and υ – local volume.

Therefore, using the fact that polarizability of all structures can be accumulated from local
volumes, it can be found that increased micropolarization of system (see eq.4) will predict
the dynamic properties improvement and high electro-optical response speed.

Р  ° =  °χ (1)Е °  +  °χ (2)Е 2 °  +  χ (3)Е 3 °  + … +  °χ (n)Е n°  + ... (4)

It should be mentioned (see Table 1) that the larger nonlinear optical parameters have been
found for CNTs-doped organic systems or CNTs-nanofibers-doped ones. It is natural to sug‐
gest (see Fig.8) that variations of the length, of the surface energy, of the angle of nanoobject
orientation relative to the intramolecular donor can significantly change the pathway of
charge carrier transfer, which will lead to changes in the electric field gradient, dipole mo‐
ment (proportional to the product of charge and distance), and mobility of charge carriers.

Figure 8. Schematic diagram of possible charge transfer pathways depending on the arrangement of introduced in‐
termolecular acceptor relative to the intramolecular donor
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In addition, the barrier free charge transfer will be influenced by competition between the
diffusion and drift of carriers during the creation of diffraction patterns with various peri‐
ods and, hence, differing charge localization at the grating nodes and antinodes. Indeed, in
the case of a nanocomposite irradiated at small spatial frequencies (large periods of record‐
ed grating), a drift mechanism of the carrier spreading in the electric field of an intense radi‐
ation field will moist probably predominate, while at large spatial frequencies (short periods
of recorded grating) the dominating process is diffusion. This also naturally accounts for the
aforementioned discrepancy of published data on photoinduced changes in the refractive in‐
dex of nanocomposites, greater values of which were observed (see, e.g., data presented in
the table for systems doped with CNTs and MIG nanofibers) at smaller spatial frequencies.
Lower values of photoinduced changes in the refractive index of nanocomposites were ob‐
served at high spatial frequencies. This evidence predicts the strong correlations between
photorefractive and photoconductive parameters.

To support the evidence on correlation between photorefractive and photoconductive fea‐
tures of the materials studied, the volt-current characteristics for nanoobjects-doped solid
thin films and pure ones has been measured. After that charge carrier mobility has been esti‐
mated using the Child–Langmuir current–voltage relationship [20] following the formula (5)
shown below:

µ  = 1013I d 3 ×  ε −1V −1         (5)

For example, one can calculate the absolute values of the charge carrier mobility in pure and
fullerene-modified PI samples. The results of these calculations show that the introduction
of fullerenes leads to a tenfold increase in the mobility. The absolute values were estimated
for a bias voltage of 10 V, a film thickness of d = 2 µm, a dielectric constant of ε ~ 3.3, a fuller‐
ene content of about 0.2 wt % C70, and an upper electrode contact area with a diameter of 2
mm. Under these conditions, the carrier mobility in a fullerene-modified polyimide PI film
is ~0.3 × 10–4 cm2/(V s), while the analogous value for pure PI is ~0.17 × 10–5 cm2/(V s). These
values well agree with the data reported in [21], where it was demonstrated that the carrier
mobility in pure PI films ranges in the interval from 10–7 to 0.5 × 10–5 cm2/(V s). Relationship
(5) used for the estimation of charge carrier mobility is valid in the case of currents limited
by the space charge. This situation is characteristic of most of the conjugated organic struc‐
tures (in particular, PIs) in which the charge transfer processes are additionally determined
by traps, although formula (5) contains no terms dependent on the illumination intensity.
However, taking into account the aforementioned equality of the activation energies of con‐
ductivity and mobility in PIs, the results of calculations of the relative changes in the carrier
mobility probably adequately reflect the general trends in mobility variations. This behavior
does not contradict the pattern of changes in the mobility observed for the other conjugated
organic systems, for example, for the fullerene–carbazole one [22].

We have also calculated the relative values of the charge carrier mobility µ and estimated
that two orders of magnitude differences of charge carrier mobility for the pure and nanoob‐
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In addition, the barrier free charge transfer will be influenced by competition between the
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the case of a nanocomposite irradiated at small spatial frequencies (large periods of record‐
ed grating), a drift mechanism of the carrier spreading in the electric field of an intense radi‐
ation field will moist probably predominate, while at large spatial frequencies (short periods
of recorded grating) the dominating process is diffusion. This also naturally accounts for the
aforementioned discrepancy of published data on photoinduced changes in the refractive in‐
dex of nanocomposites, greater values of which were observed (see, e.g., data presented in
the table for systems doped with CNTs and MIG nanofibers) at smaller spatial frequencies.
Lower values of photoinduced changes in the refractive index of nanocomposites were ob‐
served at high spatial frequencies. This evidence predicts the strong correlations between
photorefractive and photoconductive parameters.

To support the evidence on correlation between photorefractive and photoconductive fea‐
tures of the materials studied, the volt-current characteristics for nanoobjects-doped solid
thin films and pure ones has been measured. After that charge carrier mobility has been esti‐
mated using the Child–Langmuir current–voltage relationship [20] following the formula (5)
shown below:

µ  = 1013I d 3 ×  ε −1V −1         (5)

For example, one can calculate the absolute values of the charge carrier mobility in pure and
fullerene-modified PI samples. The results of these calculations show that the introduction
of fullerenes leads to a tenfold increase in the mobility. The absolute values were estimated
for a bias voltage of 10 V, a film thickness of d = 2 µm, a dielectric constant of ε ~ 3.3, a fuller‐
ene content of about 0.2 wt % C70, and an upper electrode contact area with a diameter of 2
mm. Under these conditions, the carrier mobility in a fullerene-modified polyimide PI film
is ~0.3 × 10–4 cm2/(V s), while the analogous value for pure PI is ~0.17 × 10–5 cm2/(V s). These
values well agree with the data reported in [21], where it was demonstrated that the carrier
mobility in pure PI films ranges in the interval from 10–7 to 0.5 × 10–5 cm2/(V s). Relationship
(5) used for the estimation of charge carrier mobility is valid in the case of currents limited
by the space charge. This situation is characteristic of most of the conjugated organic struc‐
tures (in particular, PIs) in which the charge transfer processes are additionally determined
by traps, although formula (5) contains no terms dependent on the illumination intensity.
However, taking into account the aforementioned equality of the activation energies of con‐
ductivity and mobility in PIs, the results of calculations of the relative changes in the carrier
mobility probably adequately reflect the general trends in mobility variations. This behavior
does not contradict the pattern of changes in the mobility observed for the other conjugated
organic systems, for example, for the fullerene–carbazole one [22].

We have also calculated the relative values of the charge carrier mobility µ and estimated
that two orders of magnitude differences of charge carrier mobility for the pure and nanoob‐
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jects-doped films has been found. Moreover, the following relation for the charge carrier
mobility has been proposed:

μpure organic systems < ⋅μC70,C60 < ⋅μCNT,QD (6)

The observation of the increase of charge carrier mobility, high refractive index and high
value of cubic nonlinearities predicts that the nonlinear optical and the dynamic feature of
the nanostructured conjugated materials can be optimized via nanostructurization with
good advantage. It should be noted that classical inorganic nonlinear volume media (includ‐
ing BSO, LiNbO3, etc.) exhibit significantly lower nonlinearity, while bulk silicon based ma‐
terials have nonlinear characteristics analogous to those of the organic thin film nanoobjects-
doped materials under consideration.

Structure Content of

dopants,

wt.%

Wavelength

, nm

Energy

density,

Jсm-2

Spatial

frequency,

mm-1

Laser

pulse

duratio

n, ns

Laser-

induced

change in

the

refractive

index, (n

References

NPP 0 532 0.3 100 20 0.65x10-3 [14]

NPP+C60 1 532 0.3 100 20 1.65x10-3 [14]

NPP+C70 1 532 0.3 100 20 1.2x10-3 [14]

PNP* 0 532 0.3 100 20 *

PNP+C60 1 532 0.3 100 20 0.8x10-3 [14]

PI 0 532 0.6 90-100 10-20 10-4-10-5 [5]

PI+malachite

green dye

0.2 532 0.5-0.6 90-100 10-20 2.87x10-4 [5]

PI+graphene

oxides

0.1 532 0.2 100 10 3.4x10-3 present

PI+graphene

oxides

0.2 532 0.28-0.3 100 10 3.65x10-3 present

PI+shungites 0.1 532 0.6 150 10 3.1x10-3 present

PI+shungites 0.2 532 0.063-0.1 150 10 5.3x10-3 [9,15]

PI+С60 0.2 532 0.5-0.6 90-100 10-20 4.2x10-3 [5]

PI+С70 0.2 532 0.6 90-100 10-20 4.68x10-3 [5]

PI+С70 0.5 532 0.6 90-100 10-20 4.87x10-3 [5]

PI+С70 0.1-0.5 1315 0.2–0.8 100 50 ~10-3 [14]
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PI+quantum

dots based

on

CdSe(ZnS)

0.003 532 0.2-0.3 100 10 2.0x10-3 [10]

PI+CNTs 0.1 532 0.5-0.8 90-100 10-20 5.7x10-3 [6]

PI+ CNTs 0.05 532 0.3 150 20 4.5x10-3 [6,14]

PI+ CNTs 0.07 532 0.3 150 20 5.0x10-3 [6,14]

PI+ CNTs 0.1 532 0.3 150 20 5.5x10-3 [6,14]

PI + double-

walled

carbon

nanotube

powder

0.1 532 0.1 100 10 9.4x10-3 [15]

PI + double-

walled

carbon

nanotube

powder

0.1 532 0.1 150 10 7.0x10-3 [15]

PI+ mixture

of CNT and

nanofibers

(type MIG)

0.1 532 0.3-0.6 90-100 10 11.7x10-3 [15]

PI+ mixture

of CNT and

nanofibers

(type MIG)

0.1 532 0.3-0.6 150 10 11.2x10-3 [15]

Polymer-

dispersed LC

based on PI–

C70 complex

0.2 532 0.1 90-100 10 1.2x 10-3 [10]

COANP 0 532 0.9 90-100 10-20 10-5 [14]

COANP+

TCNQ**

0.1 676 2.2 Wсm-2 2x10-5 [16]

COANP+C60 5 532 0.9 90-100 10-20 6.21x10-3 [14]

COANP+C70 0.5 532 0.6 100 10 5.1x10-3 present

COANP+C70 5 532 0.9 90-100 10-20 6.89x10-3 [14]

Polymer-

dispersed LC

0.5 532 30×10−3 100 10 1.2×10-3 present

Carbon Nanotubes Influence on Spectral, Photoconductive, Photorefractive and Dynamic Properties of the Optical
Materials

http://dx.doi.org/10.5772/50843

407



jects-doped films has been found. Moreover, the following relation for the charge carrier
mobility has been proposed:

μpure organic systems < ⋅μC70,C60 < ⋅μCNT,QD (6)

The observation of the increase of charge carrier mobility, high refractive index and high
value of cubic nonlinearities predicts that the nonlinear optical and the dynamic feature of
the nanostructured conjugated materials can be optimized via nanostructurization with
good advantage. It should be noted that classical inorganic nonlinear volume media (includ‐
ing BSO, LiNbO3, etc.) exhibit significantly lower nonlinearity, while bulk silicon based ma‐
terials have nonlinear characteristics analogous to those of the organic thin film nanoobjects-
doped materials under consideration.
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carbon
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0.1 532 0.1 100 10 9.4x10-3 [15]
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PI+ mixture

of CNT and
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based on

COANP–C70

complex

Polymer-

dispersed LC

based on

COANP–C70

complex

5 532 17.5×10−3 100 20 1.4×10-3 [17]

Polymer-

dispersed LC

based on

COANP–

nanotubes

0.1 532 30×10−3 100 10 2.8x10-3 present

Polymer-

dispersed LC

based on

COANP–

nanotubes

0.5 532 18.0×10−3 90-100 10-20 3.2x10-3 [18]

Table 1. Laser-induced change in the refractive index in some organic structures doped with nanoobjects. * The
diffraction efficiency has not detected for these systems at this energy density. ** Dye TCNQ - 7,7,8,8,-
tetracyanoquinodimethane – has been used in the paper [16].

4. Conclusion

Thus, analysis of the obtained results leads to the following conclusions:

• Doping with nanoobjects significantly influences the photorefractive properties of nano‐
bjects-doped organic matrices. An increase in the electron affinity (cf. shungite, fullerenes,
QDs) and specific area (cf. QDs, CNTs, nanofilers) implies a dominant role of the intermo‐
lecular processes leading to an increase in the dipole moment, local polarizability (per
unit volume) of medium, and mobility of charge carriers.

• A change in the distance between an intramolecular donor and intermolecular acceptor as
a result of variation of the arrangement (rotation) of the introduced nanosensitizer leads
to changes on the charge transfer pathway in the nanocomposite.

• The variations of the length, of the surface energy, of the angle of nanoobject orientation
relative to the intramolecular donor fragment of matrix organics can significantly change
the pathway of charge carrier transfer, which will lead to changes in the electric field gra‐
dient and dipole moment.

• Different values of nonlinear optical characteristics in systems with the same sensitizer
type and concentration can be related to a competition between carrier drift and diffusion
processes in a nanocomposite under the action of laser radiation.
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• Special role of the dipole moment as a macroscopic parameter of a medium accounts for a
relationship between the photorefraction and the photoconductivity characteristics.

• The photorefractive parameters change can be considered as the indicator of following
dynamic and photoconductive characteristics change.

As the result of this discussion and investigation, new area of applications of the nanostruc‐
tured materials can be found in the optoelectronics and laser optics, medicine, biology, tele‐
communications, display, microscopy technique, etc. Moreover, the nanostructured
materials can be used for example, for development of 3D media with high density of re‐
cording information, as sensor in the gas storage and impurity testing, as photosensitive lay‐
er in the spatial light modulators, convertors, limiters, etc. devices.
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to changes on the charge transfer pathway in the nanocomposite.

• The variations of the length, of the surface energy, of the angle of nanoobject orientation
relative to the intramolecular donor fragment of matrix organics can significantly change
the pathway of charge carrier transfer, which will lead to changes in the electric field gra‐
dient and dipole moment.

• Different values of nonlinear optical characteristics in systems with the same sensitizer
type and concentration can be related to a competition between carrier drift and diffusion
processes in a nanocomposite under the action of laser radiation.
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• Special role of the dipole moment as a macroscopic parameter of a medium accounts for a
relationship between the photorefraction and the photoconductivity characteristics.

• The photorefractive parameters change can be considered as the indicator of following
dynamic and photoconductive characteristics change.

As the result of this discussion and investigation, new area of applications of the nanostruc‐
tured materials can be found in the optoelectronics and laser optics, medicine, biology, tele‐
communications, display, microscopy technique, etc. Moreover, the nanostructured
materials can be used for example, for development of 3D media with high density of re‐
cording information, as sensor in the gas storage and impurity testing, as photosensitive lay‐
er in the spatial light modulators, convertors, limiters, etc. devices.
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1. Introduction

Concerns about depleting natural resources have been circulating for decades with alarming
predictions that have turned out to be less than accurate. What has become clear, however,
is the need for a decrease in the utility of a fossil based economy and a focus on a more sus‐
tainable one. This chapter reviews some of the recent progress made in the use of intercon‐
nected carbon nanotubes (CNTs) in the hydrogen, photovoltaics and thermoelectric
alternative energy based economies.

The move towards a hydrogen economy is a concept that has gained traction over the last 5
years with advances in hydrogen fuel cells that are economically viable. It is envisaged that
the automotive industry will begin to implement measures for the development of vehicles
with hydrogen fuel cells as the economy begins to recover. However, such a move will also
require a substantial investment in the infrastructure to support these vehicles. Key to the
development of such technologies is the need to continuously improve the efficiency, while
monitoring the safety. CNTs have been used as frameworks for a number of key areas in the
hydrogen economy [1]. The most notable area is that of fuel cell integration, where the tubes
are mixed with platinum or palladium to aid in the process of catalysis.

CNTs with palladium attached to their surface have also been used for the construction of
hydrogen sensors, expanding the research field from the consumption to the detection of
hydrogen. The recent advances in cross-linked CNT papers are stimulating the development
of new materials, such as flexible palladium embedded CNT sensors [2] (Fig. 1.). This sec‐
tion of the chapter will explore some of the latest results from the use of interconnected
CNTs in hydrogen fuel cells and sensor development.

© 2013 Acquah et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Acquah et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. A cross-linked CNT paper with embedded Pd nanoparticles that can be used to construct a hydrogen sensor.

The field of photovoltaics is regarded as a major contributor to a sustainable economy. How‐
ever; purveyors of large scale solar panels have been experiencing a degree of volatility in the
market due in part to the decreasing price of the technology, increased competition and a
dependence on government subsidies. At the opposite end of the scale, there is a surge in small
solar powered gadgets such as pocket LED torches and mobile device chargers, which adorn
many airport convenience outlets. The demand for pocket sized solar powered devices is
helping to stimulate research into making the energy conversion process more efficient. There
were three major advances in photovoltaics, the development of photovoltaic devices from
crystalline silicon, which dominate the commercial market, cadmium telluride (CdTe) and dye
sensitized solar cells (DSSCs). CNTs are currently being investigated as a way to enhance
electron transfer and replace the standard platinum based counter electrodes, especially with
DSSCs. CNT thin films and mats are currently being tested as components of these photovol‐
taic devices. This section of the chapter will explore how the CNTs have been used to en‐
hance dye-sensitized [3], CdTe [4] and silicon [5] based solar cells, and address some the
concerns about the race to produce novel photovoltaic devices and the toxic warnings from
the past that may ultimately define the balance between safety and efficiency.

The last section of this chapter will focus on the development of CNT based thermoelectric
devices which may bridge the gap between conventional and sustainable economies. Energy
loss in the form of heat is clearly an important concept to address, and capturing the heat
from combustion engines is one avenue being pursued by research. Around 75% of the ener‐
gy produced from fuel with internal combustion engines is lost to the environment, so it
may be possible to recapture some of this energy using a thermoelectric device between the
engine coolant system to the exhaust manifold [6]. However, problems have been encoun‐
tered with low efficiency so CNTs have been investigated as a suitable component of ther‐
moelectric devices due to a number of characteristics, such as their low dimensional
structure, their electrical conductivity, and their axial thermal conductivity [7, 8].

Syntheses and Applications of Carbon Nanotubes and Their Composites414

2. The Hydrogen Economy

Many nations are looking into alternative sources of energy to address issues of environ‐
mental responsibility and energy independence. Some of these energy sources include solar
power, wind energy, natural gas, and hydrogen. As society explores hydrogen as an alterna‐
tive energy source, the question is how effective can CNTs be in helping to solve some of the
problems in the structure, function and safety of this emerging industry?

2.1. Fuel Cells & Hydrogen Storage

In the simplest case, a hydrogen fuel cell is comprised of a permeable membrane placed be‐
tween an anode and a cathode. There are various types of fuel cells: polymer electrolyte
membrane, direct methanol, alkaline, phosphoric acid, molten carbonate, and solid oxide.
Hydrogen fuel cells fall under the polymer electrolyte membrane fuel cell (PEMFC) category
and are sometimes also referred to as a proton exchange membrane fuel cell. In a typical
PEMFC, the permeable membrane consists of a proton-conductive polymer such as per‐
fluorosulphonic acid, also known commercially as Nafion. The fuel cell works by using a
catalyst to oxidize hydrogen at the anode, converting it into a positively charged proton and
a negatively charged electron. The electrons travel through a wire creating an electrical cur‐
rent to power a device while the protons travel through the permeable membrane to the
cathode. At the cathode, the protons recombine with the electrons and react with oxygen to
form water which is eventually drained from the system.

Despite recent advances in research, there are still a few obstacles that need to be overcome
in order for fuel cells to become mainstream technology. In order to integrate with existing
technologies, fuel cells need to become considerably cheaper. Currently, they are expensive
to construct, mainly due to the use of platinum catalysts. According to the United States De‐
partment of Energy, the cost per kilowatt would need to decrease in order for fuel cells to be
competitive and economically viable. In order to compete commercially with the combus‐
tion engine, it is estimated that the fuel cell cost would need to be cut to approximately $25–
$35/kW. Another aspect of fuel cells that needs improvement is the operational lifetime. The
permeable membrane is made of a synthetic polymer which is susceptible to chemical deg‐
radation. Reliability in automotive applications, can be defined by the lifetime of a car en‐
gine, approximately 150,000 miles, so research has focused both on improving the efficiency
of the catalytic process and the durability of the components. CNTs have been proposed as a
substitute to the carbon powder currently used in PEMFCs. (Fig. 2.) CNTs have excellent
conductive properties, a low mass density, and robust physical properties making them an
ideal and durable material for fuel cell electrodes. Furthermore, nanotubes assembled into
such macrostructures have a high surface area making them a suitable substrate for Pt cata‐
lysts and hydrogen adsorption [9].
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Figure 2. Schematic of a CNT composite hydrogen fuel cell.

In 2003, researchers from the University of California, Riverside explored the use of
MWCNTs as a carbon support for platinum catalysts in an attempt to maximize Pt interfac‐
ing between all the components in a fuel cell. The problem in conventional fuel cells is that
the addition of the polymer tends to isolate the carbon particles reducing electron transport,
resulting in the requirement of additional Pt particles to increase the power output. To re‐
solve this issue and improve conductivity, Wang et al. grew nanotubes directly on carbon
paper and electrodeposited Pt particles onto the CNTs [10]. Although their experiments pro‐
duced promising results, their CNT based fuel cell still had a lower performance compared
to conventional PEMFCs. Despite this low performance, this proof of concept was important
to other researchers using CNTs in fuel cells. The following year in 2004, Girishkumar et al.
investigated ways to improve the electrodes in direct methanol fuel cells (DMFCs) [11].
Their team developed a way to synthesize SWCNT thin films onto optically transparent
electrodes using electrophoretic deposition techniques. It was determined that there was an
improvement in catalytic activity mainly due to a larger surface area provided by the CNTs.
This high surface area and porosity maximizes interactions between the fuel, electrode, and
catalyst interface thereby enhancing Pt utilization and potentially reducing fuel cell manu‐
facturing costs. Li et al. (2006) also explored the use of CNTs in PEMFCs. They developed a
facile and cost-effective method for the synthesis of an aligned Pt/CNT film [12]. They were
interested in producing oriented CNT films due to enhanced conductivity. It was also sug‐
gested that there would be higher gas permeability and better water removal with aligned
nanotubes. The aligned CNTs did show an improvement in Pt utilization as 60% of the met‐
al particles were being used during catalysis [11].

Using covalently cross-linked CNTs is another promising avenue for fuel cell electrodes [13].
Our work at Florida State University focused on the covalent cross-linking of multi-walled
carbon nanotubes via a Michael addition reaction mechanism to form thin, flexible mats
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[14]. We then explored an alternative cross-linking system to avoid the use of thiols and em‐
bedded palladium nanocrystals into the cross-linked network [2].

Research into hydrogen storage with interconnected CNT networks started by looking in‐
to SWCNTs using a procedure called temperature programmed desorption. Experiments on
MWCNTs followed with work focusing on metal doped tubes. However, problems began
to arise when increasing values of CNT storage capacities, up to 21 wt%, were reported. A
detailed review of the findings can be found by Yunjin Yao and serves as an interesting
footnote towards the role of CNTs and the need for a better understanding of their chemis‐
try in materials [15]. In summary, the main concerns were that elevated hydrogen storage
percentages may have be due to a number of factors including the insufficient characteriza‐
tion of CNT composites due to the presence of SWCNTs, DWCNTs and MWCNTs with a
variety of open and closed ended tubes. Contamination of the CNTs during the process of
ultrasonic probe treatments was a concern, because in one example the value for SWCNTs
were reported to have a hydrogen storage capacity of around 4.5% at 30 kPa and 70 K, but
the ultrasonic probe was made from a titanium alloy that was known to act as a hydrogen
storage material.

2.2. Water Splitting

The research field based on water splitting has, not surprisingly, found a niche in the devel‐
opment of the hydrogen economy due to the clean production of hydrogen and oxygen.
However this integration has a far more significant impact when combined with hydrogen
fuel cells. The waste product of hydrogen fuel cells is water, and it is formed during the re‐
action with oxygen, so the water could fuel the process of splitting and this in turn can fuel
hydrogen cells.

CNTs have been used to enhance the water splitting performance of titania photocatalysts
[16] but an alternative use for CNTs has been found in membranes. Nafion, a sulfonated tet‐
rafluoroethylene based fluoropolymer-copolymer, is a membrane that has had commercial
success in the fuel cell industry. Research groups are looking into enhancing the properties
of the film with the addition of CNTs. Nafion/CNT composites with low concentrations of
CNTs have been shown to have an effect on solvent permeation and mechanical stability. At
high concentrations of CNTs the membranes have the ability to separate proton and electron
conduction pathways in the membrane. Using this concept, many applications can be envis‐
aged for these membranes with one example being that of using sunlight to produce hydro‐
gen from water splitting. Current research has focused on the measurements of the electron
and proton transport characteristics of Nafion and MWCNT composite films.[17] These
films can be assembled by the addition of Nafion solution to MWCNTs, followed by the dis‐
persion of the MWCNTs in an ultrasonic bath. Various concentrations of MWCNTs were in‐
vestigated to a maximum of 5% MWCNTs by dry weight of Nafion. After the addition of
isopropyl alcohol, to further aid the dispersion of the MWCNTs, the slurry was poured into
petri-dishes and left to undergo solvent evaporation for 3 hours. The dishes with various
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CNT concentrations were placed in an oven set to 40 ◦C for a few hours before being washed
with deionized water and removed from the petri-dishes.

To test the membrane, an artificial leaf system was constructed. (Fig. 3.). The membrane sep‐
arated the anode, which was exposed to sunlight where water droplets were present, and
the cathode.

Figure 3. Schematic of the water-splitting device. The anode contained a chromophore and an oxygen evolving com‐
plex. The cathode contained a proton reducing catalyst. Image adapted from V. Ijeri et al. (2010).

The results highlighted a few points. Firstly pure Nafion exhibited insulating behavior and
with increasing MWCNT percentage, a non linear behavior is observed with I–V curves,
which is an indication of non-ohmic conductivity. The membranes were tested in both wet
(1% H2SO4) and dry conditions to evaluate the electron conductivity. Before and after wet‐
ting the conductivity values increase with increasing filler content, but again without a line‐
ar relationship, which meant a critical concentration at which the membrane changed from
insulating to conducting/semiconducting had to be established. This was done by looking at
the values higher than 10−1 mS/cm which were obtained when MWCNTs > 3%. The next task
was to investigate proton conductivity, and with standard conditions, this was generally
low. However, with an increasing MWCNT percentage there was a subsequent increase. Al‐
though the effects of MWCNTs on proton conductivity is still not fully understood, most re‐
searchers will fall back on the semi-empirical quantum mechanical calculations too at least
provide an insight into the possible conduction pathways.

When the membranes were subjected to 1% H2SO4 they did show an increase in proton
conductivity,  which was  due to  the  various  proton transfer  mechanisms.  The hydrogen
bonding of the –SO3 groups with an H3O+ ion and water molecules results in a change in
the side chains of Nafion. It was difficult to determine the contribution of MWCNTs in the
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process  of  electron transfer  because  of  the  amount  of  water  molecules.  However  mem‐
branes with no MWCNTs demonstrated the best proton conductivity, while the others have
slightly lower conductivities. The answer could be as simple as a decrease in the amount of
Nafion. Either way, this study has shown great potential for the integration of CNTs for
membrane applications.

2.3. CNT Hydrogen Sensors

Another application of great interest in the field of CNTs is hydrogen sensing. Advance‐
ments in the development of fuel cell design and technology means that a variety of sensors
would be required to maintain a safe operational environment. CNTs are an ideal material
for components of sensors due to their durability, and electronic properties.

One of the first breakthroughs in CNT sensor technology occurred in 2001 when Kong et al.
constructed hydrogen sensors by decorating SWCNTs with Pd nanoparticles [18]. Their H2

sensor exhibited significant changes in conductivity when exposed to small amounts of H2

and was able to operate at room temperature. Kong et al. were able to achieve this by depos‐
iting Pd particles on CVD grown SWCNTs via electron beam evaporation methods. When
they placed this in a hydrogen atmosphere, a decrease in the CNT conductivity was ob‐
served. It has been proposed that this lower work function promotes electron transport from
the Pd NPs into the CNTs resulting in a decreased amount of hole-carriers and conductivity.
The reaction is also reversible. Under a hydrogen atmosphere, Pd reacts with H2 to become
palladium hydride. The dissolved hydrogen in Pd metal combines with oxygen in air and
results in H2O, recovering the electrical characteristics of the sensor. Kong et al. reported
that their detector had a limit at 400 ppm, a response time of 5-10 s, and a recovery time of
approximately 400 s [18].

One design principle of CNT composites that has defined the nature of efficiency is that of
aligned CNTs. From aligned thin films of Buckypaper to forests of vertically grown CNTs
on substrates, control over the direction of individual tubes and connected bundles is essen‐
tial for unlocking the full potential of the tubes. An investigation was made into the devel‐
opment of aligned CNT sensors using a method involving nanoplating and firing to
produce cracks in a CNT composite film, exposing horizontally aligned carbon nanotubes
(HACNTs) [19]. This research used arc produced MWCNTs as the basis for the composite
film, which was rather enlightening in a field geared towards chemical vapor deposition
(CVD) produced tubes. Research with arc produced MWCNTs has almost become a relic of
the early years of CNT research. They were made by using a 150 mm long graphite rod for
the anode and a graphite disc on a copper block for the cathode. After purification steps the
CNTs were acid-oxidized using the standard 3:1 ratio of nitric acid (HNO3) to sulfuric acid
(H2SO4) and washed several times in DI water before being dried in air at 120 ◦C. The acid
treatment was required to increase the interfacial adhesion between the CNTs and metals.
To produce the sensor, a sample of the purified CNTs was dispersed in DI water with a pol‐
yvinylpyrrolidone surfactant (PVP K30), which produced a CNT suspension. The CNT/Ni
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composite was produced by the addition of nickel sulfate solution containing sodium phos‐
phinate, maleic acid disodium salt hydrate, citric acid monohydrate, lead(II) acetate trihy‐
drate and sodium acetate trihydrate. The composite film was produced on a glass substrate
by the immersion of the glass, with palladium particles on the surface, into the CNT/Ni sol‐
ution for 60 seconds before drying the substrate at 100 ◦C to induce cracks in the film (Fig.
4.) exposing horizontally aligned CNTs. 18 Finger platinum electrodes were then deposited
by DC sputtering to complete the sensor.

Figure 4. Schematic of the cracked composite film exposing horizontally aligned CNTs.

These results are described in two papers and although the idea of horizontal alignment is
important, it is difficult to accurately quantify the results of the papers since in both cases
there is an abundance of nanoparticle palladium in both the CNT/Ni system (Pd deposited
on the glass) [19] and the Pd/CNT/Ni (Pd deposited on the CNT/Ni film) system [20]. Fig. 5.
shows the process of assembly for the sensors, which use a similar procedure in both of the
research papers.

The HACNT-based sensors were also shown to have a sensitivity response to carbon diox‐
ide, methane and ethene with a gas concentration of 200 ppm, with the highest sensitivity
for H2. One of the points raised in this research, that was fundamental to the mechanism of
sensing, was the role of atomized hydrogen. These atoms, produced by the metal particles,
migrated to the sidewalls and the defects of CNTs, diffusing into the lattice of nanoparticles.
It was stated that a dipole layer formed at that interface and affected the charge-carrier con‐
centration, and the hydrogen atoms donated their electrons to the CNTs, which resulted in a
decrease in conductivity.
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Figure 5. Schematic of the steps involved in the construction of hydrogen sensors on glass substrates with the use of
the Pd nanoparticle functionalized CNT/Ni composite film. Image adapted from Lin et al. (2012). Schematic illustration
of a HACNT-based gas sensor on glass substrate. Image adapted from B-R Huang et al. (2012).

In another example, a hydrogen sensor was constructed using SWCNTs and chitosan
(CHIT).[21] The CHIT which covered the SWCNTs was able to filter out polar molecules
and allow hydrogen to flow to the SWCNTs. The CHIT conjugate which is porous is insulat‐
ing by nature, but can be made water soluble in an acidic environment which is then useful
for making a film. Additional benefits can be found in the many functional hydroxyl (–OH)
and amino (–NH2) groups that react with analytes, so the effect Of a CHIT conjugate with
SWCNTs for the development of a hydrogen sensor was investigated. The CHIT film was
prepared by making a 2 wt% solution dissolving CHIT in a 5% acetic acid solution. This was
used to coat a glass substrate or SWCNTs depending on the sensor preparation and fol‐
lowed by the removal of solvent to form the films. To evaluate the sensor performance three
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different types were made (Fig. 6.). The Type I sensor was assembled simply by depositing
SWCNTs onto the glass substrate with Pt electrodes placed by sputter deposition. The Type
II sensor was assembled by casting the glass slide with a film of CHIT before being placed
into an arc-discharge chamber to deposit SWCNTs. The Pt electrodes were added in a simi‐
lar method. The Type III sensor was assembled using the initial preparation for a Type I sen‐
sor followed by CHIT film coating and Pt electrode deposition. There were slight differences
in the interaction of the CHIT film with the SWCNTs. In the Type II sensor, there was some
mixing of the CNTs with CHIT but only at the interface. With the Type III sensor, the CNTs
were immersed in the CHIT matrix.

Resistance measurements of the films were made between the electrodes, and the values
were around 100 Ω for Type I and II films and around 106 Ω for the Type III film. The high
resistance could be accounted for by the contact of the electrode with chitosan, although it
was noted by the authors that ohmic contacts were present.

Figure 6. Diagram of the 3 types of sensors. Image adapted from Li et al. (2010).

The response of the sensors was measured at room temperature and the results showed 15,
33, and 520% for Type I, Type II, and Type III sensors, respectively. One interesting point
made by the authors was that although the Pd decoration of SWCNTs is typically used to
enhance hydrogen sensing, the response can be less than the effect of chitosan at 4% H2 gas.
This research provided an important step towards the use of CNTs in sensors without the
requirement of Pd.

In summary, the use of CNTs in the hydrogen economy has highlighted some interesting
points. Is the race to develop more efficient hydrogen powered devices really producing a
sustainable economy? And has the focus on reducing the utility of some of the rare raw ma‐
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terials been lost? It is well known that platinum and palladium are extremely important to
the fuel cell and sensor industries, with CNTs enhancing their properties, but an increase in
alternative energy devices based on these metals, whatever the concentration, may cause is‐
sues of sustainability in the future.

3. Photovoltaics

The research field of photovoltaics has certainly become a hot topic over the last few years
with a lot of attention based on increasing the efficiency of dye sensitized solar cells (DSSCs)
in the hope that they will one day be as prevalent as the silicon based alternative. CNTs are
an important addition to the field of photovoltaics with the focus on the nanotubes acting as
p-type materials or enhancing/replacing the counter electrodes.

3.1. Dye Sensitized Solar Cells

If there were an enclave for truly beautiful chemistry, then the research behind dye sensi‐
tized solar cells (DSSCs) would clearly be the centerpiece. The chemistry behind the opera‐
tion of these devices is inspiring a generation of researchers to address the concerns of
renewable energy with a different approach to the well established silicon based solar cells.
Generally, the DSSCs are comprised of an anode, electrolyte and cathode. The anode is usu‐
ally assembled from nano-crystalline titania particles (TiO2) and a dye attached to the parti‐
cles. The cathode, also known as the counter electrode (CE), is where the catalysis must
occur and typically contains platinum. The iodide electrolyte facilitates the iodide/triiodide
redox couple where after the excitation of the dye and loss of an electron, it regains one from
iodide, oxidizing it to triiodide. The best reported efficiency for DSSCs is 11.4% as docu‐
mented by the National Institute for Material Science (NIMS).

CNTs have been used as a potential replacement for the platinum based CE. In a study by Jo
et al. (2012), interconnected ordered mesoporous carbon–carbon nanotube nanocomposites
were used to demonstrate Pt-like CE behavior in a dye-sensitized solar cell [22]. CNT fibers
have been used as a conductive material to support the dye-impregnated TiO2 particles. The
CNTs were first spun from an array synthesized by chemical vapor deposition and resulted
in highly aligned macroscopic fibers [23]. The research was novel in the application of these
fibers as both the working electrode and the counter electrode.

The CNT/TiO2 composite fiber was produced by submersing the pure CNT fiber in a TiO2

colloid solution which was followed by sintering at 500 °C for 60 min. The thickness of TiO2

layer was determined to be between 4 and 30 µm, depending on the submersion time. The
dye used for the cell was cis-diisothiocyanato-bis (2,2′-bipyridyl-4,4′-dicarboxylato) rutheni‐
um(II) bis (tetrabutylammonium) which is better known as N719. For DSSCs with a metal
CE the I−/I3 − couple does eventually cause corrosion, but the CNT fibers exhibit a high stabil‐
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terials been lost? It is well known that platinum and palladium are extremely important to
the fuel cell and sensor industries, with CNTs enhancing their properties, but an increase in
alternative energy devices based on these metals, whatever the concentration, may cause is‐
sues of sustainability in the future.
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iodide, oxidizing it to triiodide. The best reported efficiency for DSSCs is 11.4% as docu‐
mented by the National Institute for Material Science (NIMS).
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have been used as a conductive material to support the dye-impregnated TiO2 particles. The
CNTs were first spun from an array synthesized by chemical vapor deposition and resulted
in highly aligned macroscopic fibers [23]. The research was novel in the application of these
fibers as both the working electrode and the counter electrode.

The CNT/TiO2 composite fiber was produced by submersing the pure CNT fiber in a TiO2

colloid solution which was followed by sintering at 500 °C for 60 min. The thickness of TiO2

layer was determined to be between 4 and 30 µm, depending on the submersion time. The
dye used for the cell was cis-diisothiocyanato-bis (2,2′-bipyridyl-4,4′-dicarboxylato) rutheni‐
um(II) bis (tetrabutylammonium) which is better known as N719. For DSSCs with a metal
CE the I−/I3 − couple does eventually cause corrosion, but the CNT fibers exhibit a high stabil‐
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ity and are relatively cheap. Fig. 7. shows the schematic of the working device with the two
fibers in an electrolytic solution.

Figure 7. Schematic illustration of a wire-shaped DSSC made from two CNT fibers. Figure adapted from Chen et al. (2012).

The  mechanical  properties  of  the  fiber  are  quite  good  with  tensile  strength  measure‐
ments that exceed 700 MPa. The enhanced electrical conductivity also ranges from 100 to
1000 S/cm. The fiber-shaped DSSC demonstrated an efficiency of 2.94% which was a sig‐
nificant accomplishment. The fibrous nature of the material would make large-scale com‐
posites easy to fabricate. One of the more exciting applications is that of woven fabrics that
may be  used for  the  development  of  smart  textiles  for  consumers,  or  extended use  for
space based electronics.

3.2. Quantum Dot Solar Cells

Cadmium telluride (CdTe) has been shown to be a promising low-cost component photovol‐
taic material, however the incorporation of quantum dot (QD) based technologies will likely
raise fears about the toxicity of cadmium and cadmium based compounds. Significant prog‐
ress has been made during the past several years with the highest efficiency reported for
CdTe based photovoltaic devices at 17.3% produced by the company First Solar.

Although research is shifting towards CdTe/graphene composites [24], there is still room for
CNT based devices. SWCNT/polyelectrolyte/QD nanohybrids have been produced that take
advantage of the negatively charged thioglycolic acid capped CdTe QDs and SWCNTs coat‐
ed with a positively charged polyelectrolyte facilitating electrostatic interactions [25]. In this
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work, SWCNTs coated with a positively charged polyelectrolyte showed typical transitions
and emission attributes in the visible and near-infrared spectrum. The application of steady
state absorption spectra was useful in outlining the superimposition of QD and SWCNT
characteristics. The results of the study also confirmed charge transfer between SWCNTs
and QDs, underlined by femtosecond transient absorption spectroscopy. Microscopic stud‐
ies suggested that statically formed SWCNT/polyelectrolyte/QD nanohybrids with individu‐
ally immobilized QDs were generated. It is clear that this study focuses on the importance of
the interactions between the components of the nanohybrids and creates a pathway for look‐
ing at the development of the layer-by-layer coating of SWNTs and recruitment of photoac‐
tive particles for photovoltaic applications.

3.3. Silicon Based Solar Cells

With the exception of multi-junction cells and gallium arsenide (GaAs) based devices, crys‐
talline silicon based cells are still the best choice with efficiencies at 20.4% for multicrystal‐
line structures to 27.6% for single crystal based cells. However, there is clearly room for
improvement as the increase in efficiency has generally reached a plateau over the last few
years. What may be required is a different approach to the design and chemistry of these
photovoltaic devices. CNTs have again been applied on the strength of their p-type conduc‐
tion. In one recent example, polyaniline (PANI) and CNTs were used to construct hetero‐
junction diode devices on n-Type silicon [26]. If was found that both PANI and SWCNTs
could act as photovoltaic materials in a bilayer configuration with n-type Silicon: n-Si/PANI
and n-Si/SWCNT. Four devices were tested (Fig. 8.) and it was determined that the short cir‐
cuit current density increased from 4.91 mA/cm2 for n-Si/PANI (Fig. 8a) to 12.41 mA/cm2 n-
Si/PANI/SWCNT (Fig. 8c). The n-Si/SWCNT/PANI device (Fig. 8d) and its control n-Si/
SWCNT (Fig. 8b) exhibited a decrease in the short-circuit current density.

PANI was synthesized using the MacDiarmid method [27] before being spin-coated at 600
rpm to form a film. The SWCNTs were dispersed in DMF by sonication over a period of 12 h
in 3 hour intervals, with the any solids removed by centrifugation. The supernatant was
then removed and sonicated for an additional 6 hours before being used to make the devi‐
ces. The devices were assembled by spraying SWCNTs using an airbrush deposition techni‐
que at 150 °C. It was found that the characteristics of the devices were affected by their
design structure with better hole transport from PANI to SWCNTs and less efficient trans‐
port of holes from PANI to SWCNTs in the multilayer devices.

Other examples of CNT-Silicon hybrid photovoltaic devices include the investigation of the
optimal thickness of SWCNT films on n-type silicon in order to maximize photovoltaic con‐
version [28] giving percentage efficiencies between 0.4 and 2.4%, and the effect of the num‐
ber of walls of MWCNTs on the photon to electron conversion [29].
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Figure 8. Schematics for (a) n-Si/PANI, (b) n-Si/SWCNTs, (c) n-Si/PANI/SWCNTs, and (d) n-Si/SWCNT/PANI devices. Im‐
age adapted from Bourdo et al. (2012).

In summary, photovoltaics have been shown to be very popular within the scientific field
and the commercial market. Consumer electronics have been marketed with solar power
chargers as a way to promote sustainability and environmental responsibility. The research
into ruthenium based DSSCs is very popular but again there are concerns about the use of
ruthenium for a sustainable economy. Fortunately, there are many photosensitive dyes that
don’t contain ruthenium which are currently being explored, but it is clear that the integra‐
tion of interconnected CNTs can play an important role in the development of novel photo‐
voltaic devices.

4. Thermoelectrics

In 1821 Thomas Johann Seebeck made the first  discovery in the series  of  thermoelectric
effects. The Seebeck effect described the electromotive force (emf) produced by heating the
junction between two different metals. In essence, the kinetic energy of the electrons in the
warmer part  of  a metal  would facilitate the transfer of  the electrons to the cooler metal
faster than electron transfer from the cooler to the warmer metal,  essentially creating an
electronic potential where the cooler metal obtains a net negative charge. Harnessing the
heat lost from a system and converting it  to electricity will  help to reduce the strain on
electricity providers, but the difficulties surrounding the efficiency of the conversion proc‐
ess need to be addressed.
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4.1. Thermoelectric Fabrics

One of the more futuristic ideas is that of wearable electronics, and this has been envis‐
aged for many in the field of photovoltaics, but an Interesting alternative can be found in
the field of thermoelectrics. Recent advancements in research have shown that composite
films of MWCNT and polyvinylidene fluoride (PVDF) assembled in a layered structure can
be designed to have the effect of felt-like fabric.[30] A thermoelectric voltage can be gener‐
ated by these fabrics as a result of the individual layers increasing the amount of power
produced.  More importantly,  these fabrics  would be more economical  to  produce clear‐
ing the way for a new generation of energy harvesting devices that could power porta‐
ble electronics. Fig. 9. shows a schematic of a fabric with every alternate conduction layer
made with p-type CNTs (B) followed by n-type CNTs (D). The insulating layers allow for
alternating p/n junctions when all the layers are stacked, pressed and heated to melt the
polymer.  It  was noted that  layers A−D could be repeated to reach a desired number of
conduction layers N, and when the film is exposed to a change in temperature (ΔT = T h

- T c ), the charge carriers which can be holes (h) or electrons (e) migrate from T h to T c

generating a thermoelectric current I.

Figure 9. A Layered arrangement for the multilayered fabric. The CNT/PVDF conduction layers (B,D) are alternated
between the PVDF insulation layers (A,C,E). Figure adapted from Hewitt et al. (2012).

When more power is required, ΔT would have to be increased. Subsequently, if the heat
source were sufficiently large enough, the number of conduction layers could be increased.
This would be a huge benefit for manufacturing industries that use high temperature equip‐
ment. In terms of energy output, a fabric composed of 300 layers with a ΔT = 100 K, may
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produce up to 5 µW. This is certainly a promising material that could potentially be inte‐
grated into many thermal systems and help with waste heat recovery.

4.2. Micro-Thermal Electrics

The addition of CNTs to microelectrical mechanical systems (MEMS) typically proceeds by
either a bottom-up approach which focuses on the deposition of catalytic nanoparticles to
control the location of CNT growth or a top-down which concerns the manipulation of the
CNTs to the correct position. A top-down method was use to make a CNT thin film on a
microelectrical mechanical system which was then characterized in terms of the thermoelec‐
tric coefficients of the aligned SWCNTs [8]. Using the process of ‘super-growth’ which incor‐
porates water-assisted chemical vapor deposition, a CNT film was made and patterned by
electron beam lithography into the required dimensions. By patterning a formed array of
gold–SWCNT thermocouples it was found that under standard room temperature the See‐
beck coefficient of the aligned SWCNT film was between 18 and 20 μV C−1. The Seebeck ef‐
fect of the SWCNT film was documented using thermocouples made of gold–SWCNT (Fig.
10.). Electrodes, a hot end and cold end temperature sensor, and a heater were produced by
photolithography, and with a gold lift-off process on top of a silicon substrate that was cov‐
ered by an insulating layer of Si3N4. The SWCNT film was then constructed on the gold sur‐
face using the process of top-down assembly.

Figure 10. Schematic of a device for measuring the Seebeck effect in a CNT film. Figure Adapted from Dau et al.
(2010).

When the device was used, an output voltage of 54 µV was recorded with a temperature
difference of 3.07 ◦C. This gave a Seebeck voltage of 19.38 µV K−1 which on average re‐
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mained constant. Aligned CNT bundles may have smaller Seebeck coefficients (thermoelec‐
tric sensitivity) than randomly oriented CNTs. The authors suggested that the difference
may be a result of the contribution of inter-tube barriers, relative to ΔT, although more work
is required to fully understand the effect of CNT films for the integration of them into ther‐
moelectric devices.

5. Conclusion

CNTs have seldom been just another material for novel composites, but their true potential
has yet to be transferred from the nano- to macro-scale. More than a two decades after their
discovery, their influence has reached almost every aspect of scientific research from engi‐
neering to medicine. Faced with concerns about sustainably and climate change, the use of
CNTs have helped to transform our approach to renewable energy. Advances in hydrogen
fuel cells with CNT composite electrodes or membranes are helping to reduce and eliminate
the need for rare and expensive catalysts. Safety is also another issue for the hydrogen based
economy. Many different types of sensors will be required to promote a safe operational en‐
vironment especially when the ignition concentration of hydrogen can be as low as 4%. The
same technology that is used in the catalysis process in hydrogen fuel cells can be used to
create hydrogen sensors, and work with interconnected CNTs has provided sensitivity val‐
ues that contend with conventional sensors.

The role of interconnected CNTs in the photovoltaic research field is popular because of the
potential to make novel hybrid solar cells, whilst increasing the overall efficiency of the de‐
vice. While the early results look promising, there are still some difficult questions to ad‐
dress, like how does the presence of defects on the CNT surface affect the chemistry and
ultimately the efficiency of a DSSC?

The integration of CNTs into thermoelectric devices currently does not have the same level
of development as the other alternative energy resources, possibly because the field is more
geared towards cost saving on an industrial scale and the development of component sys‐
tems for vehicles rather than consumer gadgets or devices, but research into waste heat re‐
covery is substantial. It is likely that thermoelectric devices will conform more to a silent
revolution with an uptake in industries that work with high temperature equipment looking
at converting some of the heat produced back to electricity. However, the research into ther‐
moelectric fabrics has shown the potential for consumer products that may find a market in
the future.

In summary, we are beginning to see a shift towards alternative fuel sources, with a focus on
hybrid technologies like those found in the automotive industries, but we need to address
the impact of our current economy as we transition to a more sustainable one.
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1. Introduction

Alternative energy pathways to replace depleting oil reserves and to limit the effects of glob‐
al warming by reducing the atmospheric emissions of carbon dioxide are nowadays re‐
quired. Dihydrogen appears as an attractive candidate because it represents the highest
energy output relative to the molecular weight (120 MJ kg-1 against 50 MJ kg-1 for natural
gas), and because its combustion delivers only water and heat. Whereas the main renewable
sources of energy available in nature (solar, wind, geothermal…) need to be transformed, di‐
hydrogen is able to transport and store energy. Dihydrogen can be produced from renewa‐
ble energies, indirectly from photosynthesis via biomass transformation, or directly by
bacteria. It can be converted into electricity using fuel cell technology. From all these proper‐
ties and because it does not compete with food and water resources, dihydrogen has been
defined as third generation biofuel. It thus emerges as a new fully friendly environmental
energy vector. The use of dihydrogen as an energy carrier is not a new idea. Let us simply
remember that Jules Verne, a famous French visionary novelist, wrote early in 1874: “I be‐
lieve that O2 and H2 will be in the future our energy and heat sources” [1]. His prediction
simply relied on the discovery a few years before of the fuel cell concept by C. Schönbein,
then W. Groove, who demonstrated that when stopping water electrolysis, a current flow
occurred in the reverse way [2]. However in order to implement the dihydrogen economy
and replace fossil fuels, there are significant technical challenges that need to be overcome in
each of the following domains:
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unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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1. dihydrogen production and generation,

2. dihydrogen storage and transportation,

3. dihydrogen conversion to electrical energy.

As opposed to widespread opinions, natural dihydrogen sources exist alone on the earth’s
surface. Local and continuous emanations of dihydrogen can be observed in cratonic zones,
ophiolitic rocks or oceanic ridges [3]. Dihydrogen is effectively produced in the upper man‐
tle of the earth through natural oxidation of iron (II)-rich minerals, like ferromagnesians, by
water of the hydrosphere. The ferrous iron is oxidized in ferric iron and water is concurrent‐
ly reduced in dihydrogen, as given by following equation: 2Fe2+ (mineral) + 2 H+ (water)  2
Fe3+ (mineral) + H2. The same reaction can occur with other ions like Mn2+. Exploitation of these
sources remains however difficult so far as dihydrogen does not accumulate on the earth
subsurface, especially for two reasons. First because as a powerful energy source dihydro‐
gen is quickly consumed (biologically or abiotically), and second because as the lightest and
most mobile gas it is not much retained by Earth’s attraction and escapes in the atmosphere.

Combined with water and hydrocarbons dihydrogen is nevertheless the most abundant ele‐
ment on earth. Green means to ecologically convert H containers into dihydrogen still re‐
main however challenging. The energetic volume density of dihydrogen is low (10.8 MJ m-3

against 40 MJ m-3 for natural gas) so that storage and transportation appear as bottlenecks
for large scale development in transportation for example. Conversion of dihydrogen to
electricity in fuel cells presents high electrical efficiency (more than 50% against less than
30% for gas engines), but requires the use of catalysts both for H2 oxidation and O2 reduc‐
tion. These are mainly based on platinum catalysts, which are highly expensive, weakly
available on earth, and non biodegradable. Extensive researches thus aim to decrease the
amount of platinum catalysts in fuel cells. Following the discovery of carbon nanotubes
(CNTs) [4, 5], their large scale availability opened a new avenue in these three domains. Due
to their intrinsic properties, such as high stability, high electrical and thermal conductivities
[6] and high developed surface areas, carbon nanotubes constitute attractive materials, able
to enhance the credibility of an hydrogen economy.

Besides, platinum catalysts are inhibited by very low amount of CO and S (0.1% of CO is
sufficient to decrease one hundred fold the catalytic activity of Pt in ten minutes!), thus re‐
quiring strong steps of H2 purification [7]. They are not specific to either O2 or H2 catalysis,
thus requiring the use of a membrane to separate the anodic and cathodic compartments.
Nafion® perfluoronated membrane is currently the only really performing polymer [8], in‐
creasing its cost. Replacement of platinum-based catalysts is thus highly needed. In that
way, a new concept appeared less than five years ago, when looking at the pathways micro‐
organisms use for the production of ATP, their own energetic source [9, 10]. As an example,
the hyperthermophilic, microaerophilic bacterium Aquifex aeolicus, couples H2 oxidation to
O2 reduction via a membrane quinone pool (Figure 1). The redox coupling generates a pro‐
ton gradient through the cell membrane for ATP synthesis. Clearly, this pathway can be
considered as an “in vivo biofuel cell”. The question rises if we could take benefit of bacterial
energetic pathways for our own energetic needs. The idea thus emerged that microorgan‐
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isms or enzymes could be used instead of chemical catalysts for the development of efficient
electricity producing devices. These innovative batteries called biofuel cells rely on enzymes
highly specific for various fuels and oxidants [11]. A mandatory condition is that these en‐
zymes have to be immobilized onto electrodes. One of the most common biofuel cell uses
glucose oxidase and laccase, two enzymes specific for glucose oxidation and oxygen reduc‐
tion, respectively. A few years ago, a new concept of biofuel cells appeared based on en‐
zymes specific of dihydrogen oxidation. This biohydrogen economy relies on the
opportunity to use low-cost materials for efficient conversion of solar energy to dihydrogen
and of dihydrogen to electricity. Many microorganisms biosynthesize hydrogenase, the met‐
alloenzyme that catalyzes the dihydrogen conversion. At least two modes of application of
dihydrogen-metabolizing protein catalysts are nowadays considered within dihydrogen as a
future energy carrier. Hydrogenases may be used as catalysts in dihydrogen production by
coupling oxygenic photosynthesis to biological dihydrogen production [12]. Hydrogenases
can also be used directly as anode catalysts in biofuel cells instead of chemical catalysts [13].
The improved knowledge of hydrogenase structure and of catalytic mechanisms allows
nowadays to design the development of biofuel cells functioning as Proton Exchange Mem‐
brane (PEM) fuel cells.

Figure 1. A) Energetic metabolism of the bacterium Aquifex aeolicus: H2 oxidation in the periplasm is coupled to O2
reduction in the cytoplasm via  a membrane quinone pool to generate a trans-membrane proton gradient for ATP
synthesis; (B) General view of a chemical PEM fuel cell.

For all these innovative concepts, one of the key points is the increase in power density, thus
in the current density furnished by a redox couple displaying a large as possible potential
difference. Apart from the improvement in enzyme stability, the increase in the current densities
supposes an optimization of both the interfacial electron transfer rate and the amount of
connected enzymes at the electrode. Carbon nanotubes which develop large surface areas and
can be functionalized constitute an attractive platform for such enzyme immobilization. CNTs
are described as graphene sheets rolled into tubes. They exist under various structural config‐
urations (single-walled (SWCNTs), multi-walled (MWCNTs)) differing in electrical proper‐
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connected enzymes at the electrode. Carbon nanotubes which develop large surface areas and
can be functionalized constitute an attractive platform for such enzyme immobilization. CNTs
are described as graphene sheets rolled into tubes. They exist under various structural config‐
urations (single-walled (SWCNTs), multi-walled (MWCNTs)) differing in electrical proper‐
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ties, thus tuning the platform properties for enzyme immobilization. The end of the tubes is
capped by a fullerene-type hemisphere that yields selective functionalization of the CNTs [14].

With the objective of dihydrogen as a future green energy vector, this review focuses on the
last developments in the fuel -and more especially biofuel- cell field thanks to the advanta‐
geous use of carbon nanotubes. In a first part, carbon nanotubes for H2 storage enhancement
are discussed. Then fuel cells in which carbon nanotubes help to decrease the amount of
high cost noble metal catalysts are described. Green H2 economy is then emphasized consid‐
ering the key role of hydrogenase, the enzyme responsible for dihydrogen conversion. This
requires the functional immobilization of the biocatalysts onto electrodes. The use of carbon
nanotubes in this immobilization step is underlined, including the modes of carbon nano‐
tube functionalization and enzyme or microbes grafting. Then the advantages of developing
biofuel cells in which chemical catalysts are replaced by enzymes or microbes are described.
A short review of the sugar/O2 biofuel cells, the most widely investigated biofuel cell, is giv‐
en with a particular attention on the devices based on carbon nanotube-modified bioelectro‐
des. The last developments based on carbon nanotube networks for hydrogenase
immobilization, or mimicking synthetic complex immobilization, in view of efficient dihy‐
drogen catalytic oxidation are finally described in order to allow the design of a future H2/O2

biofuel cell.

2. Carbon nanotubes: an attractive carbon material

The discovery of carbon nanotubes (CNTs) has induced breakthroughs in many scientific
domains, including H2 economy, biosensors, bioelectrochemistry…This is due to their re‐
markable properties, such as good electronic, mechanical and thermal properties. Their
nanometric size compares with that of proteins and enzymes, offering the possibility of elec‐
trical connection. Their large developed surface area allows the development of devices in
smaller volumes. SWCNTs are sp2 hybridized carbon in a hexagonal honeycomb structure
that is rolled into hollow tube morphology [15]. MWCNTs are multiple concentric tubes en‐
circling each other [5]. Depending on the chirality, CNTs can be metallic or semiconducting.
The distinction between metallic and semiconducting is very important for application, but
the physical separation of allotropes is one of the most difficult challenges to overcome. In
MWCNTs, a single metallic layer results in the entire nanotubes metallic behavior. Most of‐
ten mixtures of these two forms are present in CNTs preparation. More information on the
physical and electronic structures can be found in many published reviews [16]. CNTs are
produced by various methods such as arc discharge, laser ablation, and chemical vapor dep‐
osition (CVD). Commercially CNTs are generally produced by CVD during the pyrolysis of
hydrocarbon gases at high temperature. The control of synthesis parameters (reagent gas, T
°, metal catalysts) allows for the control of CNT properties. Metal impurities may remain in
the CNTs sample, thus requiring purification steps. CNTs may be treated to functionalize
the surface.
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3. Carbon nanotubes for safe and efficient H2 storage

The use of H2 in fuel cells to generate electricity has been proved early in the middle of the
nineteenth century. Surprisingly this discovery by C. Schönbein in 1839 of current genera‐
tion by use of H2 and O2 in sulphuric acid was applied by NASA only late in 1960. Despite
intensive studies over the last two decades, fuel cells still suffer from high cost and low du‐
rability. The first difficulty responsible for this slow large scale development lies on dihy‐
drogen storage and transportation, both regarded as bottlenecks considering dihydrogen
specific volumic density as a gas. For convenience the gas must be intensely pressurized to
several hundred atmospheres and stored in a pressure vessel. The ways to store dihydrogen
with minimum hazard are under liquid state under cryogenic temperatures (at a tempera‐
ture of -253 °C), or more efficiently in a solid state. Storage of dihydrogen in hydride form
uses an alloy that can absorb and hold large amounts of dihydrogen by bonding with hy‐
drogen and forming hydrides. A dihydrogen storage alloy is capable of absorbing and re‐
leasing dihydrogen without compromising its own structure, according to the reaction: M +
H2 ↔ MH2, where M represents the metal and H, hydrogen. Qualities that make these al‐
loys useful include their ability to absorb and release large amounts of dihydrogen gas
many times without deteriorating, and their selectivity toward dihydrogen only. In addi‐
tion, their absorption and release rates can be controlled by adjusting temperature or pres‐
sure. The dihydrogen storage alloys in common use occurs in four different forms: AB5 (e.g.,
LaNi5), AB (e.g., FeTi), A2B (e.g., Mg2Ni) and AB2 (e.g., ZrV2). Metal hydrides, such as MgH2,
Mg2NiH4 or LiBH4, constitute secure reserves of dihydrogen [17-19]. Dihydrogen is released
from MH2 upon increase in temperature and/or decrease in pressure.

Material H2 gas,

200 bar

H2 liquid,

-253 C

MgH2 Mg2NiH4 FeTiH2 LaNi5H6

H-atom per cm3

(x1022)
0.99 4.2 6.5 5.9 6.0 5.5

Table 1. H density as a function of storage method.

Much progress has been made during the last years in that domain, including the high‐
light of the advantages offered by using CNTs. An efficient approach appears to be the
formulation of new carbon/transition metal catalyst composites of specific composition and
molecular structure, which can greatly stimulate and improve the chemical reactions involv‐
ing  dihydrogen  relocation  in  alkali-metal  aluminium materials.  Absorption  kinetics  and
dihydrogen storage capacity were shown to be enhanced by mixing MH2 with SWCNTs as
a result of an increase in interfacial area, decrease in MH2 particle agglomeration and nano-
platform  for  efficient  H2  diffusion  [20,  21].  The  hydriding  and  dehydriding  kinetics  of
SWCNT/catalyzed sodium aluminium composite were found to be much better than those
of the material ground without carbon additives. Temperature of H2 desorption was low‐
ered [22].  The presence  of  carbon creates  new dihydrogen transition sites  and the  high
dihydrogen diffusivity of the nanotubes facilitates hydrogen atom transition. Faster ther‐

Carbon Nanotube-Enzyme Biohybrids in a Green Hydrogen Economy
http://dx.doi.org/10.5772/51782

437



ties, thus tuning the platform properties for enzyme immobilization. The end of the tubes is
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nanotubes in this immobilization step is underlined, including the modes of carbon nano‐
tube functionalization and enzyme or microbes grafting. Then the advantages of developing
biofuel cells in which chemical catalysts are replaced by enzymes or microbes are described.
A short review of the sugar/O2 biofuel cells, the most widely investigated biofuel cell, is giv‐
en with a particular attention on the devices based on carbon nanotube-modified bioelectro‐
des. The last developments based on carbon nanotube networks for hydrogenase
immobilization, or mimicking synthetic complex immobilization, in view of efficient dihy‐
drogen catalytic oxidation are finally described in order to allow the design of a future H2/O2

biofuel cell.

2. Carbon nanotubes: an attractive carbon material

The discovery of carbon nanotubes (CNTs) has induced breakthroughs in many scientific
domains, including H2 economy, biosensors, bioelectrochemistry…This is due to their re‐
markable properties, such as good electronic, mechanical and thermal properties. Their
nanometric size compares with that of proteins and enzymes, offering the possibility of elec‐
trical connection. Their large developed surface area allows the development of devices in
smaller volumes. SWCNTs are sp2 hybridized carbon in a hexagonal honeycomb structure
that is rolled into hollow tube morphology [15]. MWCNTs are multiple concentric tubes en‐
circling each other [5]. Depending on the chirality, CNTs can be metallic or semiconducting.
The distinction between metallic and semiconducting is very important for application, but
the physical separation of allotropes is one of the most difficult challenges to overcome. In
MWCNTs, a single metallic layer results in the entire nanotubes metallic behavior. Most of‐
ten mixtures of these two forms are present in CNTs preparation. More information on the
physical and electronic structures can be found in many published reviews [16]. CNTs are
produced by various methods such as arc discharge, laser ablation, and chemical vapor dep‐
osition (CVD). Commercially CNTs are generally produced by CVD during the pyrolysis of
hydrocarbon gases at high temperature. The control of synthesis parameters (reagent gas, T
°, metal catalysts) allows for the control of CNT properties. Metal impurities may remain in
the CNTs sample, thus requiring purification steps. CNTs may be treated to functionalize
the surface.
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tion by use of H2 and O2 in sulphuric acid was applied by NASA only late in 1960. Despite
intensive studies over the last two decades, fuel cells still suffer from high cost and low du‐
rability. The first difficulty responsible for this slow large scale development lies on dihy‐
drogen storage and transportation, both regarded as bottlenecks considering dihydrogen
specific volumic density as a gas. For convenience the gas must be intensely pressurized to
several hundred atmospheres and stored in a pressure vessel. The ways to store dihydrogen
with minimum hazard are under liquid state under cryogenic temperatures (at a tempera‐
ture of -253 °C), or more efficiently in a solid state. Storage of dihydrogen in hydride form
uses an alloy that can absorb and hold large amounts of dihydrogen by bonding with hy‐
drogen and forming hydrides. A dihydrogen storage alloy is capable of absorbing and re‐
leasing dihydrogen without compromising its own structure, according to the reaction: M +
H2 ↔ MH2, where M represents the metal and H, hydrogen. Qualities that make these al‐
loys useful include their ability to absorb and release large amounts of dihydrogen gas
many times without deteriorating, and their selectivity toward dihydrogen only. In addi‐
tion, their absorption and release rates can be controlled by adjusting temperature or pres‐
sure. The dihydrogen storage alloys in common use occurs in four different forms: AB5 (e.g.,
LaNi5), AB (e.g., FeTi), A2B (e.g., Mg2Ni) and AB2 (e.g., ZrV2). Metal hydrides, such as MgH2,
Mg2NiH4 or LiBH4, constitute secure reserves of dihydrogen [17-19]. Dihydrogen is released
from MH2 upon increase in temperature and/or decrease in pressure.
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0.99 4.2 6.5 5.9 6.0 5.5

Table 1. H density as a function of storage method.

Much progress has been made during the last years in that domain, including the high‐
light of the advantages offered by using CNTs. An efficient approach appears to be the
formulation of new carbon/transition metal catalyst composites of specific composition and
molecular structure, which can greatly stimulate and improve the chemical reactions involv‐
ing  dihydrogen  relocation  in  alkali-metal  aluminium materials.  Absorption  kinetics  and
dihydrogen storage capacity were shown to be enhanced by mixing MH2 with SWCNTs as
a result of an increase in interfacial area, decrease in MH2 particle agglomeration and nano-
platform  for  efficient  H2  diffusion  [20,  21].  The  hydriding  and  dehydriding  kinetics  of
SWCNT/catalyzed sodium aluminium composite were found to be much better than those
of the material ground without carbon additives. Temperature of H2 desorption was low‐
ered [22].  The presence  of  carbon creates  new dihydrogen transition sites  and the  high
dihydrogen diffusivity of the nanotubes facilitates hydrogen atom transition. Faster ther‐
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mal energy transfer through the nanotubes may also help reduce hydriding and dehydrid‐
ing times.

Dihydrogen can be stored through physisorption on CNTs, based on Van der Waals interac‐
tion. Based on the surface area of a single graphene sheet, the maximum value for the stor‐
age of dihydrogen capacity is around 3 wt%. Dihydrogen can also be stored through
chemisorption in CNTs matrix. If the π-bonding between carbon atoms were fully utilized,
every carbon atom could be a site for chemisorption of one hydrogen atom. Dillon et al. first
reported in 1997 dihydrogen storage in SWCNT networks [23]. Both SWCNTs and
MWCNTs store dihydrogen in microscopic pores on the tubes [24, 25]. Similar to metal hy‐
drides in their mechanism for storing and releasing dihydrogen, the carbon nanotubes hold
the potential to store a significant volume of dihydrogen. The storage capacity is dependent
on many parameters of the CNTs, including their structure, structure defects, pretreatment,
purification, geometry (surface area, tube diameter, length), arrangement of tubes in bun‐
dles, storage pressure, temperature,…Dihydrogen uptake varies linearly with tube diame‐
ter, because the uptake is proportional to the surface area, i.e. the number of carbon atoms.
The adsorption sites exist inside and outside the tube, between tubes in bundles, between
the shells in MWCNTs. For dihydrogen storage into the tube dihydrogen must pass through
the CNT wall or the tube must be opened. Hydrogen forms stable C_H bonds on SWCNT
surface at room temperature that can dissociate above 200°C. According to SWCNT diame‐
ter 100% hydrogenation can be obtained, thus more than 7 wt % dihydrogen storage capaci‐
ty, which is above the target fixed by the US Department of Energy’s Office of Energy
Efficiency and Renewable Energy [26].

4. Carbon nanotubes for a decrease in the amount of noble metal
catalysts in fuel cells

Among the different types of fuel cells, PEM fuel cell operates at low temperatures around
100°C. For small portable application requiring less than 10 kW, they are more suitable than
higher powering solid oxide fuel cells (functioning at 700°C) due to the possible use of usual
materials for electronic connectors (mainly based on carbon) and membrane. However the
necessary use of platinum-based catalysts on electronic connectors to accelerate the rate of
dihydrogen oxidation and oxygen reduction is a real brake towards the fuel cell develop‐
ment. Platinum is scarce enough on earth to be a limiting factor in case of large scale devel‐
opment of fuel cells. Consequently platinum currently accounts for 25% in the total cost of a
fuel cell. Over the past five years, the price of platinum has ranged from just below $800 to
more than $2,200 an ounce. Carbon black particles offer a high surface area support, able to
decrease the amount of platinum particles. But they suffer from mass transfer limitations
and strong carbon corrosion.

Among the low-cost alternatives to platinum, carbon appears to be the most promising. Due
to their nano-structure and unique chemical and physical properties, CNTs have appeared
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as ideal supporting materials to improve both catalytic activity and electrode stability. The
enhancement of fuel cell performances by using CNT/Pt or Pt-alloy catalysts may arise from:

i. higher dispersion of Pt nanoparticles,

ii. increased electron transfer rates,

iii. porous structure of CNT layers.

Various CNT-Pt composites were used to reduce the platinum amount while preserving
high catalytic activity in PEM fuel cells. Platinum nanodots sputter-deposited on a CNT-
grown carbon paper [27], or deposited on functionalized MWCNTs [28] exhibited great im‐
provement in cell performance compared to platinum on carbon black. This was primarily
attributed to high porosity and high surface area developed by the CNT layer. Compared to
a commercial Pt/carbon black catalyst, Pt/SWCNT films cast on a rotating disk electrode was
shown to exhibit a lower onset potential and a higher electron-transfer rate constant for oxy‐
gen reduction. Improved stability of the SWCNT support was also confirmed from the mini‐
mal change in the oxygen reduction current during repeated cycling over a period of 36 h
[29]. Platinum particles deposited on MWCNT encapsulated in micellar surfactant were also
explored as efficient catalysts for fuel cells [30, 31]. An in situ synthetic method was reported
for preparing and decorating metal nanoparticles at sidewalls of sodium dodecyl sulfate mi‐
celle functionalized SWCNTs/MWCNTs. Accelerated durability evaluation was carried out
by conducting 1500 potential cycles between 0.1 and 1.2 V at 80°C. These nanocomposites
were demonstrated to yield a high fuel cell performance with enhanced durability. The
membrane electrode assembly with Pt/MWCNTs showed superior performance stability
with a power density degradation of only 30% compared to commercial Pt/C (70%) after po‐
tential cycles. Identically electrocatalytically active platinum nanoparticles on CNTs with en‐
hanced nucleation and stability have been demonstrated through introduction of electron-
conducting polyaniline (PANI) [32]. A bridge between the Pt nanoparticles and MWCNTs
walls was demonstrated with the presence of platinum nitride bonding and π-π bonding.
The synthesized PANI was found to wrap around the CNT as a result of π-π bonding, and
highly dispersed Pt nanoparticles were loaded onto the CNT with narrowly distributed par‐
ticle sizes ranging from 2.0 to 4.0 nm. The Pt-PANI/CNT catalysts were electroactive and ex‐
hibited excellent electrochemical stability, therefore constitute promising potential
applications in proton exchange membrane fuel cells. Strong evidence thus emerges that
CNTs/Pt composites are efficient as catalysts for fuel cells. Although platinum content has
been dramatically decreased, industrials consider that further optimization is mandatory for
a large scale fuel cell production. In addition Nafion® membrane between the cathodic and
anodic compartment delays the large scale application of fuel cells, due to cost and problem
of mass transfer. Breakthrough research towards these two bottlenecks could surely enforce
a hydrogen economy.
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applications in proton exchange membrane fuel cells. Strong evidence thus emerges that
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5. Towards a green H2 economy: carbon nanotubes for enzyme and
microbe immobilization

Replacement of chemical catalysts is thus nowadays highly needed in view of the develop‐
ment of a green energy economy. Microorganisms contain many biocatalysts, namely en‐
zymes, which are highly efficient and specific towards various substrate conversions. Given
they are produced in large enough quantities, these enzymes could be used as catalysts in
biotechnological devices. A mandatory condition to develop heterogeneous catalysis is to
succeed in the functional immobilization and in the stabilization of the enzymes on solid
supports. The redox active site of enzymes is indeed buried inside the protein moiety so that
the enzymatic property can be maintained under environmental stresses. Specific channels
are often involved to allow the substrate to reach the active site. Complex but highly organ‐
ized electron transfer chains occur for energetic metabolism. Electron transfer between two
physiological partners associated with transformation of the substrate involves specific rec‐
ognition site. The game for a bioelectrochemist that aims to get the highest electron transfer
rate for heterogeneous catalysis is to reproduce at the electrode interface the physiological
electron transfer recognition process. Given the usual size of an enzyme (5-10 nm), electron
transfer cannot occur via electron tunneling from the active site to the surface of the enzyme.
In some enzymes, electron relays, one being located at the protein surface, act as a conduc‐
tive line for electron shuttling. If the electrode interface is built so that it fits the surface elec‐
tron relay environment, one can expect to favor a direct electrical connection of the enzyme
onto the electrode. In case of direct electron transfer failure, an artificial redox mediator that
acts as a fast redox system and shuttles electrons between the enzyme and the electrode can
be used (Figure 2) [13, 33].

Figure 2. Interfacial electron transfer between an enzyme and an electrode can be achieved by direct (left) or mediat‐
ed (right) electron transfer process.
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Direct electron transfer process is preferred to mediated one, because it is not limited by the
affinity between the enzyme and the redox mediator, and because it avoids the co-immobili‐
zation of enzyme and mediator. It is furthermore expected to yield the highest power densi‐
ty because enzymes, as biocatalysts, transform their substrate into products with very low
overvoltages. However it requires the knowledge of the protein structure and the construc‐
tion of a tuned electrochemical interface that fits the electron transfer site.

There are many strategies for efficient enzyme immobilization onto electrochemical interfa‐
ces, including simple physical adsorption, covalent attachment, cross-linking or entrapment
in polymers. The objectives are to optimize the immobilization procedure so that the effi‐
ciency of the enzyme and its stability are preserved. Moreover, due to the size of enzymes
compared to chemical catalysts, large surface area interfaces baring many anchorage sites
are required to obtain high catalytic currents.

To reach these goals, 3D structures are preferred, and CNT-based electrodes are very popu‐
lar, both SWCNTs and MWCNTs. CNTs can be directly grown onto electrode surface, or ad‐
sorbed on it, or imbedded in polymer coating. In most cases, higher activity was reported
for enzymes physically adsorbed onto CNTs [34]. Hydrophobic interactions between the en‐
zyme and the CNT walls and π-π interactions between side walls of CNTs and aromatic
rings of the enzyme are thought to be the driving force for direct adsorption of enzymes on
CNTs [35]. Electrostatic interaction between the defect sites of CNTs and protonated amino
residues of the enzyme plays also a role in the adsorption process [35]. CNTs are quite easily
functionalized, allowing covalent, thus stable specific attachment of enzymes. The oxidation
in strong acidic solutions at high temperature was demonstrated to remove the end caps
and shorten the lengths of the CNTs. The length of the CNTs was shown to be a function of
the oxidation duration [36]. Acid treatment also adds oxide groups, primarily carboxylic
acids, to the tube ends and defect sites [37]. The control of reactants and/or oxidation condi‐
tions may control the locations and density of the functional groups on the CNTs, which can
be used to control the location and density of the attached enzymes [37]. Covalent immobili‐
zation is induced by carbodiimide reaction between the free amine groups on the enzyme
surface and carboxylic groups generated by side wall oxidation of CNTs.

Further chemical reactions can be performed at the oxide groups generated on the oxidized
CNTs to functionalize with groups such as amides, thiols, etc…From an electrochemical
point of view, the side walls of CNTs were suggested to behave as basal plane of pyrolytic
graphite, while their open ends resemble the edge planes [38, 39]. But recent work has dem‐
onstrated that the side wall may be responsible for electrochemical activity [40]. It has been
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in polymers. The objectives are to optimize the immobilization procedure so that the effi‐
ciency of the enzyme and its stability are preserved. Moreover, due to the size of enzymes
compared to chemical catalysts, large surface area interfaces baring many anchorage sites
are required to obtain high catalytic currents.

To reach these goals, 3D structures are preferred, and CNT-based electrodes are very popu‐
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furthermore suggested that the uncovered surface of CNTs promotes the accessibility of the
substrate to the enzyme [41]. It is also interesting to note that the open spaces between CNTs
are accessible to large species such as entire bacteria [42], opening the way for the develop‐
ment of fuel cells using whole microorganisms instead of purified enzymes. The cost and
complexity of CNT manufacturing seem to be still clogging issues in that field.

Abundant literature exists on the ways CNTs are architectured for efficient enzyme immobi‐
lization, including those specific for development of enzymatic fuel cells. Enzymes and pro‐
teins as various as glucose oxidase and dehydrogenase, tyrosinase, laccase and bilirubin
oxidase, peroxidase, haemoglobin and myoglobin, i.e. flavin, copper or heme containing ac‐
tive sites, have been studied. Whereas direct electron transfer between protein or enzyme
and an electrochemical interface has been for long time supposed to be restricted to small
proteins (<15kDa) possessing active sites exposed to the surface (it is the case for many cyto‐
chromes as example [43]), the use of CNT-modified electrodes has greatly enhanced the
number and kinds of enzymes able to be directly connected to an electrode. Enzymes as
large as one hundred kDa, with many cofactors are now considered for direct electron trans‐
fer. Consequently, recent works during the last years focus and report on direct communica‐
tion between enzymes and electrode interface through CNT network. The induced porosity
of the film depends on the type of CNTs used. But generally the nanometric size of the
CNTs compared to the size of enzymes favors a direct electronic connection of the enzyme
whatever its orientation [44]. The physical properties of CNTs, including high electrical con‐
ductivity, explain why CNT layers can be built up on electrodes most often yielding high
rate direct electron transfer for enzymatic product transformation. Many researches report
on the increase in electroactive surface area by use of CNT coatings that contribute to an in‐
crease in the direct electron transfer process [45-52]. CNTs are usually deposited on electro‐
des as thick films. Alternatively, layer-by-layer (LBL) process induces a quite stable protein
film with nice electrocatalytic properties [53-55]. LBL is based on electrostatic interaction be‐
tween oppositely charged monolayers in an alternating assembling. Although CNTs greatly
amplify the current response, layer-by-layer architecture suffers from weak stability of the
build-up and decrease in electron transfer for the upper layers. Besides vertically aligned
CNTs were suggested to act as molecular wires that ensure the electrical communication be‐
tween enzyme and electrode [56-58]. The carboxylic functions induced by acidic treatment
of CNTs can be used for further chemical modifications. Amine- [59-61], thionin- [62, 63], di‐
azonium salts [64, 65], pyrene [66, 67] (Figure 3) or other π-π stacking interactions [68] were
used to functionalize CNTs. These modifications were demonstrated to be efficient plat‐
forms for enzyme immobilization.

Mixing CNTs with surfactant [69-71] was claimed to assist in the dispersion of CNTs while
avoiding oxidative functionalization which may disrupt their π-network. Polymer modified
CNTs [72, 73] and sol-gel-CNT nanocomposite films [74] were proved to behave as friendly
platforms for enzyme encapsulation.
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Figure 3. Schematic drawing of the build-up of enzyme on SWCNTs via π-π interactions.

Many enzymes  however  cannot  be  electrically  connected  to  the  electrode  interface  and
require redox mediator to electrochemically follow substrate conversion. In that case, elec‐
trode kinetics is  mainly dependant on mediator kinetics,  so that the choice of the redox
mediator mainly impedes the power density. Another issue is that the mediator can be co-
immobilized with the enzyme at the electrode, while still being capable of efficient interac‐
tion  with  the  enzyme.  CNTs  have  also  been  used  for  building  networks  enabling  co-
immobilization of enzymes and redox mediators. In that way, one of the most popular redox
entities  is  osmium polymer which forms hydrogels  with enzymes allowing both charge
transfer reaction between enzyme and mediators and diffusion of substrate and product
[75]. Composite CNT/osmium films were used To immobilize bacteria [76], or enzymes [77].
By optimizing the CNT and polymer amounts, enhanced current responses were obtained
linked to a promotion of  the electron transfer  within the composite.  Various phenothia‐
zine derivatives were also used to form nanohybrids with CNTs acting as efficient redox
mediator platforms [78-80]. Phenothiazine derivatives strongly adsorb onto CNTs leading
to great enhancement of redox dye loading onto the electrode, but also to improved electro‐
chemical sensing devices. Another strategy involves the use of a redox polymer as redox
mediator platform. Electropolymerization of the redox conducting polymer onto CNTs en‐
hances the amount of redox units and the electrical conductivity of the coating [81].  An
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interesting construction has also been obtained by immobilization of physiological cofac‐
tor onto CNT layers via π-π interactions, then immobilization of the enzyme [82]. The cova‐
lent coupling between the enzyme and its natural cofactor which was immobilized onto
CNTs was proved to be efficient towards mediated substrate catalysis.  This overview of
multiple architectures involving enzymes and CNTs highlights the deep efforts engaged in
the last years for efficient biocatalyst immobilization that open avenues towards biotechno‐
logical devices.

6. Carbon nanotubes for biological production of dihydrogen

Apart from replacement of noble metal catalysts in fuel cells, a new green technology for
production of dihydrogen is required. It currently relies on steam reforming of hydrocar‐
bons under high temperature and pressure conditions, which starts from fossil fuels, thus
producing greenhouse gases. Dihydrogen production via water electrolysis appears as a re‐
newable solution given that the energy input comes from a renewable source, ideally solar
energy. Many bacteria gain energy by the oxidation of dihydrogen assisted by a number of
complex mechanisms. Various species evolve H2 under anaerobic conditions. This is also a
human being process since bacteria in our digestive tract produce H2, though not detectable
because immediately recycled by other bacteria. Photosynthetic organisms such as microal‐
gae and cyanobacteria are very efficient in water splitting [83]. They possess photosensitiz‐
ers for photon capture and charge separation, and enzymes for water oxidation to oxygen
and water reduction to dihydrogen. This chemical activity relies on the expression of very
efficient enzymes, called hydrogenases [84], which catalyze with high turn-over (one mole‐
cule of hydrogenase produces up to 9000 molecules of H2 per second at neutral pH and
37°C) and low overvoltage the conversion of protons into dihydrogen and the oxidation of
dihydrogen. The sequences of 450 hydrogenases are now available. Hydrogenases differ in
size, structure, electrons donors. They also differ by their position in the cell (soluble in the
periplasm, membrane-bound), and by their activity preferentially towards H2 oxidation or
protons reduction. Hydrogenase active site is composed of non noble metals such as iron
and nickel, unlike platinum catalyst necessary for the chemical electrolysis of water. Three
distinct classes can be split which differ from the type of metal content in the active site:
[NiFe], [FeFe] and [Fe] hydrogenases. [NiFe] and [FeFe] hydrogenases possess dinuclear ac‐
tive centers which are connected through thiolate bridges. [NiFe] hydrogenase (Figure 4) is
the most usual hydrogenase in microorganisms. It is composed of two subunits. The larger
subunit harbors the [NiFe] active site. The small subunit contains FeS clusters. Electrons are
transferred to the active site along these FeS clusters distant less than 10 Å that act as a con‐
ductive line. [FeFe] hydrogenases are monomeric. In addition to the active site they contain
additional domains which accommodate FeS clusters.

In order to use these biocatalysts for green dihydrogen production, two main research do‐
mains are currently concerned: the understanding of the catalytic mechanisms of H2 produc‐
tion, and the optimization of enzyme immobilization. Adsorption onto graphite electrodes
[85, 86] was largely used to study the mechanisms by which hydrogenases produce H2.
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Grafting of hydrogenase onto gold electrode modified by thiolated Self-Assembled-Mono‐
layer [87] allowed efficient proton reduction into dihydrogen in aqueous buffer solutions.
Hydrogenase is also considered as a promising biocatalyst for photobiological production of
dihydrogen when coupled to a photocatalyst [88]. Hybrid complexes of hydrogenases with
TiO2 nanoparticles [89, 90] were studied for H2 production. The optimized system was
shown to produce H2 at a turnover frequency of approximately 50 (mol H2) s−1 (mol total hy‐
drogenase)−1 at pH 7 and 25 °C, even under the typical solar irradiation of a northern Euro‐
pean sky. Cd-based nanorods [91, 92] were recently studied. The CdS nanorod/hydrogenase
complexes photocatalyzed reduction of protons to H2 at a hydrogenase turnover frequency
of 380-900 s-1 and photon conversion efficiencies of up to 20% under illumination at 405 nm.
Cd-based complexes allowed photoproduction of dihydrogen for a couple of hours, but still
suffer from quick inhibition of hydrogenase.

Figure 4. Structure of an oxygen-tolerant [NiFe] hydrogenase.

Although a very attractive way, little work has been done towards enhancement of green
hydrogen production using CNTs. Three studies from the same group reported however
catalytically active hydrogenase-SWCNT biohybrids [93, 94]. Surfactant-suspended
SWCNTs were shown to spontaneously self-assemble with hydrogenase. Photolumines‐
cence excitation and Raman spectroscopy showed that SWCNTs act as molecular wires to
make electrical contact with at least one of the FeS electron relay. Hydrogenase was demon‐

Carbon Nanotube-Enzyme Biohybrids in a Green Hydrogen Economy
http://dx.doi.org/10.5772/51782

445



interesting construction has also been obtained by immobilization of physiological cofac‐
tor onto CNT layers via π-π interactions, then immobilization of the enzyme [82]. The cova‐
lent coupling between the enzyme and its natural cofactor which was immobilized onto
CNTs was proved to be efficient towards mediated substrate catalysis.  This overview of
multiple architectures involving enzymes and CNTs highlights the deep efforts engaged in
the last years for efficient biocatalyst immobilization that open avenues towards biotechno‐
logical devices.

6. Carbon nanotubes for biological production of dihydrogen

Apart from replacement of noble metal catalysts in fuel cells, a new green technology for
production of dihydrogen is required. It currently relies on steam reforming of hydrocar‐
bons under high temperature and pressure conditions, which starts from fossil fuels, thus
producing greenhouse gases. Dihydrogen production via water electrolysis appears as a re‐
newable solution given that the energy input comes from a renewable source, ideally solar
energy. Many bacteria gain energy by the oxidation of dihydrogen assisted by a number of
complex mechanisms. Various species evolve H2 under anaerobic conditions. This is also a
human being process since bacteria in our digestive tract produce H2, though not detectable
because immediately recycled by other bacteria. Photosynthetic organisms such as microal‐
gae and cyanobacteria are very efficient in water splitting [83]. They possess photosensitiz‐
ers for photon capture and charge separation, and enzymes for water oxidation to oxygen
and water reduction to dihydrogen. This chemical activity relies on the expression of very
efficient enzymes, called hydrogenases [84], which catalyze with high turn-over (one mole‐
cule of hydrogenase produces up to 9000 molecules of H2 per second at neutral pH and
37°C) and low overvoltage the conversion of protons into dihydrogen and the oxidation of
dihydrogen. The sequences of 450 hydrogenases are now available. Hydrogenases differ in
size, structure, electrons donors. They also differ by their position in the cell (soluble in the
periplasm, membrane-bound), and by their activity preferentially towards H2 oxidation or
protons reduction. Hydrogenase active site is composed of non noble metals such as iron
and nickel, unlike platinum catalyst necessary for the chemical electrolysis of water. Three
distinct classes can be split which differ from the type of metal content in the active site:
[NiFe], [FeFe] and [Fe] hydrogenases. [NiFe] and [FeFe] hydrogenases possess dinuclear ac‐
tive centers which are connected through thiolate bridges. [NiFe] hydrogenase (Figure 4) is
the most usual hydrogenase in microorganisms. It is composed of two subunits. The larger
subunit harbors the [NiFe] active site. The small subunit contains FeS clusters. Electrons are
transferred to the active site along these FeS clusters distant less than 10 Å that act as a con‐
ductive line. [FeFe] hydrogenases are monomeric. In addition to the active site they contain
additional domains which accommodate FeS clusters.

In order to use these biocatalysts for green dihydrogen production, two main research do‐
mains are currently concerned: the understanding of the catalytic mechanisms of H2 produc‐
tion, and the optimization of enzyme immobilization. Adsorption onto graphite electrodes
[85, 86] was largely used to study the mechanisms by which hydrogenases produce H2.

Syntheses and Applications of Carbon Nanotubes and Their Composites444

Grafting of hydrogenase onto gold electrode modified by thiolated Self-Assembled-Mono‐
layer [87] allowed efficient proton reduction into dihydrogen in aqueous buffer solutions.
Hydrogenase is also considered as a promising biocatalyst for photobiological production of
dihydrogen when coupled to a photocatalyst [88]. Hybrid complexes of hydrogenases with
TiO2 nanoparticles [89, 90] were studied for H2 production. The optimized system was
shown to produce H2 at a turnover frequency of approximately 50 (mol H2) s−1 (mol total hy‐
drogenase)−1 at pH 7 and 25 °C, even under the typical solar irradiation of a northern Euro‐
pean sky. Cd-based nanorods [91, 92] were recently studied. The CdS nanorod/hydrogenase
complexes photocatalyzed reduction of protons to H2 at a hydrogenase turnover frequency
of 380-900 s-1 and photon conversion efficiencies of up to 20% under illumination at 405 nm.
Cd-based complexes allowed photoproduction of dihydrogen for a couple of hours, but still
suffer from quick inhibition of hydrogenase.

Figure 4. Structure of an oxygen-tolerant [NiFe] hydrogenase.

Although a very attractive way, little work has been done towards enhancement of green
hydrogen production using CNTs. Three studies from the same group reported however
catalytically active hydrogenase-SWCNT biohybrids [93, 94]. Surfactant-suspended
SWCNTs were shown to spontaneously self-assemble with hydrogenase. Photolumines‐
cence excitation and Raman spectroscopy showed that SWCNTs act as molecular wires to
make electrical contact with at least one of the FeS electron relay. Hydrogenase was demon‐

Carbon Nanotube-Enzyme Biohybrids in a Green Hydrogen Economy
http://dx.doi.org/10.5772/51782

445



strated to be strongly attached to the SWCNTs and to mediate electron injection into nano‐
tubes. The displacement of the surfactant by hydrogenase to gain access to the SWCNTs was
strongly suggested by photoluminescence studies. Furthermore, Raman studies of charge
transfer complexes between hydrogenase and either metallic (m) or semiconducting (s)
SWCNTs revealed a difference in oxygen deactivation of hydrogenase according to the
SWCNT species. m-SWCNTs most probably interact with hydrogenase to produce a more
oxygen-tolerant species. The study further suggested that purified m-SWCNTs or s-
SWCNTs, rather than mixed preparation, would be more suitable for hydrogenase-SWCNTs
biohybrids. The formation of these catalytically active biohybrids in addition with the intrin‐
sic properties developed by CNT networks on electrodes certainly accounts for the im‐
proved dihydrogen production observed in the following studies. Kihara et al. immobilized
hydrogenase on a SWCNT-forest with a unique dense structure of vertically aligned milli‐
metre-scale height SWCNTs [95]. Hydrogenase was demonstrated to spontaneously assem‐
ble between adjacent nanotubes. The maximum rate of dihydrogen production was reported
to be 720 nmol/min/(mg hydrogenase) and the electron transfer efficiency was estimated to
be 32%. It is two thousand fold higher than reported before using the same hydrogenase on
Langmuir-Blodgett film [96]. Nevertheless, one key point in the development of biotechno‐
logical devices is the long term stability of enzymes. If these biological catalysts are very effi‐
cient in vivo, they often suffer from weak stability when extracted from their physiological
environment. Enzyme encapsulation in silica-derived sol-gel materials has been demonstrat‐
ed to stabilize many enzymes. This procedure was applied to hydrogenase [97]. The majori‐
ty of hydrogenase was shown to be entrapped in the gel and protected against proteolysis.
Hydrogenase/sol-gel pellets retained 60% of the specific mediated activity for H2 production
displayed by hydrogenase in solution. The gel-encapsulated enzyme retained its activity for
long periods, i.e. 80% of the activity after four weeks at room temperature. Notably, by dop‐
ing the hydrogenase-containing sol-gel materials with MWCNTs Zadvorny et al. demon‐
strated a 50% increase in dihydrogen production [98]. Furthermore stabilization of
hydrogenase was proved through encapsulation process.

One alternative for green hydrogen production is to synthesize metal complexes that mimic
the active site of enzymes. Huge work has been done in that field in order to obtain bioins‐
pired models that could produce H2 as efficiently as hydrogenase, while being much more
stable [99]. The most performing complex involves mononuclear nickel diphosphine com‐
plex. This complex is inspired from the active sites of both [NiFe] and [FeFe] hydrogenases
and displays remarkable catalytic proton reduction in organic solvent [100]. Le Goff et al.
took benefice from this complex and from the results obtained by immobilization of hydro‐
genase on CNT networks [44]. The authors successfully immobilized the nickel complex on‐
to carbon nanotube networks by covalent coupling [101]. Such construction was
demonstrated to be very efficient for dihydrogen production in aqueous solution, evolving
dihydrogen with overvoltage less than 20 mV and exceptional stability.
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7. Carbon nanotubes for biofuel cells: an attractive green alternative

Beside researches towards decrease in chemical catalyst amount and discovery of less ex‐
pensive catalysts (as alloys for example), a new concept emerged early in 1964 by Yahiro et
al. [102]. A fuel cell was constructed using usual O2 reduction at platinum modified elec‐
trode in the cell cathodic compartment, but using glucose as a fuel in the anodic compart‐
ment. The innovative idea was the use of an enzyme specific for fuel oxidation instead of
platinum. For glucose oxidation, glucose oxidase was tested as the anodic catalyst. The fuel
cell delivered 30 nA cm-2 at 330 mV…a very low power density indeed but the proof of con‐
cept of biofuel cell was born. Generally speaking these biofuel cells function as fuel cells but
used enzymes instead of noble metals as catalysts (Figure 5). They are referred as enzymatic
biofuel cells. Microorganisms can also be used as catalysts, defining microbial fuel cells. Mi‐
crobial biofuel cells use the metabolism of microorganisms under anaerobic conditions to
oxidize fuel [103-104]. Although a promising concept, little is known yet about the mecha‐
nisms by which fuel is oxidized at the anode. The involvement of nanowires, electron trans‐
fer mediators, either membrane-bound or excreted, is supposed to be responsible for the cell
current. Enzymatic biofuel cells are however more efficient because no mass transfer limita‐
tions across the cell membrane exist.

Figure 5. Schematic representation of an enzymatic biofuel cell.

The advantages of enzymatic biofuel cells over fuel cells are multiple. Biocatalysts are wide‐
spread, then a priori inexpensive, and biodegradable. Enzymes are highly efficient and spe‐
cific to their substrates. The substrate specificity decreases reactant cross-over, and might
theoretically allow to design fuel cells with no membrane between the anodic and cathodic
compartments. Both costs are reduced and the design is simplified. A large variety of fuels
and oxidants can be used to feed the biofuel cells, as opposed to the poor available fuels and
oxidant in classical fuel cells (dihydrogen, methanol, oxygen). Indeed, many enzymes are
nowadays characterized which differ by their natural abundant substrates. Dihydrogen, but
also various inexpensive sugars can thus be used as efficient fuels at the anode. Further‐
more, the involvement of cascades of enzymes can enhance the cell performance because of
the summation of the electrons from each enzymatic reaction [105]. Finally, biofuel cells can
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deliver power under soft working conditions, as enzymes usually perform their enzymatic
reactions at mild pH and temperature. Nevertheless, some extremophilic enzymes operate
in extreme acidic or basic pH, as well as at high temperatures (around 90°C) or high pres‐
sure, offering the possibility to develop biofuel cell devices for special applications requiring
extreme working conditions [106]. The applications of biofuel cells are still in their infancy.
They are mainly thought to power small portable devices. Remarkable progress has been re‐
ported for implantable biofuel cells during the last year to power drug pumps, glucose sen‐
sors, vision devices [107-109].

The most common redox couple that has been used in biofuel cells is sugar/O2, essentially
because of sugar and O2 abundance in nature and their essential role in living metabolism.
In particular, glucose is an important metabolite and a source of energy for many living or‐
ganisms. In that field, CNTs have been widely used, both at the anode and cathode. Glu‐
cose/O2 biofuel cell is thus a very pertinent investigation field to investigate the role of
CNTs. A view of some typical results is presented in Table 2.

Enzymes

Anode / Cathode

Mediators

Anode / Cathode

Power density

µW cm-2
Ref

Gox / Laccase Ferrocene / - 15 [111]

GDH / BOD PQQ / - 23 [82]

Gox / Pt Ferrocenecarboxaldehyde / - 51 [112]

GDH/ BOD Poly(brilliant cresyl blue) / - 54 [113]

GDH / laccase Azine dies / - 58 [114]

Gox / Pt Benzoquinone / - 77 [52]

Gox / Laccase Ferrocene / ABTS 100 [115]

Gox / BOD Ferrocene methanol / ABTS 120 [116]

GDH / Laccase - / - 131 [117]

CDH / Pt Os complex / - 157 [118]

Gox / Laccase - / - 1300 [119]

Gox: Glucose oxidase; GDH: Glucose dehydrogenase; BOD: Bilirubin oxidase; ABTS: 2, 2’-azino-bis(3-ethylbenzothia‐
zoline-6-sulfonate) diammonium; CDH: cellobiose dehydrogenase.

Table 2. Performances of glucose/O2 fuel cells.

Data highlight that kinetics of bioelectrochemical reactions, thus power density, largely de‐
pends on the experimental conditions, i.e. enzyme and mediators, T°, pH, concentration of
substrate, electrolyte and type of electrode construction. Highest values are obtained with
mediatorless fuel cells, reaching power densities upper than 1 mW cm-2 which is sufficient to
power small electrical devices. It appears that direct connection of copper enzymes, namely
laccase or BOD, for oxygen reduction at the cathode can be quite easily obtained with the
help of CNT network. Direct connection of enzymes for glucose oxidation is conversely
hardly observed, even on CNT coatings. From literature examination direct connection of
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Gox at electrode interfaces is still controversial. Due to the peculiar structure of Gox, a dimer
with flavin adenine dinucleotide active site buried within a thick and isolated protein shell,
it is understandable that electrical connection of Gox could be unexpected. A recent work
concluded that CNTs were capable to electrically connect Gox, but this connection was un‐
fruitful for glucose catalytic oxidation [110].

8. Carbon nanotubes for bioelectrooxidation of H2: towards H2/O2 biofuel
cells

We already described above hydrogenases, the enzymes that convert with high specificity and
efficiency protons into dihydrogen. Most of these biocatalysts are also efficient in the oxida‐
tion of dihydrogen into protons. Consequently this allows to imagine biofuel cells in which
the fuel would be dihydrogen, exactly as in PEM fuel cells. As hydrogenases are able to oxidize
dihydrogen with very low overvoltage, the open circuit voltage for the biofuel cell using oxygen
at the cathode, is expected to be not far from the thermodynamic one, i.e. 1.23 V. Hence, high
power densities are expected, provided that a strong and efficient electrical connection be‐
tween hydrogenase and electrode can be achieved. Simple adsorption of hydrogenase was
performed in a first step, because it allowed a direct oxidation of dihydrogen without any
redox mediators [120]. Catalytic mechanisms associated with dihydrogen oxidation at the
active site were largely studied. The effect of strong hydrogenase inhibitors such as oxygen
and CO were explored by this mean, leading to nice developments in engineering of more
tolerant hydrogenases [121] or use of naturally resistant hydrogenases [122, 123]. However,
this immobilization procedure relies on a monolayer of enzyme, which furthermore suffers
from quick desorption. Otherwise, multilayer enzymatic films require a redox mediator so
that even the last layer far from the electrode could be connected. Other immobilization
processes are thus needed, that can favor an enhancement in both the amount of connected
hydrogenases as well as their stability, while preserving their functionality.

Carbon nanotube networks constituted technological  breakthroughs in that  way.  All  the
recent developments using immobilization of hydrogenases onto carbon nanotubes point
out improved catalytic currents essentially related to an increase in the active area of the
electrode.  The  respective  role  of  metallic-SWCNTs  against  semiconducting  one  was  ex‐
plored for  dihydrogen oxidation by immobilized hydrogenase [124].  A higher  oxidation
process was revealed when the nanotube mixture was enriched in metallic SWCNT. The
study furthermore suggested no need of  oxygenated SWCNTs for efficient  anchoring of
hydrogenases. The catalytic current enhancement was claimed to be due to an increase in
active electrode surface area and an improved electronic coupling between hydrogenase
redox active sites and the electrode surface. In most cases, however, CNTs are used as a
mixture of metallic and semi-conducting tubes. Oxidation of the mixture yields the defects
and functionalities described above in this review. Advantage is gained due to these chem‐
ical  functions  quite  easily  generated on the  surface  of  the  carbon nanotubes.  Electrodes
modified by carbon nanotubes are thus expected to offer numerous anchoring sites for stable
hydrogenase immobilization. The literature provides a few examples of efficient immobili‐
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deliver power under soft working conditions, as enzymes usually perform their enzymatic
reactions at mild pH and temperature. Nevertheless, some extremophilic enzymes operate
in extreme acidic or basic pH, as well as at high temperatures (around 90°C) or high pres‐
sure, offering the possibility to develop biofuel cell devices for special applications requiring
extreme working conditions [106]. The applications of biofuel cells are still in their infancy.
They are mainly thought to power small portable devices. Remarkable progress has been re‐
ported for implantable biofuel cells during the last year to power drug pumps, glucose sen‐
sors, vision devices [107-109].

The most common redox couple that has been used in biofuel cells is sugar/O2, essentially
because of sugar and O2 abundance in nature and their essential role in living metabolism.
In particular, glucose is an important metabolite and a source of energy for many living or‐
ganisms. In that field, CNTs have been widely used, both at the anode and cathode. Glu‐
cose/O2 biofuel cell is thus a very pertinent investigation field to investigate the role of
CNTs. A view of some typical results is presented in Table 2.

Enzymes

Anode / Cathode

Mediators

Anode / Cathode

Power density

µW cm-2
Ref

Gox / Laccase Ferrocene / - 15 [111]

GDH / BOD PQQ / - 23 [82]

Gox / Pt Ferrocenecarboxaldehyde / - 51 [112]

GDH/ BOD Poly(brilliant cresyl blue) / - 54 [113]

GDH / laccase Azine dies / - 58 [114]

Gox / Pt Benzoquinone / - 77 [52]

Gox / Laccase Ferrocene / ABTS 100 [115]

Gox / BOD Ferrocene methanol / ABTS 120 [116]

GDH / Laccase - / - 131 [117]

CDH / Pt Os complex / - 157 [118]

Gox / Laccase - / - 1300 [119]

Gox: Glucose oxidase; GDH: Glucose dehydrogenase; BOD: Bilirubin oxidase; ABTS: 2, 2’-azino-bis(3-ethylbenzothia‐
zoline-6-sulfonate) diammonium; CDH: cellobiose dehydrogenase.

Table 2. Performances of glucose/O2 fuel cells.

Data highlight that kinetics of bioelectrochemical reactions, thus power density, largely de‐
pends on the experimental conditions, i.e. enzyme and mediators, T°, pH, concentration of
substrate, electrolyte and type of electrode construction. Highest values are obtained with
mediatorless fuel cells, reaching power densities upper than 1 mW cm-2 which is sufficient to
power small electrical devices. It appears that direct connection of copper enzymes, namely
laccase or BOD, for oxygen reduction at the cathode can be quite easily obtained with the
help of CNT network. Direct connection of enzymes for glucose oxidation is conversely
hardly observed, even on CNT coatings. From literature examination direct connection of
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Gox at electrode interfaces is still controversial. Due to the peculiar structure of Gox, a dimer
with flavin adenine dinucleotide active site buried within a thick and isolated protein shell,
it is understandable that electrical connection of Gox could be unexpected. A recent work
concluded that CNTs were capable to electrically connect Gox, but this connection was un‐
fruitful for glucose catalytic oxidation [110].

8. Carbon nanotubes for bioelectrooxidation of H2: towards H2/O2 biofuel
cells

We already described above hydrogenases, the enzymes that convert with high specificity and
efficiency protons into dihydrogen. Most of these biocatalysts are also efficient in the oxida‐
tion of dihydrogen into protons. Consequently this allows to imagine biofuel cells in which
the fuel would be dihydrogen, exactly as in PEM fuel cells. As hydrogenases are able to oxidize
dihydrogen with very low overvoltage, the open circuit voltage for the biofuel cell using oxygen
at the cathode, is expected to be not far from the thermodynamic one, i.e. 1.23 V. Hence, high
power densities are expected, provided that a strong and efficient electrical connection be‐
tween hydrogenase and electrode can be achieved. Simple adsorption of hydrogenase was
performed in a first step, because it allowed a direct oxidation of dihydrogen without any
redox mediators [120]. Catalytic mechanisms associated with dihydrogen oxidation at the
active site were largely studied. The effect of strong hydrogenase inhibitors such as oxygen
and CO were explored by this mean, leading to nice developments in engineering of more
tolerant hydrogenases [121] or use of naturally resistant hydrogenases [122, 123]. However,
this immobilization procedure relies on a monolayer of enzyme, which furthermore suffers
from quick desorption. Otherwise, multilayer enzymatic films require a redox mediator so
that even the last layer far from the electrode could be connected. Other immobilization
processes are thus needed, that can favor an enhancement in both the amount of connected
hydrogenases as well as their stability, while preserving their functionality.

Carbon nanotube networks constituted technological  breakthroughs in that  way.  All  the
recent developments using immobilization of hydrogenases onto carbon nanotubes point
out improved catalytic currents essentially related to an increase in the active area of the
electrode.  The  respective  role  of  metallic-SWCNTs  against  semiconducting  one  was  ex‐
plored for  dihydrogen oxidation by immobilized hydrogenase [124].  A higher  oxidation
process was revealed when the nanotube mixture was enriched in metallic SWCNT. The
study furthermore suggested no need of  oxygenated SWCNTs for efficient  anchoring of
hydrogenases. The catalytic current enhancement was claimed to be due to an increase in
active electrode surface area and an improved electronic coupling between hydrogenase
redox active sites and the electrode surface. In most cases, however, CNTs are used as a
mixture of metallic and semi-conducting tubes. Oxidation of the mixture yields the defects
and functionalities described above in this review. Advantage is gained due to these chem‐
ical  functions  quite  easily  generated on the  surface  of  the  carbon nanotubes.  Electrodes
modified by carbon nanotubes are thus expected to offer numerous anchoring sites for stable
hydrogenase immobilization. The literature provides a few examples of efficient immobili‐
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zation of hydrogenase on carbon nanotubes coatings bearing various functionalities. Both
SWCNTs and MWCNTs are used. Notably, more and more articles are devoted nowadays
to this domain in hydrogenase research.  A bionanocomposite made of the hydrogenase,
MWCNTs and a thiopyridine derivative was proved to form stable monolayers when trans‐
ferred by Langmuir-Blodgett method on indium tin oxide electrode surfaces [125]. A great‐
er amount of electroactive hydrogenase towards dihydrogen oxidation was demonstrated
to be adsorbed on the Langmuir-Blodgett films. De Lacey and co-workers grew MWCNTs
on electrode by chemical vapor deposition of acetylene [65]. A high density of vertically
aligned carbon nanotubes was obtained, which were functionalized by electroreduction of
a diazonium salt for covalent binding of hydrogenase. High coverage of electroactive en‐
zyme was measured, suggesting that almost all the functionalized CNT surface was acces‐
sible to hydrogenase. Great stabilization of the catalytic current for H2 oxidation was obtained,
with no decrease in current density after one month. Another work by Heering and co-
workers  studied a  gold electrode pre-treated by polymyxin then a  multilayer  of  carbon
nanotubes [126]. Polymyxin was shown to help in the stable attachment of hydrogenase on
the gold electrode. Using adsorption of hydrogenase on a nanotube layer pretreated with
polymyxin the current density for H2 oxidation was an order of magnitude higher than at
the gold electrode only modified by polymixin. This result was supposed to origin from
greater surface area even though only the top of the nanotube layer was supposed to be
accessible to the enzyme. The catalytic current was stable with time, at least for two hours
under continuous cycling, and several days upon storage under ambient conditions. AFM
visualization of hydrogenase immobilized onto polymyxin-treated SWCNT layer on SiO2

revealed that hydrogenase was structurally intact and preferentially adsorbed on the side‐
walls of the CNTs rather than on SiO2 [126].

In our laboratory, we immobilized the [NiFe] hydrogenase from a mesophilic anaerobic bac‐
terium (the sulfate reducing bacterium Desulfovibrio fructosovorans Df) by adsorption onto
SWCNT films [44]. The current for direct H2 oxidation was shown to increase with the
amount of SWCNTs in the coating (Figure 6).

Because non-turnover signals were not detected for hydrogenase in these conditions, the in‐
crease in surface area was evaluated using a redox protein as a probe. It was shown that
SWCNTs induced one order larger surface area. The same hydrogenase was entrapped in
methylviologen functionalized polypyrrole films coated onto SWCNTs and MWCNTs [127].
Although no direct electrical hydrogenase connection was observed, an efficient dihydrogen
oxidation through a mediated process occurred. It was concluded that the entrapment of hy‐
drogenase into the redox polymer coated onto CNTs combined the electron carrier proper‐
ties of redox probes, the flexibility of polypyrroles, and the high electroactive area
developed by CNTs. The reason why no direct connection could be observed is however not
clearly understood yet. In our group we handled immobilization of hydrogenase on a film
obtained by electropolymerization of a phenothiazine dye on a SWCNT coating [81]. The
phenothiazine dye was shown to be able to mediate dihydrogen oxidation but also to serve
as an anchor for the enzyme when adsorbed or when electropolymerized. Higher current
density than in the absence of SWCNT was observed. In addition, a wider potential window
for dihydrogen oxidation was reached as well as very stable electrochemical signals with
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time. We postulated that the conductive polymer which was electropolymerized onto CNTs
could play a multiple role: enhancement of the electroactive surface area, enhancement of
redox mediator units due to phenothiazine monomers entrapped in the polymer matrix, en‐
hancement of hydrogenase anchorage sites. We have already mentioned in this review the
advantages of a direct electron transfer over a mediated one for H2 oxidation, including gain
in over-potential values, less interferences due to enzyme specificity, absence of redox medi‐
ators that could be difficult to co-immobilize with the enzyme… Functionalized carbon
nanotube films were evaluated in our group as platforms for various hydrogenases, that
present a very different environment of FeS cluster electron relay. Dihydrogen oxidation
was studied at gold electrodes modified with functionalized self-assembled-monolayers
[128]. As expected, dihydrogen oxidation process was demonstrated to be driven by electro‐
static or hydrophobic interactions according to the specific environment of the surface elec‐
tron relay. Interestingly, at CNT coatings, although CNTs were negatively charged, direct
electrical connection of hydrogenases that present a negatively charged patch around the
FeS surface electron relay was observed [44, 123]. In other words, despite unfavourable elec‐
trostatic interactions, direct electron transfer process for dihydrogen oxidation was ach‐
ieved. One important conclusion was that on such CNT films, the nanometric size of the
CNTs allows a population of hydrogenases to be directly connected to a neighbouring nano‐
tube, hence allowing direct electron transfer for H2 oxidation, whatever the orientation of
the enzyme.

Figure 6. Comparative evolution of the catalytic current for dihydrogen oxidation with the amount of SWCNTs depos‐
ited at a graphite electrode in the case of hydrogenases from Aquifex aeolicus (Aa) or Desulfovibrio fructosovorans
(Df). Catalytic currents are measured using voltammetry under H2 at 60 and 25°C for Aa and Df respectively.

However, the extreme oxygen sensitivity of hydrogenases used in the former studies yield‐
ed an intensive research towards more resistant enzymes. During the last years, four [NiFe]
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zation of hydrogenase on carbon nanotubes coatings bearing various functionalities. Both
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ferred by Langmuir-Blodgett method on indium tin oxide electrode surfaces [125]. A great‐
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polymyxin the current density for H2 oxidation was an order of magnitude higher than at
the gold electrode only modified by polymixin. This result was supposed to origin from
greater surface area even though only the top of the nanotube layer was supposed to be
accessible to the enzyme. The catalytic current was stable with time, at least for two hours
under continuous cycling, and several days upon storage under ambient conditions. AFM
visualization of hydrogenase immobilized onto polymyxin-treated SWCNT layer on SiO2

revealed that hydrogenase was structurally intact and preferentially adsorbed on the side‐
walls of the CNTs rather than on SiO2 [126].

In our laboratory, we immobilized the [NiFe] hydrogenase from a mesophilic anaerobic bac‐
terium (the sulfate reducing bacterium Desulfovibrio fructosovorans Df) by adsorption onto
SWCNT films [44]. The current for direct H2 oxidation was shown to increase with the
amount of SWCNTs in the coating (Figure 6).

Because non-turnover signals were not detected for hydrogenase in these conditions, the in‐
crease in surface area was evaluated using a redox protein as a probe. It was shown that
SWCNTs induced one order larger surface area. The same hydrogenase was entrapped in
methylviologen functionalized polypyrrole films coated onto SWCNTs and MWCNTs [127].
Although no direct electrical hydrogenase connection was observed, an efficient dihydrogen
oxidation through a mediated process occurred. It was concluded that the entrapment of hy‐
drogenase into the redox polymer coated onto CNTs combined the electron carrier proper‐
ties of redox probes, the flexibility of polypyrroles, and the high electroactive area
developed by CNTs. The reason why no direct connection could be observed is however not
clearly understood yet. In our group we handled immobilization of hydrogenase on a film
obtained by electropolymerization of a phenothiazine dye on a SWCNT coating [81]. The
phenothiazine dye was shown to be able to mediate dihydrogen oxidation but also to serve
as an anchor for the enzyme when adsorbed or when electropolymerized. Higher current
density than in the absence of SWCNT was observed. In addition, a wider potential window
for dihydrogen oxidation was reached as well as very stable electrochemical signals with
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time. We postulated that the conductive polymer which was electropolymerized onto CNTs
could play a multiple role: enhancement of the electroactive surface area, enhancement of
redox mediator units due to phenothiazine monomers entrapped in the polymer matrix, en‐
hancement of hydrogenase anchorage sites. We have already mentioned in this review the
advantages of a direct electron transfer over a mediated one for H2 oxidation, including gain
in over-potential values, less interferences due to enzyme specificity, absence of redox medi‐
ators that could be difficult to co-immobilize with the enzyme… Functionalized carbon
nanotube films were evaluated in our group as platforms for various hydrogenases, that
present a very different environment of FeS cluster electron relay. Dihydrogen oxidation
was studied at gold electrodes modified with functionalized self-assembled-monolayers
[128]. As expected, dihydrogen oxidation process was demonstrated to be driven by electro‐
static or hydrophobic interactions according to the specific environment of the surface elec‐
tron relay. Interestingly, at CNT coatings, although CNTs were negatively charged, direct
electrical connection of hydrogenases that present a negatively charged patch around the
FeS surface electron relay was observed [44, 123]. In other words, despite unfavourable elec‐
trostatic interactions, direct electron transfer process for dihydrogen oxidation was ach‐
ieved. One important conclusion was that on such CNT films, the nanometric size of the
CNTs allows a population of hydrogenases to be directly connected to a neighbouring nano‐
tube, hence allowing direct electron transfer for H2 oxidation, whatever the orientation of
the enzyme.

Figure 6. Comparative evolution of the catalytic current for dihydrogen oxidation with the amount of SWCNTs depos‐
ited at a graphite electrode in the case of hydrogenases from Aquifex aeolicus (Aa) or Desulfovibrio fructosovorans
(Df). Catalytic currents are measured using voltammetry under H2 at 60 and 25°C for Aa and Df respectively.

However, the extreme oxygen sensitivity of hydrogenases used in the former studies yield‐
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membrane-bound hydrogenases have been discovered from aerobic or extremophilic organ‐
isms [128, 129-132]. They have been demonstrated to oxidize H2 in the presence of oxygen
and CO. The crystallographic structure of three of them has been resolved, showing that an
uncommon [4Fe-3S] cluster proximal to the active site prevents deleterious oxygen attack.
Of course, the sensitivity to oxygen, and also to CO, of most hydrogenases known before
was a strong limitation for their potential use in biotechnological devices. Therefore these
resistant biocatalysts open new avenues towards a biohydrogen economy. No doubt that
these researches will increase in the next future. To date, two main studies report the immo‐
bilization of resistant hydrogenase on CNT-modified electrodes. Krishnan et al. very recent‐
ly modified MWCNTs by pyrenebutyric acid, and demonstrated it was an efficient platform
for stable O2-resistant hydrogenase linkage [133]. In our group, original use of a hyperther‐
mophilic O2- and CO-resistant hydrogenase allowed the increase in the catalytic current for
direct H2 oxidation on a large range of temperature up to 70°C. Attempts to enhance the
number of electrically connected hydrogenase succeeded by use of coatings of chemically
oxidized SWCNTs [123]. Values as high as 1 mA cm-2 were reached depending on the
amount of SWCNTs used in the coating (Figure 6). For the lowest amounts of SWCNTs, the
increase in the catalytic current was demonstrated to be essentially due to the increase in
surface area. However the catalytic current rapidly reached a plateau, although the peak
current for the redox probe still increased, suggesting rapid saturation of the surface.

9. Design of a H2/O2 biofuel cell based on carbon nanotubes-modified
electrodes
H2/O2 biofuel cells did not get much attention before O2 and CO resistant hydrogenases
were proved to be efficient for H2 oxidation when immobilized onto electrode surfaces. Even
though more and more efficient hydrogenase immobilization procedures are nowadays re‐
ported, few H2/O2 biofuel cells are described. An early study by Armstrong’s group in 2006
[134] demonstrated that simple adsorption on graphite electrode of hydrogenase at the
anode and laccase (a copper protein for O2 reduction) at the cathode, allowed a wristwatch
to run for 24h. Power density of around 5 µW cm-2 at 500 mV was delivered with no mem‐
brane between the two compartments providing hydrogenase was extracted from Ralstonia
metallireducens. As this is an aerobic bacterium, the result underlined that the H2/O2 biofuel
cell could operate only with O2 resistant hydrogenase. In 2010, the same group improved the
device by using another O2 resistant hydrogenase from Escherichia coli and bilirubin oxidase
(BOD), another copper protein more efficient than laccase towards oxygen reduction be‐
cause being able to function at neutral pH [135]. The oxygen reductase was covalently
linked to the graphite electrode which had been modified by diazonium salt reduction. The
power density was enhanced compared to the former study reaching 63 µW cm-2. But most
of all, this work provided a nice understanding of the operating conditions of such H2/O2

fuel cells involving hydrogenase as anode catalyst.

Due to  the  understanding of  how hydrogenases  could be efficiently  connected at  CNT-
coated  electrodes,  a  huge  step  jumped  over  very  recently.  First,  using  covalent  attach‐
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ment  of  both  O2  resistant  hydrogenase  and  BOD  on  pyrene  derivative  functionalized
MWCNTs, a membrane-less biofuel cell was designed fed with a non-explosive 80/20 dihy‐
drogen/air mixture [133]. This biofuel cell displayed quite a good stability with time and
a much higher power density than reported before. Indeed, an average power density of
119 µW cm-2 was measured. Low solubility of oxygen and weak affinity of BOD for oxy‐
gen was shown to limit the cathodic current. Secondly in our group, a more performant
H2/O2  mediatorless  biofuel  cell  was  constructed  based  on  one  step  covalent  attachment
directly on SWCNTs of an hyperthermophilic O2 resistant hydrogenase at the anode and
BOD at the cathode [136] (Figure 7).

Figure 7. (A) Schematic representation of H2/O2 biofuel cell with O2 resistant hydrogenase at the anode and bilirubin
oxidase (BOD) at the cathode. Each half cell, separated by a Nafion® membrane, is independently thermoregulated with
waterbaths. (B) Performance of the H2/O2 biofuel cell.

Taking advantage of temperature, the biofuel cell delivered power densities up to 300 µW
cm-2 at 0.6V with an OCV of 1.1V, which is the highest performance ever reported. Further‐
more, promising stability of the biofuel cell during 24h of continuous use lets us consider
this device as an alternative power supply for small portable applications. The analysis of
the fuel cell parameters during polarization, allows us to define the potential window in
which the fuel cell fully operates. Interestingly, in Armstrong’s group [135] and in our
group, different approaches on the settings of biofuel cell working conditions, led to similar
observations of an unexpected increasing anodic potential. This high oxidizing potential
generates an inactive state of hydrogenase active site. It is worth noticing that this hydroge‐
nase inactivation occurred under anaerobic conditions in our group while it was under aero‐
bic conditions in Armstrong’s group. Consequently, dramatic loss in power densities was
observed. By applying negative potential to the anode, and thus providing electrons to the
active site, we were unable to reactivate hydrogenase. Another protocol used by Armstrong,
consisted to add a second hydrogenase coated anode, unconnected to the system but present
in the anodic half-cell which was consequently unaffected by the oxidizing potential but still
in presence of O2. This second anode, under H2 oxidation was used as an electron supplier
and connected to the first electrode. This procedure reactivated hydrogenase and allowed
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membrane-bound hydrogenases have been discovered from aerobic or extremophilic organ‐
isms [128, 129-132]. They have been demonstrated to oxidize H2 in the presence of oxygen
and CO. The crystallographic structure of three of them has been resolved, showing that an
uncommon [4Fe-3S] cluster proximal to the active site prevents deleterious oxygen attack.
Of course, the sensitivity to oxygen, and also to CO, of most hydrogenases known before
was a strong limitation for their potential use in biotechnological devices. Therefore these
resistant biocatalysts open new avenues towards a biohydrogen economy. No doubt that
these researches will increase in the next future. To date, two main studies report the immo‐
bilization of resistant hydrogenase on CNT-modified electrodes. Krishnan et al. very recent‐
ly modified MWCNTs by pyrenebutyric acid, and demonstrated it was an efficient platform
for stable O2-resistant hydrogenase linkage [133]. In our group, original use of a hyperther‐
mophilic O2- and CO-resistant hydrogenase allowed the increase in the catalytic current for
direct H2 oxidation on a large range of temperature up to 70°C. Attempts to enhance the
number of electrically connected hydrogenase succeeded by use of coatings of chemically
oxidized SWCNTs [123]. Values as high as 1 mA cm-2 were reached depending on the
amount of SWCNTs used in the coating (Figure 6). For the lowest amounts of SWCNTs, the
increase in the catalytic current was demonstrated to be essentially due to the increase in
surface area. However the catalytic current rapidly reached a plateau, although the peak
current for the redox probe still increased, suggesting rapid saturation of the surface.

9. Design of a H2/O2 biofuel cell based on carbon nanotubes-modified
electrodes
H2/O2 biofuel cells did not get much attention before O2 and CO resistant hydrogenases
were proved to be efficient for H2 oxidation when immobilized onto electrode surfaces. Even
though more and more efficient hydrogenase immobilization procedures are nowadays re‐
ported, few H2/O2 biofuel cells are described. An early study by Armstrong’s group in 2006
[134] demonstrated that simple adsorption on graphite electrode of hydrogenase at the
anode and laccase (a copper protein for O2 reduction) at the cathode, allowed a wristwatch
to run for 24h. Power density of around 5 µW cm-2 at 500 mV was delivered with no mem‐
brane between the two compartments providing hydrogenase was extracted from Ralstonia
metallireducens. As this is an aerobic bacterium, the result underlined that the H2/O2 biofuel
cell could operate only with O2 resistant hydrogenase. In 2010, the same group improved the
device by using another O2 resistant hydrogenase from Escherichia coli and bilirubin oxidase
(BOD), another copper protein more efficient than laccase towards oxygen reduction be‐
cause being able to function at neutral pH [135]. The oxygen reductase was covalently
linked to the graphite electrode which had been modified by diazonium salt reduction. The
power density was enhanced compared to the former study reaching 63 µW cm-2. But most
of all, this work provided a nice understanding of the operating conditions of such H2/O2

fuel cells involving hydrogenase as anode catalyst.

Due to  the  understanding of  how hydrogenases  could be efficiently  connected at  CNT-
coated  electrodes,  a  huge  step  jumped  over  very  recently.  First,  using  covalent  attach‐
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ment  of  both  O2  resistant  hydrogenase  and  BOD  on  pyrene  derivative  functionalized
MWCNTs, a membrane-less biofuel cell was designed fed with a non-explosive 80/20 dihy‐
drogen/air mixture [133]. This biofuel cell displayed quite a good stability with time and
a much higher power density than reported before. Indeed, an average power density of
119 µW cm-2 was measured. Low solubility of oxygen and weak affinity of BOD for oxy‐
gen was shown to limit the cathodic current. Secondly in our group, a more performant
H2/O2  mediatorless  biofuel  cell  was  constructed  based  on  one  step  covalent  attachment
directly on SWCNTs of an hyperthermophilic O2 resistant hydrogenase at the anode and
BOD at the cathode [136] (Figure 7).

Figure 7. (A) Schematic representation of H2/O2 biofuel cell with O2 resistant hydrogenase at the anode and bilirubin
oxidase (BOD) at the cathode. Each half cell, separated by a Nafion® membrane, is independently thermoregulated with
waterbaths. (B) Performance of the H2/O2 biofuel cell.

Taking advantage of temperature, the biofuel cell delivered power densities up to 300 µW
cm-2 at 0.6V with an OCV of 1.1V, which is the highest performance ever reported. Further‐
more, promising stability of the biofuel cell during 24h of continuous use lets us consider
this device as an alternative power supply for small portable applications. The analysis of
the fuel cell parameters during polarization, allows us to define the potential window in
which the fuel cell fully operates. Interestingly, in Armstrong’s group [135] and in our
group, different approaches on the settings of biofuel cell working conditions, led to similar
observations of an unexpected increasing anodic potential. This high oxidizing potential
generates an inactive state of hydrogenase active site. It is worth noticing that this hydroge‐
nase inactivation occurred under anaerobic conditions in our group while it was under aero‐
bic conditions in Armstrong’s group. Consequently, dramatic loss in power densities was
observed. By applying negative potential to the anode, and thus providing electrons to the
active site, we were unable to reactivate hydrogenase. Another protocol used by Armstrong,
consisted to add a second hydrogenase coated anode, unconnected to the system but present
in the anodic half-cell which was consequently unaffected by the oxidizing potential but still
in presence of O2. This second anode, under H2 oxidation was used as an electron supplier
and connected to the first electrode. This procedure reactivated hydrogenase and allowed
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full recovery of OCV. It is of relevant interest to overcome hydrogenase inactivation in
H2/O2 biofuel cell.

10. Future directions

As reviewed in this chapter, many of the CNTs based technologies are promising for the de‐
velopment of a green hydrogen economy. Not only abiotic dihydrogen storage, but also mi‐
crobial dihydrogen production and use of this green dihydrogen in biofuel cells can take
advantages of the outstanding properties of CNTs. In all these applications, CNTs appear to
play multiple roles including increase in surface area, increase in electron transfer rate, in‐
crease in directly connected enzymes. Possible protection against oxygen damage of en‐
zymes has even been strongly suggested. Use of CNTs thus allows to architecture three-
dimensional nanostructured interfaces which can be an alternative to strictly orientated
proteins or enzymes for high direct electron transfer interfacial processes. The ease in ob‐
taining tuned surface functionalizations is one of the very attracting points in view of the
development of efficient bioelectrodes.

This is in particular the case for biofuel cells using dihydrogen as a fuel. During the last years,
tremendous research on hydrogenase, the key enzyme for dihydrogen conversion, has led to
the discovery, then control of some hydrogenases presenting properties that allow their use
in biotechnological devices. During this year, based on these new resistant enzymes and on
improved knowledge of how CNTs can enhance direct current densities, two H2/O2 biofuel
cells have been reported. Although these biofuel cells constitute the first device using hydro‐
genases, they already deliver sufficient power density for small portable applications. No
doubt that this research field will gain more and more interest in a next future.

However, various directions might be followed to further improve the biological system in
such a way it could be commercially available. One is the enhancement of long-term stabili‐
ty of the device, which is obviously the critical point shared by (bio)fuel cells, yet. Search for
more stable enzymes in the biodiversity or enzyme engineering has to be explored. Protec‐
tion of enzymes by various encapsulation procedures could be another solution given effi‐
cient interfacial electron transfer can be reached. The use of whole microorganisms with
controlled and driven metabolism, or at least immobilization of naturally encapsulated en‐
zymes will be a next step. As an example, reconstitution of proteoliposomes with a mem‐
brane-bound hydrogenase was proved to enhance the stability of the enzyme [137]. This
could be a novel route for preserving enzymes in their physiological environment, hence en‐
hancing their stability. New enzymes, with outstanding properties (T°, pH, inhibitors, sub‐
strate affinity…) have to be discovered and studied. Notably, two very recent publications
report on a new thermostable bilirubin oxidase and a tyrosinase which present outstanding
resistances to serum constituents [138, 139]. These two new enzymes appear to be able to
efficiently replace the currently used BOD for implantable applications of biofuel cells.

More sophisticated materials interfaces, constituted of mixtures of CNTs with other con‐
ducting materials could bring a hierarchical porosity necessary for both enzyme immobiliza‐
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tion and substrate diffusion. Carbon fibers, mesoporous carbon templates could be used to
build very interesting new electrochemical interfaces. This diversity in potential carbon ma‐
terials for efficient enzyme immobilization would be a key step to go through the difficulties
linked to CNTs, i.e. effective cost for separation and purification as well as possible toxicity.
Finally, to avoid the membrane between the cathodic and anodic compartments, and build a
miniaturized biofuel cell, unusual cell designs, such as microfluidic or flow-through sys‐
tems, are likely to open new avenues. All these future developments will certainly require a
multidisciplinary approach, coupling electrochemists with biochemists and physicists, and
coupling methods such as electrochemistry and spectrometry, electrochemistry and molecu‐
lar genetics or electrochemistry and materials chemistry. This multidisciplinary willingness
will help in the elucidation of the interactions between enzymes and nanostructured materi‐
als at the nanoscale and yield innovative nanobiotechnological approaches and applications.
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1. Introduction

Surface water contamination by pollutants is common in highly industrialized countries due
to direct discharge of industrial effluents into bodies of water or precipitation of air-borne
pollutants into surface water [Murakamia et. al., 2008]. Dyes from the pollutants released
along with industrial effluents are easily detected because of their inherently high visibility,
meaning that concentrations as low as 0.005 mg/L can easily be detected and capture the at‐
tention of the public and the authorities [Ray et. al., 2003, Ray et. al., 2002]. Apart from the
aesthetic problems caused by dyes, the greatest environmental concern with dyes is their ab‐
sorption and reflection of sunlight entering the water, which interferes with the growth of
bacteria, such that bacteria levels are insufficient to biologically degrade impurities in the
water [Pierce, 1994. Ledakowicz et. al., 2001]. Methylene blue (MB) and methyl violet are
two common dyes that have been shown to induce harmful effects on living organisms dur‐
ing short periods of exposure [Hameed et. al., 2009]. Oral ingestion of MB results in a burn‐
ing sensation and may cause nausea, vomiting, diarrhea, and gastritis. The accidental
consumption of large dose induces abdominal and chest pain, severe headache, profuse
sweating, mental confusion, painful micturation, and methemoglobinemia [Yasemin et. al.,
2006]. Inhalation of methyl violet may cause irritation to the respiratory tract, vomiting, di‐
arrhea, pain, headaches, and dizziness; long-term exposure may cause damage to the mu‐
cous membranes and gastrointestinal tract [Allen & Koumanova, 2005]. The majority of dyes
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in this class are synthetic and usually composed of aromatic rings, which makes them carci‐
nogenic and mutagenic [Ghosh & Bhattacharyya, 2002. Chen et. al., 2003]; they are inert and
non-biodegradable when discharged into waste streams [Mittal & Gupta, 1996, Seshadri et.
al., 1994]. With the social and economic development, the environmental consciousness of
citizens and governing agencies was enhanced. Environmental pollution issues have gar‐
nered a considerable amount of attention throughout the world [Renmin et. al., 2005]. MB is
a good representative of organic dyes that are difficult to degrade and substantially damage
the environment due to their toxicity and dark color [Ho et. al., 2005].

Since carbon nanotube (CNT) was first discovered by S. Ijima in 1991, it has become an aca‐
demic research subject of great interest [Olson, 1994]. CNT is the thinnest tubular structure
humans can presently fabricate. It is lightweight and has high strength, high toughness, flex‐
ibility, high surface area, high thermal conductivity, and good electric conductivity and is
chemically stable [Baughman et. al., 2002, Thostenson et. al., 2001, Banerjee et. al., 2005]. To
fully exploit the superior mechanical, electrical and optical properties of multi-walled car‐
bon nanotube (MWCNT), dispersion and adhesion to a polymeric matrix is a key issue [Iiji‐
ma, 1991]. Both the dispersibility and matrix adhesion of MWCNT can be improved either
by covalent or noncovalent functionalization. For covalent functionalization, several ap‐
proaches studied, each having its advantages and drawbacks; examples of such methods in‐
clude wet chemical methods with typical treatment times of up to 24 h [Sahoo et. al., 2010,
Liu et. al., 1998, Chen et. al., 1998], treatment in air at elevated temperatures [Tsai et. al.,
2010, Ajayan et. al., 1993], by ozone oxidation [Ago et. al., 1999, Mawhinney et. al., 2000] and
treatment with low-pressure plasmas [Simmons et. al., 2006, Tseng et. al., 2006, Chen et. al.,
2010, Zschoerper et. al., 2009].

Alginate is a collective term for a family of exopolysaccharides produced mainly by brown
seaweeds. It has been widely used in the food, biomedical, pharmaceutical, and sewage-treat‐
ment industries, preferentially as sodium alginate due to its solubility in cold water. In mo‐
lecular terms, alginate is composed of (1–4)-linked b-D-mannuronic acid (M) unbranched
binary copolymer and a-L-guluronic acid (G) monomer residue, constituting M-, G-, and MG
sequential block structures [Chen et. al., 2009]. Most applications that use alginate are based
on its gel-forming ability through cation binding: the transition from water-soluble sodium
alginate (SA) to water insoluble calcium alginate, for example. Divalent cations preferential‐
ly bind toward the G-block rather than the M-block [Moe et. al., 1995, Braccini et. al., 1999].
The composition of monomers and their sequential character (i.e., blackness) affects the gel‐
atin behavior of alginate. In the presence of Ca2+, G-rich samples generally form hard and brit‐
tle gels while M-rich samples from soft and elastic gels [Braccini & Perez, 2001, Courtois et.
al., 1993, Thakur et. al., 1997, Pe´rez et. al., 1996]. The ‘‘egg-box’’ model has been accepted as
a general model to describe gel formation [Morris et. al., 1978, Thom et. al., 1985]. Alginate is
an excellent polymer flocculant and has been widely used in wastewater treatment.

This study reports for the first time the effect of the carboxylation method on CNT structure
and property. The results can be used as reference for selecting the carboxylation method.
Furthermore, the applicability of a new adsorbent, SA and MWCNT and the SA/MWCNT
composite, for the sorption of MB dyes from an aqueous solution were investigated.
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2. Experimental

2.1. Materials and methods

The SA, MB, and MWCNT were used as received from Fuchen Chemical Reagents Factory,
Tianjin, China and Nanotechnologies Port Co., Ltd., Shenzhen, China. The MWCNTs was
treated with a mixture of sulfuric and nitric acid under ultrasonic vibration, as seen in Table
1. According to the series reaction time in Table 1, the optimized ratio of the MWCNT to
acid mixture is 3:1 by volume. Ultrasonic treatment was applied for the duration of varying
reaction times. Filtration was conducted with a micropore filter and sand core filter. Pure
de–ionized water (pure DI water) was used to rinse the filtrate until the pH of the aqueous
solution was neutral. The compositions of the SA, MWCNT, and SA/MWCNT series speci‐
mens prepared in this study are summarized in Table 2. Ten milliliters of an aqueous solu‐
tion of SA/MWCNT was added drop-wise to 50 mL of calcium chloride (10%, w/v) aqueous
solution for 20 min, followed by the sampling of supernatant at the specified time intervals.
The gel particles were pre-consolidated under a pressure of 8–30 kPa in a consolidation cell
with an inner diameter of 2.0–3.0 mm to produce a packed gel bed to determine their ex‐
pression characteristics. The schematic evolution of the SA and MWCNT in the microsphere,
as a function of the calcium chloride, is shown in Figure 1. Other supplementary agents
were of analytical grade (purity > 99.8 mass%) and all solutions were prepared with double
distilled water.

Figure 1. The preparation process of the SA/MWCNT composite gel beads.
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A–series

reaction group

Mixed-acid

treatment time

(h)

Hydrogen peroxide

treatment time (h)

B–series

reaction group

Mixed-acid

treatment time

(h)

Hydrogen peroxide

treatment time (h)

A0 0 0 B0 0 0

A1 1 0 B1 1 0.5

A2 2 0 B2 2 1

A3 4 0 B3 4 2

A4 6 0 B4 6 3

A5 8 0 B5 8 4

Table 1. Formulation for CNT carboxylation.

Sample
SA

(%, w/v)

MWCNT

(%, w/v)

CaCl2

(%, w/w)

0# SA0MWCNT0 0 0 0

1# SA2MWCNT0 2 0 10

2# SA2MWCNT0.03 2 0.03 10

3# SA2MWCNT0.06 2 0.06 10

4# SA2MWCNT0.09 2 0.09 10

5# SA2MWCNT0.12 2 0.12 10

6# SA2MWCNT0.15 2 0.15 10

Table 2. The composites of SA/MWCNT series samples.

2.2. MWCNT dispersed polarity

Six small reagent bottles were filled with 6 mL pure DI water, 4 mL toluene and a small
amount of MWCNT derived as shown in Table 1. They were ultrasonically treated for 0.5 h,
and then, after the solution was stored for 12 h, they were recovered and observed.

2.3. Particle size analysis

The particle size analysis measurements of MWCNT and modified MWCNT series speci‐
mens were recorded using a Dandong Bettersize Instruments Ltd. BT-9300H at 25°C and
50% relative humidity, wherein six scans with a size range of 0.1–340 µm were collected
during each data measurement. Particle size analysis samples of powder specimens were
collected using approximately 15 mL pure DI water and a small amount of MWCNT de‐
rived as shown in Table 1.
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2.4. Adsorption property

All sorption measurements were performed by batch type with 50 mL of MB solution in a
shaking incubator to form a final concentration of 50 mg/L (A 665 nm = 2.9966) at room temper‐
ature for 3 h. The equilibrium MB concentration was measured by means of double beam
ultraviolet–visible spectroscopy (Shanghai Precision & Scientific Instrument Co., Ltd,
UV762, China), and the pH values of the solution were measured using a pH meter (Shang‐
hai Yulong Instrument Co., Ltd., PHS-3 C, China) with a calomel and glass electrode
(E201-9). The dye decolorization percentage was defined as follows:

Decoloration percentage(%) =(A0 − A) / A0 ×100% (1)

where A0 is the dye absorbance of the control specimen, A is the dye absorbance of the react‐
ed sample.

2.5. Electrical conductivity

To understand the electrical conductivity properties of MWCNT in SA specimens dispersed
in MB solution, the electrical conductivity of the SA and SA/MWCNT solutions were meas‐
ured at 25°C and 50% relative humidity using a conductivity meter (LIDA Instrument Facto‐
ry, DDS-12A, China).

3. Results and discussion

3.1. Carbon nanotube dispersed polarity

A typical photograph of the polarity of MWCNT and modified MWCNT specimens is
shown in Fig. 2. Fig. 2 shows the dispersion of the modified MWCNT in aqueous and organ‐
ic solvent solutions after being exposed to the treatments highlighted in Table 1 and then left
undisturbed for 12 h. The figure shows that in the six groups of MWCNT, except the un‐
modified carbon nanotube, there always exists an interface of two phases that cannot be dis‐
solved in one another. All five of the other groups show different extents of dispersion.
MWCNTb3 shows the most stable dispersion in aqueous phase; even after being aged for a
week, it still maintained the state seen in Fig. 2.

Figure 2. Photograph depicting the polarity of pure MWCNT specimens.

Adsorption of Methylene Blue on Multi-Walled Carbon Nanotubes in Sodium Alginate Gel Beads
http://dx.doi.org/10.5772/50714

471



A–series

reaction group

Mixed-acid

treatment time

(h)

Hydrogen peroxide

treatment time (h)

B–series

reaction group

Mixed-acid

treatment time

(h)

Hydrogen peroxide

treatment time (h)

A0 0 0 B0 0 0

A1 1 0 B1 1 0.5

A2 2 0 B2 2 1

A3 4 0 B3 4 2

A4 6 0 B4 6 3

A5 8 0 B5 8 4

Table 1. Formulation for CNT carboxylation.

Sample
SA

(%, w/v)

MWCNT

(%, w/v)

CaCl2

(%, w/w)

0# SA0MWCNT0 0 0 0

1# SA2MWCNT0 2 0 10

2# SA2MWCNT0.03 2 0.03 10

3# SA2MWCNT0.06 2 0.06 10

4# SA2MWCNT0.09 2 0.09 10

5# SA2MWCNT0.12 2 0.12 10

6# SA2MWCNT0.15 2 0.15 10

Table 2. The composites of SA/MWCNT series samples.

2.2. MWCNT dispersed polarity

Six small reagent bottles were filled with 6 mL pure DI water, 4 mL toluene and a small
amount of MWCNT derived as shown in Table 1. They were ultrasonically treated for 0.5 h,
and then, after the solution was stored for 12 h, they were recovered and observed.

2.3. Particle size analysis

The particle size analysis measurements of MWCNT and modified MWCNT series speci‐
mens were recorded using a Dandong Bettersize Instruments Ltd. BT-9300H at 25°C and
50% relative humidity, wherein six scans with a size range of 0.1–340 µm were collected
during each data measurement. Particle size analysis samples of powder specimens were
collected using approximately 15 mL pure DI water and a small amount of MWCNT de‐
rived as shown in Table 1.

Syntheses and Applications of Carbon Nanotubes and Their Composites470

2.4. Adsorption property

All sorption measurements were performed by batch type with 50 mL of MB solution in a
shaking incubator to form a final concentration of 50 mg/L (A 665 nm = 2.9966) at room temper‐
ature for 3 h. The equilibrium MB concentration was measured by means of double beam
ultraviolet–visible spectroscopy (Shanghai Precision & Scientific Instrument Co., Ltd,
UV762, China), and the pH values of the solution were measured using a pH meter (Shang‐
hai Yulong Instrument Co., Ltd., PHS-3 C, China) with a calomel and glass electrode
(E201-9). The dye decolorization percentage was defined as follows:

Decoloration percentage(%) =(A0 − A) / A0 ×100% (1)

where A0 is the dye absorbance of the control specimen, A is the dye absorbance of the react‐
ed sample.

2.5. Electrical conductivity

To understand the electrical conductivity properties of MWCNT in SA specimens dispersed
in MB solution, the electrical conductivity of the SA and SA/MWCNT solutions were meas‐
ured at 25°C and 50% relative humidity using a conductivity meter (LIDA Instrument Facto‐
ry, DDS-12A, China).

3. Results and discussion

3.1. Carbon nanotube dispersed polarity

A typical photograph of the polarity of MWCNT and modified MWCNT specimens is
shown in Fig. 2. Fig. 2 shows the dispersion of the modified MWCNT in aqueous and organ‐
ic solvent solutions after being exposed to the treatments highlighted in Table 1 and then left
undisturbed for 12 h. The figure shows that in the six groups of MWCNT, except the un‐
modified carbon nanotube, there always exists an interface of two phases that cannot be dis‐
solved in one another. All five of the other groups show different extents of dispersion.
MWCNTb3 shows the most stable dispersion in aqueous phase; even after being aged for a
week, it still maintained the state seen in Fig. 2.

Figure 2. Photograph depicting the polarity of pure MWCNT specimens.

Adsorption of Methylene Blue on Multi-Walled Carbon Nanotubes in Sodium Alginate Gel Beads
http://dx.doi.org/10.5772/50714

471



3.2. Particle Size Analysis

Particle size analysis was conducted on A–series and B–series of carboxylated MWCNT.
Figs. 3 and 4 show that as carboxylation reaction time increases the extent of carbon nano‐
tube shortening is increased; this is particularly true for the B–series, where the mixed-acid,
hydrogen peroxide, and ultrasonic treatment times were all shortened. The B–series samples
are much shorter than the A–series samples of MWCNT treated only with mixed-acid and
ultrasonic treatment. This finding further corroborates the FT-IR results. With longer carbox‐
ylation reaction times the MWCNT is more severely damaged, inducing greater rupture on
the C–C bond of the CNT. The higher activity at MWCNT ends facilitates bonding with free
O and H from water or solution and the formation of carboxyl groups on the fracture site,
increasing the functionalized carboxyl groups and the extent of MWCNT carboxylation.
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Figure 3. The A–series of MWCNT specimens on weight average particle size (white column) and surface volume par‐
ticle size (slash column) measured at 25°C.
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Figure 4. The B–series of MWCNT specimens on weight average particle size (white column) and surface volume parti‐
cle size (slash column) measured at 25°C.
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3.3. Adsorption property

As shown in Figs. 5, 6, and 7, the absorption of MB increased with time. The decolorization
of sample 1 (SA2MWCNT0) reached 40.16% after 120 h, meaning that SA itself has the ability
to absorb MB. Compared with sample #1, the decolorizations of 2#, 3#, 4#, 5#, and 6# or‐
dered by increasing content of MWCNT, were 55.78, 66.62, 76.9, 82.06, and 83.46%, respec‐
tively, when tested under the same conditions. This trend of increased decolorization with
increased MWCNT concentration is attributed to the fact that the surface of MWCNT has
substantial amounts of carbonyl that reacted with MB (see Fig. 8). Another reason for this
decolorization may be due to the large specific surface area of MWCNT that greatly affects
adsorption ability. Voids present in the MWCNT may also favor of the adsorption of MB.
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Figure 5. Absorbance of MB by SA/MWCNT microsphere, determined at 25°C.
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3.2. Particle Size Analysis

Particle size analysis was conducted on A–series and B–series of carboxylated MWCNT.
Figs. 3 and 4 show that as carboxylation reaction time increases the extent of carbon nano‐
tube shortening is increased; this is particularly true for the B–series, where the mixed-acid,
hydrogen peroxide, and ultrasonic treatment times were all shortened. The B–series samples
are much shorter than the A–series samples of MWCNT treated only with mixed-acid and
ultrasonic treatment. This finding further corroborates the FT-IR results. With longer carbox‐
ylation reaction times the MWCNT is more severely damaged, inducing greater rupture on
the C–C bond of the CNT. The higher activity at MWCNT ends facilitates bonding with free
O and H from water or solution and the formation of carboxyl groups on the fracture site,
increasing the functionalized carboxyl groups and the extent of MWCNT carboxylation.
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Figure 3. The A–series of MWCNT specimens on weight average particle size (white column) and surface volume par‐
ticle size (slash column) measured at 25°C.
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3.3. Adsorption property

As shown in Figs. 5, 6, and 7, the absorption of MB increased with time. The decolorization
of sample 1 (SA2MWCNT0) reached 40.16% after 120 h, meaning that SA itself has the ability
to absorb MB. Compared with sample #1, the decolorizations of 2#, 3#, 4#, 5#, and 6# or‐
dered by increasing content of MWCNT, were 55.78, 66.62, 76.9, 82.06, and 83.46%, respec‐
tively, when tested under the same conditions. This trend of increased decolorization with
increased MWCNT concentration is attributed to the fact that the surface of MWCNT has
substantial amounts of carbonyl that reacted with MB (see Fig. 8). Another reason for this
decolorization may be due to the large specific surface area of MWCNT that greatly affects
adsorption ability. Voids present in the MWCNT may also favor of the adsorption of MB.
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Figure 7. The photograph of MB absorbtion by different amounts of MWCNT.

Figure 8. Reaction of MB by SA/MWCNT microsphere determined at 25°C.

The pH values decreased appreciably in samples 5# and 6# over the course of 120 h. The rea‐
son for this decrease may be the same as the reasons for decolorization previously men‐
tioned (see Fig. 9), but the pH value of the original sample (50 mL of MB solution) was
virtually unchanged. The reaction generated much more HCl that decreased the pH values,
but the reaction rate eventually diminished after 120 h because there was less HCl generated
and the adsorption of MWCNT surfaces was also nearly complete.
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Figure 9. pH values of MB by SA/MWCNT microsphere determined at 25°C.

3.4. Electrical conductivity

The electrical conductivity was initially fixed at 79.3 µS/cm for the original sample, but in‐
creased considerably with increasing reaction time. The electrical conductivity of samples
5#, 6# increased sharply over the course of 120 h, but the electrical conductivity of the origi‐
nal sample (50 mL of MB solution) remained virtually unchanged, indicating that the origi‐
nal sample was stable.

Figure 10. Electrical conductivity of MB by SA/MWCNT microsphere determined at 25°C.
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4. Conclusions

This study effectively analyzed the adsorption of MB using gel beads prepared by sol–gel
with SA and MWCNT. The formation conditions and mechanism of adsorption of the gel
beads were also discussed. The decolorization of MB showed that the stability and reusabili‐
ty of SA/MWCNT could prove potentially advantageous in wastewater treatment.
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The Role of Carbon Nanotubes in Enhancement of
Photocatalysis
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1. Introduction

The chemical, physical and mechanical properties of carbon nanotubes (CNTs) have stimu‐
lated extensive investigation since their discovery in the early 1990s (Iijima, 1991). CNTs,
which are considered quasi-one dimensional nanostructures, are graphite sheets rolled up
into cylinders with diameters of the order of a few nanometers and up to some millimeters
in length. Types of nanotubes are the single-walled nanotubes (SWCNTs), double-walled
nanotubes (DWCNTs) and the multi-walled nanotubes (MWCNTs). The MWCNTs consist
of multiple layers of graphite arranged in concentric cylinders.

During the early stage, the primary research interests include the synthesis or growth of
CNTs to prepare enough amounts of CNTs with desired dimension and purity. Several
methods like arc discharge, laser ablation of graphite, the more productive chemical vapor
deposition (CVD) and plasma enhanced CVD method, have been used to prepare high puri‐
ty CNTs with controllable wall-thickness and length and acceptable price (Meyyappan,
2004). CNTs attract considerable attention due to their special structure and high mechanical
strength which makes them to be good candidates for advanced composites. They can be ei‐
ther semiconducting, semimetallic or metallic, depending on the helicity and the diameter of
the tube (Ebbesen et al., 1996; Yang et al., 2003). Based on the structure and shape, CNTs
conduct electricity due to delocalization of the pi bond electrons. On the other side, re‐
searchers found that CNTs are efficient adsorbents due to their large specific surface area,
hollow and layered structures and the presence of pi bond electrons on the surface. Besides
that, more active sites can be created on the nanotubes. Thus, CNTs can be used as a promis‐
ing material in environmental cleaning.

Photocatalytic oxidation using a semiconductor such as TiO2, ZnO and WO3 as photocatalyst
is one of the advanced oxidation processes used for degradation of various pollutants in in‐

© 2013 Saleh; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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dustrial wastewaters. As the semiconductor is illuminated with photons having energy con‐
tent equal to or higher than the band gap, the photons excite valence band (VB) electrons
across the band gap into the conduction band(CB), leaving holes behind in the valence
band.Thus, there must be at least two reactions occurring simultaneously: oxidation from
photogenerated holes, and reduction from photogenerated electrons.

The holes react with water molecules or hydroxide ions (OH¯ ) producing hydroxyl radicals
(•OH). The generation of such radicals depends on the pH of the media. Targeted pollutants
which are adsorbed on the surface of the catalyst will then be oxidized by •OH. On the other
hand, the excited electrons (e-) to the conduction band (CB) can generate hydroxyl radical
(•OH) and can also react with O2 and trigger the formation of very reactive superoxide radi‐
cal ion (O2¯•) that can oxidize the target.

The band gap is characteristic for the electronic structure of a semiconductor and is defined
as the energy interval (ΔEg) between the VB and CB (Koci et al.,2011). VB is defined as the
highest energy band in which all energy levels are occupied by electrons, whereas CB is the
lowest energy band without electrons. The rate of a photo catalytic reaction depends on sev‐
eral parameters. First and most important is the type of the photo catalytic semiconductor.
The second factor is the light radiation used or the stream of photons, as over supply of light
accelerates electron–hole recombination (Koci et al.,2008). Third factor is pH of the medium
with which the semiconductor surface is in contact with the targeted molecules. Fourth fac‐
tor is the concentration of the substrate influencing the reaction kinetics. Fifth parameter is
the temperature of the media where higher temperatures cause frequent collision between
the semiconductor and the substrate (Koci et al.,2010).

The degradation rate can be enhanced by reducing the electron-hole recombination rate;
preventing the particles agglomeration; and increasing the adsorption capacity, as it is a key
process in the photocatalysis. In order to improve the photocatalytic efficiency, several
methods have been investigated. This includes:

1. increasing the surface area of the metal oxide by synthesizing nano-size materials;

2. generation of defect structures to induce space-charge separation and thus reduce the
recombination;

3. modification of the semiconductors with metal or other semiconductor; and

4. adding a co-sorbent such as silica, alumina, zeolite or clay (Yu et al. 2002; Rusu and
Yates, 1997)

CNTs based composites have attracted considerable attentions due to the intrinsic proper‐
ties that have been created owing to the addition of CNTs into the composite. Functionaliza‐
tion of CNTs, or attachment of individual atoms, molecules or their aggregates to CNTs,
further extend the field of application of these nanosystems in different fields like in photo‐
catalysis process (Dresselhaus & Dresselhaus, 2001; Burghard, 2005; Saleh, 2011). CNT/Metal
oxide composites have been recently reported to be used for the treatment of contaminated
water. In this chapter, therefore, the application of CNTs to enhance the photocatalytic activ‐
ity of TiO2, ZnO and WO3 will be discussed.
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2. Synthesis of carbon nanotube/catalyst composites

There are two main steps for the synthesis of CNT/catalyst nanocomposites. The first step is
the grafting of oxygen-containing groups on the surface of the nanotubes and the second
step is the attachment of the metal oxides on the active surface of the nanotubes.

2.1. Grafting of oxygen-containing groups on CNTs

Grafting of oxygen-containing groups on the surface of the nanotubes or activation of CNTs
can be achieved by oxidation treatment. It can be performed using oxidizing agents such as
nitric acid, sulfuric acid, or a mixture of both. For example, oxygen-containing groups can be
grafted on the surface of the nanotubes by the following procedure. Initially, CNTs are dis‐
persed by sonication in concentrated acidic media. Then, the mixture is treated by reflux
while stirring vigorously at temperature of 100-120°C. After refluxing process, the mixture is
allowed to cool at room temperature. The oxidized CNTs are purified by extraction from the
residual acids by repeated cycles of dilution with distilled water, centrifugation and decant‐
ing the solutions until the pH is approximately 5-6. After the purification process, the oxi‐
dized CNTs are dried overnight in an oven at 100°C. After that, the dry oxidized CNTs are
pulverized in a ball-mill.

The presence of oxygen containing groups on the surface of the oxidized nanotubes are
characterized by the means of Fourier transform infrared spectroscopy (FT-IR), X-ray pow‐
der diffraction (XRD), field emission scanning electron microscopy (FESEM ) and the trans‐
mission electron microscopy (TEM).

As an example, IR spectra, in the range of 400-4000 cm-1, were recorded in KBr pellets using
a Thermo Nicolet FT-IR spectrophotometer at room temperature. Samples were prepared by
gently mixing 10 mg of each sample with 300 mg of KBr powder and compressed into discs
at a force of 17 kN for 5 min using a manual tablet presser. Figure 1 depicts IR spectrum of
oxidized MWCNTs. In the spectrum, a characteristic peak at 1580 cm-1 can be assigned to
C=C bond in MWCNTs. The band at about 1160cm−1 is assigned to C–C bonds. Also, the
spectrum shows the carbonyl characteristic peak at 1650 cm-1, which is assigned to the car‐
bonyl group from quinine or ring structure. More characteristic peak to the carboxylic group
is the peak at 1720 cm-1 (Ros et al., 2002; Yang et al., 2005; Xia et al., 2007). The observation of
IR spectra corresponding to the oxidized MWCNTs suggests the presence of carboxylic and
hydroxylic groups on the nanotube surface.

Figure 2 depicts the typical XRD pattern of the oxidized MWCNTs. The strongest diffraction
peak at the angle (2θ) of 25.5° can be indexed as the C(002) reflection of the hexagonal
graphite structure (Rosca et al., 2005; Saleh et al., 2011; Lu et al., 2008). The sharpness of the
peak at the angle (2θ) of 25.5° indicates that the graphite structure of the MWCNTs was
acid-oxidized without significant damage since any decrease in the order of crystallinity in
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MWCNTs will make the XRD peaks broader and shift the peak diffraction towards lower
angles. The other characteristic diffraction peaks of graphite at 2θ of about 43°, 53° and 77°
are associated with C(100), C(004) and C(110) diffractions of graphite, respectively.

Energy dispersive X-ray spectroscope (EDX) measurement is also used as a quantitative
analysis for the presence of the oxygen containing groups on the surface of the nanotubes.
Figure 4 represents the results of the oxidized MWCNTs. The results shows the presence of
oxygen in the sample in addition to carbon element. SEM and TEM are used to characterize
the morphology of the nanotube and to ensure that the structure of the nanotube has not
been destroyed by the acid treatment. As an example, SEM image and the inset TEM image
in Figure 3 confirm that there is no damage effect on the nanotubes using mixtures of nitric
acid sulfuric acid for the treatment of the nanotubes.

Figure 1. FTIR spectrum of MWCNT oxidized with H2SO4/HNO3 mixture for 6h at 100°C.

Figure 2. XRD patterns of MWCNT oxidized with H2SO4/HNO3 mixture for 6h at 100°C.
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Figure 3. Field emission scanning electron microscopy (FESEM ) image of the MWCNTs oxidized with H2SO4/HNO3

mixture for 6h at 100°C; Inset is the transmission electron microscopy (TEM) image of the same.

Figure 4. EDX spectrum of the MWCNTs oxidized with H2SO4/HNO3 mixture for 6h at 100°C; inset is the table showing
the percentage of each component in the nanotubes.

2.2. Synthesis of CNT/catalysts nanocomposites

CNT/metal oxide nanocomposites can be synthesized by different methods which fall into
two basic classes. The first class involves the prior synthesis of nanoparticles that subse‐
quently connected to surface functionalized CNTs by either covalent or noncovalent interac‐
tions (Eder, 2010; Peng et al., 2010; Hu et al., 2010). The second class is the one step method
which involves direct deposition of nanoparticles onto MWCNT surface, in situ formation of
nanoparticles through redox reactions or electrochemical deposition on CNTs (Chen et al.,
2006; Gavalas et al., 2001; Yang et al., 2010; Sahoo et al., 2001; Lee et al., 2008). The second
class has the advantages where uniform nanomaterials can be prepared due to the presence
of active sites on oxidized CNT surfaces.

As an example, CNT/ZnO nanocomposites are prepared by the following procedure (Saleh
et al., 2010). Zinc precursor like Zn(NO3)2.6H2O, is dissolved in doubly deionized water. Then,
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ammonia is added drop-wise under continuous stirring into the solution to form a clear sol‐
ution. The oxidized MWCNTs is added into the solution. The mixture is refluxed at 100°C.
The composite are separated and dried at 80°C prior to the calcination in vacuum at 300°C.

Different techniques can be applied for the characterization of the nanocomposite. For exam‐
ple XRD is employed to determine crystalline phases and average crystalline size. FT-IR is
used for qualitative analysis of the binding of the metal oxide into the nanotube surface. The
morphology of the nanotubes and particle size are examined by the field emission scanning
electron microscope (FESEM) and high resolution transmission electron microscopy
(HRTEM). EDX measurement is also used as a quantitative analysis for the presence of the
oxygen containing groups on the surface of the nanotubes. As an example, Figure 5 depicts
the EDX data of the CNT/ZnO nanocomposite. The table shows the percentage of each com‐
ponent in the composite. Figure 6, SEM image and the inset HRSEM image, confirm the
presence of zinc oxide particles on the surface of the nanotubes.

Figure 5. EDX spectrum of the MWCNT/ZnOnanocomposites; inset is the table showing the percentage of each com‐
ponent in the nanotubes.

Figure 6. Field emission scanning electron microscopy (FESEM) image of the MWCNT/ZnO; Inset is the HRSEM image.
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3. Applications of CNT/Catalyst nanocomposites

CNTs are considered to be good support material for catalysts, because they provide large
surface area support and also stabilize charge separation by trapping electrons transferred
from metal oxides, thereby hindering charge recombination.

A significant number of papers have been published on the application of CNTs in conjunc‐
tion with TiO2, reflecting the focus of recent research (Jitianu et al., 2004; Huang and Gao,
2003; Woan et al., 2009; Feng et al., 2005). One of the most important applications of such
composite is to act as photocatalyst for some chemical reactions, especially for the decon‐
tamination of organic pollutants in waste waters. The photocatalytic activity of
MWCNT/TiO2 composite toward the degradation of acetone under irradiation of UV light
was investigated by the detection of the hydroxyl radical (•OH) signals using electron para‐
magnetic resonance. It has been reported that the agglomerated morphology and the parti‐
cle size of TiO2 in the composites change in the presence of CNTs, which provide a large
surface area resulting in more hydroxyl group on the surface of the composite with no effect
on the mesoporous nature of the TiO2. The composite have been reported to be of higher
photocatalytic activity than commercial photocatalyst (P25) and TiO2/activated carbon (AC)
composite (Yu et al., 2005a,b).

The photocatalytic activities of MWCNT/TiO2under visible light have also been reported us‐
ing the decolorization of dyes like methylene blue, methyl orange, azo dye and other dyes in
model aqueous solutions (Cong et al., 2011; Gao et al., 2009; Hu et al., 2007; Saleh and Gupta,
2012; Yu et al., 2005; Kuo, 2009). TiO2 loading of 12% was found to result in the highest pho‐
toactivity in comparison with 6% and 15% loadings. Little TiO2 or excessive nanotubes addi‐
tion shielded the TiO2 and reduced the UV intensity, due to photon scattering by the
nanotubes. However, a high TiO2 content was found to be ineffective in suppressing exciton
recombination because of the large distance between the titania and the nanotubes (Li et al.,
2012). Optimum ratio of titania and nanotubes provides a large surface area support and
stabilize charge separation by trapping electrons transferred from TiO2, thereby hindering
charge recombination with minimum photon scattering. The composite provides high sur‐
face area which is beneficial for photocatalytic activity, as it provides high concentration of
target organic substances around sites activated by ultraviolet (UV) radiation.

Also, the activity of MWCNT/TiO2 composites has been investigated in photodegradation of
phenol and photocatalytic oxidation of methanol under irradiation of visible light (Wang et
al., 2005; An et al., 2007; Yao et al., 2008; Dechakiatkrai et al., 2007). The catalysts exhibited
enhanced photocatalytic activity for degradation of toluene in gas phase under both visible
and simulated solar light irradiation compared with that of commercial Degussa P25 (Wu et
al., 2009). It exhibited high activity for the photoreduction of Cr(VI) in water (Xu et al., 2008).
Its efficiency was higher compared to a mechanical mixture of TiO2 and MWCNTs. A proba‐
ble synergistic effect of TiO2 and MWCNTs in a composite MWCNT/TiO2 on the enhance‐
ment of visible light performance, have been proposed where MWCNTs act as support,
absorbent, photo-generated transfer station and carbon-doping source to narrow the band
gap of TiO2.
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The composite has been reported for photoinactivation of E. coli in visible light irradiation
(Akhavan et al., 2009). The efficiency of the nanocomposite was high toward photocatalytic
hydrogen generation and for the reduction of CO2 with H2O (Dai et al., 2009; Xia et al., 2007).

Zinc oxide, a direct wide band gap (3.37 eV) semiconductor with a large excitation binding
energy (60 meV), has been investigated as a potential non-toxic photocatalyst used to suc‐
cessfully degrade organic pollutants. Recently, ZnO nanoparticles have received much at‐
tention due to its high photoactivity in several photochemical, UV light response,
photoelectron-chemical processes and its low cost production possibility (Wu et al., 2008;
Neudeck et al., 2011; Gondal et al., 2010; Drmosh et al., 2010).

Experimental results proved that CNT/ ZnO nanocomposites display relatively higher pho‐
tocatalytic activity than ZnO nanoparticles for the degradation of some dyes like rhodamine
B, azo-dyes, methylene blue, methylene orange (Dai et al., 2012; Zhu et al., 2009). The com‐
plete removal of azo-dyes such as acid orange, acid bright red, acid light yellow, after selec‐
tion of optimum operation parameters such as the illumination intensity, catalyst amount,
initial dye concentration and the different structures of the dye on the photocatalytic proc‐
ess, can be achieved in relatively short time by using CNT/ZnO composites.

The MWCNT/ZnO nanocomposites exhibits excellent photocatalytic activity toward other
pollutants such as acetaldehyde and cyanide in model solutions (Saleh et al., 2011; Saleh et
al., 2010). CNTs act as a photogenerated electron acceptor and retard the recombination of
photoinduced electron and hole. The adsorption and photocatalytic activity tests indicate
that the CNTs serve as both an adsorbent and a visible light photocatalyst. The experimental
results show that the photocatalytic activity of the ZnO/MWCNTs nanocomposites strongly
depends on the synthetic route, which is probably due to the difference of surface states re‐
sulted from the different preparation processes (Zhang, 2006; Kim and Sigmund, 2002; Jiang
and Gao, 2005;Agnihotri et al., 2006).

CNT/WO3 nanocomposites have been synthesized via different routs (Pietruszka et al., 2005;
Wang et al., 2008; Saleh and Gupta, 2011). The utilization of carbon nanotubes to enhance
photocatalytic activity of tungsten trioxide has also been investigated. The photocatalytic ac‐
tivities are greatly improved when CNT/WO3 nanocomposite has been used for the degra‐
dation of pollutants such as rhodamine B under ultraviolet lamp or under sunlight. The
results showed that photocatalytic activity of the MWCNT/WO3 composites prepared by
chemical process is higher than that prepared by mechanical mixing. The photocatalytic ac‐
tivity is enhanced when WO3 nanoparticles are loaded on the surface of CNTs. The en‐
hanced photocatalytic activity may be ascribed to the effective electron transfer between the
nanotubes and the metal nanoparticles.

A possible synergistic effect between the semiconductor nanoparticles and CNTs on the en‐
hancement of photocatalytic activity is proposed in Figure 7. The mechanism is based on the
results of the structure characterizations and the enhancement in photocatalytic activity of
the prepared composite.

When the catalyst is irradiated by photons, electrons (e-) are excited from the valence band
(VB) to the conduction band (CB) of catalysts or the metal oxide nanoparticles (NP) creating a
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charge vacancy or holes (h+), in the VB. Some of the charges quickly recombine without creat‐
ing efficient photodecomposition of the pollutant. In the case where the composite is ap‐
plied, the strong interaction between the nanotube and the metal oxide results in a close
contact to form a barrier junction which offers an effective route of reducing electron-hole re‐
combination by improving the injection of electrons into the nanotube. Therefore, CNTs acts
as a photo-generated electron acceptor to promote interfacial electron transfer process since
CNTs are relatively good electron acceptor while the semiconductor is an electron donor un‐
der irradiation (Saleh and Gupta, 2011; Riggs et al., 2000; Subramanian et al., 2004; Geng et al.,
2008). The adsorbed oxygen molecules on the nanotubes react with the electrons forming very
reactive superoxide radical ion (O2•-) which oxidize the target. On the other side, the hole (h
+) oxidize hydroxyl groups to form hydroxyl radical (•OH) which can decompose the target.

Figure 7. Schematic diagram of the proposed mechanism of photodegradation over CNT/MO composite.

Some important points of such process can be highlighted as:

• Stronger adsorption on photocatalyst for the targeted moleculs of pollutant is achieved by
the incorporation of the nanotubes, due to their large specific surface area and high quali‐
ty active sites.

• The nanotubes can act as effective electron transfer unitbecause of their high electrical
conductivity and high electron storage capacity.

• The nanotubes manifest higher capture electron ability and can prompt electron transfer
from the conduction band of the metal oxide or semiconductor nanoparticles (NP) to‐
wards the nanotube surface due to their lower Fermi level (Cong et al., 2011).

• Schottky barrier forms at the interface between the CNTs and the semiconductor. The
photo-generated electrons may move freely towards the CNT surface, thus the left holes
may move to the valence band (Woan et al., 2009; Chen et al., 2005).

The Role of Carbon Nanotubes in Enhancement of Photocatalysis
http://dx.doi.org/10.5772/51050

487



The composite has been reported for photoinactivation of E. coli in visible light irradiation
(Akhavan et al., 2009). The efficiency of the nanocomposite was high toward photocatalytic
hydrogen generation and for the reduction of CO2 with H2O (Dai et al., 2009; Xia et al., 2007).
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tention due to its high photoactivity in several photochemical, UV light response,
photoelectron-chemical processes and its low cost production possibility (Wu et al., 2008;
Neudeck et al., 2011; Gondal et al., 2010; Drmosh et al., 2010).
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al., 2010). CNTs act as a photogenerated electron acceptor and retard the recombination of
photoinduced electron and hole. The adsorption and photocatalytic activity tests indicate
that the CNTs serve as both an adsorbent and a visible light photocatalyst. The experimental
results show that the photocatalytic activity of the ZnO/MWCNTs nanocomposites strongly
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results showed that photocatalytic activity of the MWCNT/WO3 composites prepared by
chemical process is higher than that prepared by mechanical mixing. The photocatalytic ac‐
tivity is enhanced when WO3 nanoparticles are loaded on the surface of CNTs. The en‐
hanced photocatalytic activity may be ascribed to the effective electron transfer between the
nanotubes and the metal nanoparticles.

A possible synergistic effect between the semiconductor nanoparticles and CNTs on the en‐
hancement of photocatalytic activity is proposed in Figure 7. The mechanism is based on the
results of the structure characterizations and the enhancement in photocatalytic activity of
the prepared composite.

When the catalyst is irradiated by photons, electrons (e-) are excited from the valence band
(VB) to the conduction band (CB) of catalysts or the metal oxide nanoparticles (NP) creating a
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charge vacancy or holes (h+), in the VB. Some of the charges quickly recombine without creat‐
ing efficient photodecomposition of the pollutant. In the case where the composite is ap‐
plied, the strong interaction between the nanotube and the metal oxide results in a close
contact to form a barrier junction which offers an effective route of reducing electron-hole re‐
combination by improving the injection of electrons into the nanotube. Therefore, CNTs acts
as a photo-generated electron acceptor to promote interfacial electron transfer process since
CNTs are relatively good electron acceptor while the semiconductor is an electron donor un‐
der irradiation (Saleh and Gupta, 2011; Riggs et al., 2000; Subramanian et al., 2004; Geng et al.,
2008). The adsorbed oxygen molecules on the nanotubes react with the electrons forming very
reactive superoxide radical ion (O2•-) which oxidize the target. On the other side, the hole (h
+) oxidize hydroxyl groups to form hydroxyl radical (•OH) which can decompose the target.

Figure 7. Schematic diagram of the proposed mechanism of photodegradation over CNT/MO composite.

Some important points of such process can be highlighted as:

• Stronger adsorption on photocatalyst for the targeted moleculs of pollutant is achieved by
the incorporation of the nanotubes, due to their large specific surface area and high quali‐
ty active sites.

• The nanotubes can act as effective electron transfer unitbecause of their high electrical
conductivity and high electron storage capacity.

• The nanotubes manifest higher capture electron ability and can prompt electron transfer
from the conduction band of the metal oxide or semiconductor nanoparticles (NP) to‐
wards the nanotube surface due to their lower Fermi level (Cong et al., 2011).

• Schottky barrier forms at the interface between the CNTs and the semiconductor. The
photo-generated electrons may move freely towards the CNT surface, thus the left holes
may move to the valence band (Woan et al., 2009; Chen et al., 2005).
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• The presence of the nanotubes in the composite can inhibit the recombination of photo-
generated electrons and holes, thus, improving the photocatalytic activity.

• The transmission stability of promoted electron between the nanotubes and the conduc‐
tion band is enhanced by the strong interaction and intimate contact between the nano‐
particles and the surface of the nanotubes.

4. Conclusion

The chapter discusses the preparation of the nanocomposites consisting of carbon nanotubes
and metal oxides like titania, zinc oxide and tungsten trioxide. For the preparation of such
composite, the oxygen-containing groups are grafted on the surface of the nanotubes by acid
treatment. This is followed by the attachment of the metal oxides nanoparticles on the nano‐
tubes surface. The chapter also highlights the means by which the composite is character‐
ized. These include Fourier transform infrared spectroscope, X-ray powder diffraction, field
emission scanning electron microscope, energy dispersive X-ray spectroscope and transmis‐
sion electron microscope.

The UV, visible light and sunlight photocatalytic activity of the CNT-based nanocomposites
is higher than that of the metal oxide or mechanical mixture of the metal oxide and CNTs.
CNTs are considered to be good support materials for semiconductors like TiO2, ZnO and
WO3 because nanotubes provide a large surface area support with high quality active sites.
Also they stabilize charge separation by trapping electrons, thereby hindering electron–hole
recombination by modification of band-gap and sensitization.
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1. Introduction

1.1. The energy problem

The energy crisis during the 1970s sparked the development of renewable energy sources
and energy conservation measures. As supply eventually met demand, these programs were
scaled back.  Ten years  later,  the  hazards of  pollution led to  work on minimisation and
reversal of the environmental impact of fossil fuel extraction, transport and consumption
[1]. The United States Department of Energy predicts that 20 years from now, the world’s
energy consumption will increase by 20% (Figure 1). The growing concerns over the con‐
stant  use of  fossil  fuels  and its  effect  on climate change [2],  has once again spurred re‐
search on sustainable energy development and on enhancement in renewable energy systems.
Advances in energy storage and conversion systems that will make our energy usage more
efficient are essential if we are to meet the challenge of global warming and the finite nature
of fossil fuels [2, 3].

The need for the development of efficient energy storage systems is paramount in meet‐
ing the world’s future energy targets, especially when energy costs are on the increase and
more people need access to electricity [4, 5]. Energy storage technologies can improve effi‐
ciencies in supply systems by storing the energy when it is in excess, and then release it
at a time of high demand [4]. Further material progression in research and development
fundamentals, as well as engineering improvements need to be continued in order to cre‐
ate energy storage systems that will help alleviate humanities energy storage and conver‐
sion dilemmas.

© 2013 Antiohos et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Low grade heat (around 130oC) is a by-product of almost all human activity, especially
when energy conversion is involved. It is also known as “waste heat” because the dissipated
heat into the environment is unutilised. Progress in the field of thermal energy conversion
can lead to effective use of limited fossil fuels and provide supplemental power to current
energy conversion systems [6].

Figure 1. The United States Department of Energy values and forecasts for energy utilisation in the period from 1980
to 2030 [5]. Reproduced with permission from Elsevier.

1.2. How and why carbon nanotubes can address the issues of energy storage and
conversion

Nanostructured materials are of great interest in the energy storage and conversion field
due to their favourable mechanical, and electrical properties [3, 7]. Carbon nanotubes
(CNTs) are one type of nanostructured material that possess these favourable electrical and
mechanical properties due to the confinement of one dimension, combined with the surface
properties that contribute to the enhanced overall behaviour. The potential of nanostruc‐
tured materials is not only limited to energy storage and conversion devices; but also to
nanotransistors [8, 9], actuators [8, 9], electron field emission [8, 9], and biological sensing
devices [10, 11].

The use of carbon-based nanomaterials as electrode materials is practical and economically
viable because cheap carbon pre-cursor materials are abundant [12]. As the research into
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carbon nanotubes (CNTs) has increased over the last 20 years, the cost of these materials has
significantly reduced alongside improvements in processability and scalability [13].

The advantage of incorporating carbon materials and specifically CNTs as part of the elec‐
trode material is the excellent mechanical and electrical properties. They provide mechanical
support to the substrate while enhancing the conductive and electrochemical properties. The
low cost of the carbon precursor material used to synthesise CNTs makes device fabrication
scalable and economically viable [14]. CNT assemblies can have extremely high specific sur‐
face areas, which are extremely important in capacitor design. CNT electrode materials can
be confined to a smaller area increasing the electrode-electrolyte contact and decreasing the
weight of the device therefore maximising the overall gravimetric performance of the device
[15]. CNTs are also chemically stable, which enhances the resistance to degradation of the
electrode surface [16].

2. Supercapacitors

2.1. Background information

Electrical energy can be stored in two different forms and can best be described when con‐
sidering a battery and a capacitor. In a battery, it is the available chemical energy through
the release of charges that performs work when two electroactive species undergo oxidation
and reduction [17]; this is termed a Faradaic reaction. In a capacitor, electrostatic forces be‐
tween two oppositely charged plates will separate charge. The generated potential is due to
an excess and deficiency of electron charges between the two plates without charge transfer
taking place [17]. The current that is observed can be considered as a displacement current
due to the rearrangement of charges [2]; this effect is termed as non-Faradaic in nature.

2.1.1. Supercapacitor operation and types

There are two types of electrochemical capacitors that are referred to as 1) electric double
layer capacitors (EDLC) and 2) pseudocapacitors. The construction of these devices can
vary, with electrodes being fabricated from porous carbon materials including activated car‐
bons, graphene, carbon nanotubes, templated carbons, metal oxides and conducting poly‐
mers [18, 19]. EDLC or supercapacitors have two electrodes immersed in an electrolyte
solution, separated by a semi-permeable dielectric that allows the movement of ions to com‐
plete the circuit but prevents a short circuit from being formed. EDLCs are advantageous as
they are able to provide relatively large power densities and larger energy densities than
conventional capacitors, and long life cycles compared to that of a battery and ordinary ca‐
pacitor [20]. The performance of supercapacitors is affected by the power density require‐
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ments, high electrochemical stability, fast charge/discharge phenomena, and low self-

discharging [21]. Table 1 below shows a comparison between the three types of devices.

Parameters Capacitor Supercapacitor Battery

Charge time 10-6 – 10-3 sec 1- 30 sec 0.3 – 3 hrs

Discharge time 10-6 – 10-3 sec 1 – 30 sec 1 – 5 hrs

Energy Density (Wh/kg) <0.1 1 - 10 20 - 100

Power Density (W/kg) >10 000 1000 - 2000 50 - 200

Cycle life >500 000 > 100 000 500 - 2000

Charge/discharge efficiency. ≈ 1 0.90 – 0.95 0.7 – 0.85

Table 1. Comparison of key parameters for a capacitor, supercapacitor and battery [22].

Energy storage is achieved by the build-up and separation of electrical charge that is accu‐

mulated on two oppositely charged electrodes as shown in Figure 2 [12]. As stated previous‐

ly, no charge transfer takes place across the electrode-electrolyte interface and the current

that is measured is due to a rearrangement of charges. The electrons involved in the non-

Faradaic electrical double layer charging are the conduction band electrons of the electrode.

These electrons leave or enter the conduction band state depending on the energy of the

least tightly bound electrons or the Fermi level of the system [2]. Supercapacitors exhibit

very high energy storage efficiencies exceeding 95 % and are relatively stable for up

to104-105 cycles [4, 5]. The energy given by the equation, E = 0.5CV2, means that the operat‐

ing voltage is the key in determining the energy characteristics of a supercapacitor. The

choice of electrolyte when designing and fabricating a supercapacitor device dictates the op‐

erating voltage [23]. Operating voltages are approximately 1.2V, 2.7V, and 3.5V respectively

for aqueous, organic and ionic liquid with all of them having associated advantages and dis‐

advantages [4, 5].
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Figure 2. Schematic diagram of an EDLC supercapacitor with a positive and negative electrode, separator and po‐
rous carbon.

Like  EDLC,  a  pseudocapacitor  consists  of  two  porous  electrodes  with  a  separator  be‐

tween them all  immersed in an electrolyte solution [24].  However,  the difference is  that

the charge is accumulated during Faradaic reactions near to or at the surface of the elec‐

trodes [18], hence non-Faradaic double-layer charging and Faradaic surface processes oc‐

cur simultaneously [25]. The pseudocapacitance arises from a Faradaic reaction when some

of the charge (q)  passed in an electrode process  is  related to the electrode potential  (V)

via thermodynamical considerations [26]. The two principal cases are adsorption pseudo‐

capacitance arising in underpotential  deposition processes [26],  and homogeneous redox

pseudocapacitance  where  the  reaction is  reversible  [26,  27].  Pseudocapacitors  thus  com‐

bine  features  of  both  capacitors  and batteries  [18,  28].  A  comparison  of  energy  density

and power density for various electrical  energy storage systems is  depicted in Figure 3.

Current commercial uses of supercapacitors include personal electronics, mobile telecom‐

munications,  back-up power storage, and industrial  power and energy management [29,

30].  A  recent  application  is  the  use  of  supercapacitors  in  emergency  doors  on  the  Air‐

bus A380, highlighting their safe and reliable performance [30].
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discharging [21]. Table 1 below shows a comparison between the three types of devices.
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for aqueous, organic and ionic liquid with all of them having associated advantages and dis‐
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Figure 2. Schematic diagram of an EDLC supercapacitor with a positive and negative electrode, separator and po‐
rous carbon.
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bus A380, highlighting their safe and reliable performance [30].
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Figure 3. Ragone plot showing specific power against specific energy for various electrical energy storage systems.
The times shown are the time constants of the device, which are obtained by dividing the energy density and power
density [31].

2.2. Different electrolytes used and their advantages and disadvantages

The choice in electrolyte is extremely important for supercapacitor design as it influences
the performance for energy storage and delivery. The extremely large surface area can allow
for enhanced energy and power density as long as the micro-porosity and meso-porosity is
tailored to suit the type of electrolyte being used. The electrolyte can be designed to enhance
the cyclability, to sustain target power densities during operation, and to have an excellent
rate capability (i.e. excellent charge/ discharge behaviour) [32].

2.2.1. Aqueous electrolytes

For aqueous electrolytes, the maximum operating voltage is theoretically limited by the re‐
duction potential of water (1.23 V at room temperature) [32]. Most aqueous electrolyte sys‐
tems tend to have an electrochemical window of approximately 1 V [32]. Electrolyte
conductivity has a significant effect on the equivalent series resistance (esr) of the cell, which
determines the power output [4]. Concentrated electrolytes are required to minimise the esr
and maximise power capability [32]. In general, strong solutions of acidic electrolytes are
much more corrosive than strong basic electrolytes meaning that the electrolyte has to be
carefully selected for the particular electrode material.

Aqueous electrolytes tend to have very good kinetic behaviour of the electrolyte ions lead‐
ing to very efficient charge/discharge rates. This behaviour is due to the relatively high con‐
ductivity and low viscosity of the concentrated solutions [4, 33]. For example, the
conductivity of 1M H2SO4 is 730 mS cm-1 compared to the much lower value of 10-20 mS
cm-1 for organic solutions of lithium salts [34]. Time constants of symmetrical carbon super‐
capacitors using H2SO4 were reported to be 0.1s [34].
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2.2.2. Organic electrolytes

The use of non-aqueous electrolytes in supercapacitors has the main advantage of higher
operating voltages compared to aqueous systems. Voltage windows can range up to 2.5 V
and since the stored energy increases as V2, it is possible to attain large energy and power
densities [32, 34]. It must be noted that to operate at these higher voltages, non-aqueous elec‐
trolytes must be free of water and oxygen which will ensure no evolution of O2 and/or H2O
at potential differences above 1.23 V [35]. Salts are added to the system to provide mobile
ion movement at the electrode/electrolyte interface. The most common salt used generally
consists of lithium ions as these ions move very well under an electric field and the effective
ion diameter is very small [17].

The major disadvantages of non-aqueous systems are the lower conductivity and the high‐
er viscosity resulting in higher equivalent series resistance (ESR) and reduced wettability
if  the  electrode is  hydrophilic.  A decrease in  wettability  will  effectively  reduce the sur‐
face area used by the electrolyte, reducing the energy and power density. Most commer‐
cial systems that use organic electrolytes are manufactured in inert atmospheres and are
costly to be produced [4].

2.2.3. Ionic liquids

Ionic liquids are another class of electrolytes that is proving a great area of research for elec‐
trolytes in supercapacitors. These electrolytes can be considered as molten salts with melting
temperatures usually below room temperature where the ionic conductivity is no more than
20 mS cm-1 [34].

Common ions include BF4 -, PF6 -, (CF3SO2)2N-, CF3SO3 - as well as imidazolium, pyridinium,
and quaternary ammonium salts [36]. The physical properties depend on the type of anion
and cation and the alkyl chain length [37]. The main advantages are the good solvating
properties, relatively high conductivity, non-volatility, low toxicity, large potential window,
negligible vapour pressure and good electrochemical stability [37, 38]. Disadvantages in‐
clude high viscosities and low conductivities compared to that of aqueous electrolytes;
while some ionic liquid mixtures yield a potential window that is not much greater than that
of aqueous systems. Capacitances approaching 100 F/g for activated carbon (AC) electrodes
have been reported by Frackowiak et. al. by using (CF3SO2)2N- anions and phosphoniumca‐
tions. Balducciet et. al. reported capacitance values of 115 F/g for asymmetric poly(3-methyl‐
thiophene)/AC electrodes using 1-buytl-3-methyl-imidazolium ionic liquids [36, 37].

2.3. Carbon nanotube powders

Carbon nanotubes (CNTs) were first discovered in 1953 through research in the Soviet Un‐
ion, but the first accessible results were by Sumio Iijima [39], in 1991 as a result of research
into buckminster fullerenes. CNTs have a cylindrical shape that can be considered as a gra‐
phene sheet rolled up; either individually as a single-walled carbon nanotube (SWNT), or
concentrically as a multi-walled carbon nanotube (MWNT) as depicted in Figure 4and Fig‐
ure 5. However, these sheets can have varying degrees of twist along its length that can lead
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density [31].
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much more corrosive than strong basic electrolytes meaning that the electrolyte has to be
carefully selected for the particular electrode material.

Aqueous electrolytes tend to have very good kinetic behaviour of the electrolyte ions lead‐
ing to very efficient charge/discharge rates. This behaviour is due to the relatively high con‐
ductivity and low viscosity of the concentrated solutions [4, 33]. For example, the
conductivity of 1M H2SO4 is 730 mS cm-1 compared to the much lower value of 10-20 mS
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and quaternary ammonium salts [36]. The physical properties depend on the type of anion
and cation and the alkyl chain length [37]. The main advantages are the good solvating
properties, relatively high conductivity, non-volatility, low toxicity, large potential window,
negligible vapour pressure and good electrochemical stability [37, 38]. Disadvantages in‐
clude high viscosities and low conductivities compared to that of aqueous electrolytes;
while some ionic liquid mixtures yield a potential window that is not much greater than that
of aqueous systems. Capacitances approaching 100 F/g for activated carbon (AC) electrodes
have been reported by Frackowiak et. al. by using (CF3SO2)2N- anions and phosphoniumca‐
tions. Balducciet et. al. reported capacitance values of 115 F/g for asymmetric poly(3-methyl‐
thiophene)/AC electrodes using 1-buytl-3-methyl-imidazolium ionic liquids [36, 37].

2.3. Carbon nanotube powders

Carbon nanotubes (CNTs) were first discovered in 1953 through research in the Soviet Un‐
ion, but the first accessible results were by Sumio Iijima [39], in 1991 as a result of research
into buckminster fullerenes. CNTs have a cylindrical shape that can be considered as a gra‐
phene sheet rolled up; either individually as a single-walled carbon nanotube (SWNT), or
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ure 5. However, these sheets can have varying degrees of twist along its length that can lead
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to the nanotubes to be either metallic or semi-conducting as the change in chiralities induces
different orbital overlaps [9]. They exhibit remarkable electrical transport and mechanical
properties [7], which is why interest and research into this material has increased over the
last two decades. CNT powders have the potential to be tailored to specific energy storage
and conversion applications with there being an added advantage that they can be used in
all electrolyte environments that encompass aqueous, organic and ionic liquids [40].

2.3.1. CNT synthesis overview

There are a variety of different methods for making SWNTs and MWNTs that have been
developed since CNTs were first  discovered. These include laser ablation, arc discharge,
chemical vapour deposition (CVD), and high pressure carbon monoxide disproportionation
(HiPCO). Recently, work by Harris et. al. has successfully scaled-up the synthesis of CNT using
a fluidised bed reactor [41]. All growing conditions for synthesising CNTs require a catalyst
to achieve high yields, where the size of the catalyst nanoparticles will determine the diame‐
ter and chirality of the CNT [42]. The CNTs that are formed are generally in a mixture with
other carbonaceous product including amorphous carbon and graphitic nanoparticles.

2.3.2. Main synthesis methods for CNT growth

Both Laser ablation and arc-discharge methods for the growth of CNTs involve the conden‐
sation of carbon atoms generated from the evaporation of carbon sources. High temperature
is involved, ranging from 3000 oC - 4000o C [43]. In arc discharge, various gases such as Helium
or Hydrogen are induced into plasma by large currents generated at a carbon anode and
cathode. This process leads to the evaporation of carbon atoms which produces very high
quality MWNTs and SWNTs [44, 45]. Laser ablation also produces very high quality CNTs
with a high degree of graphitisation by focusing a CO2 laser (in pulsed or in continuous wave
mode) for a period of time onto a rotating carbon target [46]. The HiPCO process utilises
clusters of Fe particles as catalysts to create very high quality SWNTs [47]. Catalyst is formed
in situ by thermal decomposition of iron pentacarbonyl, which is delivered intact within a cold
CO flow and then rapidly mixed with hot CO in the reaction zone. Upon heating, the Fe(CO)5

decomposes into atoms that condense into larger clusters. SWNTs nucleate and grow on these
particles in the gas phase [48, 49].

The CVD method usually consists of a furnace, catalyst material, carbon source, a carrier gas,
a conditioning gas, and a collection device (usually a substrate). The carrier gas is responsi‐
ble for taking the reacting material onto the substrate where CNT growth occurs at catalyst
sites [43]. The components mentioned are essential; however, different groups and research‐
ers have alternative experimental conditions which can contain multiple types of furnaces,
and a variety of catalyst and carbon sources. The key advantage of this technique is its capability
to directly deposit the CNTs onto the substrate, unlike arc discharge and laser ablation that
produces a soot / powder. Recent developments by Harris et. al. [41] has led to the develop‐
ment of a large scale batch process for fabricating MWNTs. Here, a furnace like system called
a fluidised bed reactor continuously flows a carrier gas over a porous alumina powder that is
impregnated with the catalyst material, leading a to continuous creation of MWNTs where
tens of grams can be synthesised in one run.
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2.3.3. Single walled nanotubes

SWNTs have been studied extensively as a supercapacitor and hybrid energy material [4, 50,
51]. The structure of a SWNTis illustrated in Figure 4 with a cylindrical nature apparent as
previously stated. Its advantage is that it has very good thermal and conductive properties
where the thermal conductivity can exceed 6000 Wm-1K-1 and a potential current carrying
capacity of 109 A/cm2 [52, 53].

The maximum reported gravimetric  capacitance  for  SWNT fabricated electrodes  (PVA /

PVC binder; pressed into pellet) is 180 F/g with an energy density of 7 Wh/kg and a power

density of 20 kW/kg using KOH electrolyte [54, 55]. Hu et. al.  [56] have recently report‐

ed a solid state paper based SWNT supercapacitor, which has a specific capacitance of 115

F/g, energy density of 48 Wh/kg and a large operating voltage of 3V. The electrode prep‐

aration involved pre-processing where cotton sheets were immersed in the SWNT disper‐

sion, annealed then immersed in an PVA/ H3PO4 electrolyte.

Figure 4. (a) Schematic representation of a SWNT[57].(b) FESEM of SWNTs grown onto a Si wafer substrate[58]. Re‐
produced with permission from Elsevier.

2.3.4. Multi-walled nanotubes

Like their SWNT counter parts, MWNTs have also been studied extensively as electrode ma‐

terials for supercapacitors [4, 50, 51]. The advantages over SWNTs are their ability to be

more easily synthesised on much larger scales, making them more suitable for commercial

application. The concentric nature of MWNTs can be observed in the SEM image of Figure 5.

The maximum gravimetric capacitance attained for electrodes constructed from MWNTs

range between 4-140 F/g with the best available commercial result at 130 F/g from Maxwell’s

Boost capacitor [59]. Wang et. al. [50] have recently reported partially exfoliated MWNTs on

carbon cloth that gave a specific capacitance in the range of 130-165 F/g with a coulombic

efficiency of 98 %.
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Figure 5. (a) Schematic representation of a SWNT [57]. (b) TEM images of pristine MWNTs [59]. Reproduced with per‐
mission from Elsevier

2.3.5. Surface functionalities

The presence of surface functionalities such as oxygen, nitrogen, hydrogen, boron and cata‐
lyst nanoparticles (dependent on the synthesis environment and pre-cursor materials) can
affect the capacitative behaviour of the electrode through the introduction of Faradaic reac‐
tions [60], changes in electric and ionic conductivity [23], and influencing wettability [61]. A
schematic representation of an sp2 hybridised carbon lattice with various dopants is show in
Figure 6.

Oxygen

Carbon materials will have functional groups present on their surface as a result of the precursors
and preparation conditions [23]. Most of these functional groups are in the form of –COOH,
=CO as well as phenol, quinone and lactone groups [4, 23]. Activation procedures such as post
treatment with H2SO4 and / or HNO3 also leads to acid oxygen functionalities [4].

Figure 6. Schematic representation of a sp2 hybridised carbon lattice that has been doped with; (a) oxygen functional
groups, (b) nitrogen functional groups, (c) boron.

Most of these groups are bonded with carbon atoms at the edge of hexagonal carbon layers
where Faradaic reactions (via interactions with the electrolyte) lead to pseudocapacitance
such as those developed with transition metal oxides RuO2 and MnO2 [23, 62]. These func‐
tional groups can also be purposely added onto the surface of carbons via oxidation with O2

or acid treatment with HNO3 or H2SO4 [63]. In aqueous systems, the presence of oxygen con‐
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taining functional groups can lead to an enhanced wettability as well as pseudocapacitance
as mentioned above, which maximises the electroactive surface area leading to larger energy
densities [8, 23]. It has been proposed that the pseudocapacitative reactions for oxygen func‐
tionalised CNTsinvolve carboxyl groups undergoing electron transfer[64]:
C−OH  − −  C=O + H+ + e−

C=O + e− − −  C – O−

In non-aqueous systems, however, oxygen functionalities are detrimental to device perform‐
ance. Parasitic redox reactions can lead to a degradation of the electrode, as well as adverse
effects relating to voltage proofing and increased leakage current [4, 65]. These redox reac‐
tions will reduce the cycle life of a device, as well as lowering the operating voltage.

Shenet. al. [66] reported in 2011 the effects of changing the carboxylic group concentration
on SWNTs. The specific capacitance, power density and energy density 0.5 M H2SO4 electro‐
lyte increased with carboxylic group density reaching a maximum of 149.1 F/g, 304.8 kW/kg,
and 20.71 Wh/kg, respectively. The 10 µm film electrodes were fabricated using vacuum fil‐
tration to create “bucky papers” onto a mixed cellulose estate membrane.

Nitrogen

Nitrogen containing carbons have recently attracted interest due to its n-type behaviour that
promotes large pseudocapacitance, which can be obtained even if the surface area of the
material is decreased [67]. In some instances, up to 3-fold increase in capacitance have been
reported [68]. Typical examples of redox reactions involving nitrogen are described below [69]:
C + NH + 2e− + 2H+ ↔ CH2 −NH2

CH−NHOH + 2e− + 2H+ ↔ CH2 −NH2 + H2O

The chosen precursor material affects the types of functionalities that are attached to the car‐
bon backbone. Nitrogen-containing groups may be added via various methods with com‐
pounds containing nitrogen including treatment with urea, melamine, aldehyde resins and
polyacylonitrile [4, 70-73]. Surface areas for nitrogen-doped carbon materials are thought to
be in excess of 400 m2/g [23]. This is much lower than pure SWNTs and pure MWNTs that
have been reported to attain a surface area greater than 1315 m2/g and 830 m2/g respectively;
suggesting that pseudocapacitance makes up a substantial portion of the total capacitance
[74, 75]. Y. Zhang et. al. [76] have showed that N-doped MWNTs synthesised via CVD
growth exhibited a capacitance of 44.3 F/g, which was more than twice the value obtained
than that of the un-doped MWNTs in a 6M KOH electrolyte. K. Lee et. al. [77] have shown
that the nitrogen content on vertically aligned CNTs increases the capacitance until a certain
point due to an increased donation of an electron by the N (N acts as an n-type dopant) and
an enhanced wettability in aqueous systems. Excessive N-doping significantly reduced the
conductivity and inhibited charge storage and delivery [77]. The doped and un-doped CNTs
were directly grown onto a stainless steel substrate using CVD [77].

Boron
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taining functional groups can lead to an enhanced wettability as well as pseudocapacitance
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tionalised CNTsinvolve carboxyl groups undergoing electron transfer[64]:
C−OH  − −  C=O + H+ + e−

C=O + e− − −  C – O−

In non-aqueous systems, however, oxygen functionalities are detrimental to device perform‐
ance. Parasitic redox reactions can lead to a degradation of the electrode, as well as adverse
effects relating to voltage proofing and increased leakage current [4, 65]. These redox reac‐
tions will reduce the cycle life of a device, as well as lowering the operating voltage.

Shenet. al. [66] reported in 2011 the effects of changing the carboxylic group concentration
on SWNTs. The specific capacitance, power density and energy density 0.5 M H2SO4 electro‐
lyte increased with carboxylic group density reaching a maximum of 149.1 F/g, 304.8 kW/kg,
and 20.71 Wh/kg, respectively. The 10 µm film electrodes were fabricated using vacuum fil‐
tration to create “bucky papers” onto a mixed cellulose estate membrane.

Nitrogen

Nitrogen containing carbons have recently attracted interest due to its n-type behaviour that
promotes large pseudocapacitance, which can be obtained even if the surface area of the
material is decreased [67]. In some instances, up to 3-fold increase in capacitance have been
reported [68]. Typical examples of redox reactions involving nitrogen are described below [69]:
C + NH + 2e− + 2H+ ↔ CH2 −NH2

CH−NHOH + 2e− + 2H+ ↔ CH2 −NH2 + H2O

The chosen precursor material affects the types of functionalities that are attached to the car‐
bon backbone. Nitrogen-containing groups may be added via various methods with com‐
pounds containing nitrogen including treatment with urea, melamine, aldehyde resins and
polyacylonitrile [4, 70-73]. Surface areas for nitrogen-doped carbon materials are thought to
be in excess of 400 m2/g [23]. This is much lower than pure SWNTs and pure MWNTs that
have been reported to attain a surface area greater than 1315 m2/g and 830 m2/g respectively;
suggesting that pseudocapacitance makes up a substantial portion of the total capacitance
[74, 75]. Y. Zhang et. al. [76] have showed that N-doped MWNTs synthesised via CVD
growth exhibited a capacitance of 44.3 F/g, which was more than twice the value obtained
than that of the un-doped MWNTs in a 6M KOH electrolyte. K. Lee et. al. [77] have shown
that the nitrogen content on vertically aligned CNTs increases the capacitance until a certain
point due to an increased donation of an electron by the N (N acts as an n-type dopant) and
an enhanced wettability in aqueous systems. Excessive N-doping significantly reduced the
conductivity and inhibited charge storage and delivery [77]. The doped and un-doped CNTs
were directly grown onto a stainless steel substrate using CVD [77].

Boron
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Boron is another interesting material for doping CNTs due to its p-type nature which pro‐

motes CNT growth and increases the oxidation temperature of the nanotubes [78]. Howev‐

er, the development of boron doped CNTs for the use as electrodes in supercapacitor

devices is not well established [23]. Work by Shiraishi et.al. showed that boron doping

MWNTs, increased the capacitance per surface area from 6.5 µF/cm2 to 6.8 µF/cm2 in 0.5M

LiBF4/PC [79]. These electrodes were once again synthesised using CVD [79]. Wang et. al.

reported in 2008 that interfacial capacitance was increased by 1.5-1.6 times in boron-doped

carbon than that in boron-free carbon with alkaline electrolyte (6 M KOH) and/or acid elec‐

trolyte (1 M H2SO4) [80]. The carbon material was made into a slurry using carbon black

and PTFE binder and pasted onto a Ni mesh current collector [80].

2.3.6. Advantages, limitations and comparison

It can be seen that CNTs can be tailored different ways in order to tune (to a degree) the

performance of the electrode material. This control has been demonstrated by firstly, vary‐

ing the chiralitiy of the nanotube to produce the single-walled or the multi-walled variety.

Both CNT types have associated advantages and disadvantages with SWNTs being able to

be synthesised with a high degree of purity; while MWNTs can be synthesised on a larger

scale. CNTs can also have functionalities (through addition of oxygen or nitrogen containing

groups) added to their structure through treatment in order to change the surface properties

and hence wettability of the material. These functionalities enable enhanced compatibility to

an electrolyte to maximise electroactive surface area usage and hence performance. Further

doping with specific elements such boron and nitrogen can introduce a p-type/n-type be‐

haviour where electrons contribute a Faradaic response to the system and enhance capaci‐

tance and energy density. However, it must be noted that when faradaic processes occur at

the electrode/electrolyte interface, irreversible processes increase degradation of the elec‐

trode over time. Specific capacitance of CNTs (three electrode and device testing) is in the

order of 5 – 165 F/g with an increase thereafter as a result of doping (i.e due to Faradaic con‐

tribution). It must be pointed out that with electrical energy devices, there is always a trade-

off between energy and power density. Therefore the electrode material has to be tailored to

meet the requirements of the specific application.
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Figure 7. (a) SEM image depicting the growth of templated porous CNTs. (b) The tunability of average pore size distri‐
bution of binary and ternary carbides Al4C3, Ti2AlC,VC,ZrC, Ti3SiC2 by varying the chlorination temperature [29]. Repro‐
duced with permission from John Wiley & Sons

2.4. Templated porous carbons

Templated porous carbons are of recent great interest in the field of energy storage due to
the tunability in porosity, which is necessary to meet the materials application requirements
[29, 30]. These templated carbons are commonly known as carbide derived carbons (CDC)
as the carbon materials are derived from carbon precursors through physical and/or chemi‐
cal processes [29]. Briefly, the synthesis involves halogenations (usually chlorination) where
the carbon is formed by selective extraction of the metal and metalloid atoms, transforming
the carbide structure into pure carbon. The carbon layer is formed by inward growth, with
retention of the original shape and volume of the precursor [29]. If any metal chlorides are
trapped, they can be usually removed by hydrogenation or vacuum annealing [29]. The gen‐
eral reaction scheme is as follows where M = Si, Ti, Zr[23, 29];
MC(s) + 2Cl2(g)→MCl4(g) + C(s)

The advantage of forming carbon structures this way is the ability to form a tailored and
narrow pore size distribution with a large surface area as can be seen in Figure 7 [29].

Inagaki et. al. in their very comprehensive review of carbon materials for electrochemical ca‐
pacitors reported a maximum surface area of S BET of 2000 m2/g for CDC, which gives rise to
possible electrode materials with extremely large energy densities and power densities [23].
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bution of binary and ternary carbides Al4C3, Ti2AlC,VC,ZrC, Ti3SiC2 by varying the chlorination temperature [29]. Repro‐
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2.4. Templated porous carbons

Templated porous carbons are of recent great interest in the field of energy storage due to
the tunability in porosity, which is necessary to meet the materials application requirements
[29, 30]. These templated carbons are commonly known as carbide derived carbons (CDC)
as the carbon materials are derived from carbon precursors through physical and/or chemi‐
cal processes [29]. Briefly, the synthesis involves halogenations (usually chlorination) where
the carbon is formed by selective extraction of the metal and metalloid atoms, transforming
the carbide structure into pure carbon. The carbon layer is formed by inward growth, with
retention of the original shape and volume of the precursor [29]. If any metal chlorides are
trapped, they can be usually removed by hydrogenation or vacuum annealing [29]. The gen‐
eral reaction scheme is as follows where M = Si, Ti, Zr[23, 29];
MC(s) + 2Cl2(g)→MCl4(g) + C(s)

The advantage of forming carbon structures this way is the ability to form a tailored and
narrow pore size distribution with a large surface area as can be seen in Figure 7 [29].

Inagaki et. al. in their very comprehensive review of carbon materials for electrochemical ca‐
pacitors reported a maximum surface area of S BET of 2000 m2/g for CDC, which gives rise to
possible electrode materials with extremely large energy densities and power densities [23].
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Gao et. al. have recently reported flexible CDC electrodes fabricated into a device which ob‐
tained a specific capacitance of 135 F/g in 1 M H2SO4 and 120 F/g in 1.5 M tetraethyl ammo‐
nium tetrafluoroborate (TEABF4) [81]. Ordered mesoporous carbon spheres with
impregnated NiO, and a maximum surface area of 944 m2/g yielded a specific capacitance of
205.3 F/g in 2 M KOH [82]. Reported also by Y. Korenblit [83] was a high surface area CDC
(2430 m2/g) with aligned mesopores, which yielded a specific capacitance of 170 F/g and an
extremely high capacity retention of 85% at high current densities of 20 A/g.

2.5. Composite electrode materials

Typical carbonaceous electrode materials (activated carbon, CNTs, graphene, CDC) with
high surface areas used in supercapacitors have somewhat reached a limit when it comes
energy storage capacity, thus restricting their possible applications [84]. Pseudocapacitor
materials that are able to meet the needs of higher energy density are currently being devel‐
oped and combined with carbonaceous materials in order to create composites that when
designed into hybrid supercapacitors have advantages of fast rate capability, high storage
capacity, and long cyclability[84, 85].

Figure 8. Schematic diagram of a reversible redox reaction, as well as EDLC occurring at the electrode/electrolyte in‐
terface leading to pseudocapacitance.

2.5.1. CNT / polymer

Electrode materials comprised of inherently conducting polymers (ICPs) and CNTs is a
promising area of research. The conductive polymer matrix, combined with the network like
structure of the CNTs provides an enhanced electronic and ionic conductivity that can con‐
siderably improve charge storage and delivery [86-88].

Antiohos et. al. reported a SWNT / Pedot-PSS composite electrode material that was fabricat‐
ed into a device which had a specific capacitance of 120 F/g (1 M NaNO3 / H2O), coupled with
an excellent stability (~90% capacity retention) over 1000 cycles using galvanostatic charge /
discharge [89]. The SWNT / Pedot-PSS composite is depicted in Figure 9 where SWNTs are
thoroughly dispersed throughout the Pedot-PSS conducting polymer matrix. Kim et. al. re‐
cently fabricated a ternary composite material consisting of MWNTs, graphene, and PANI
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where a specific capacitance of 1118 F/g was achieved. This electrode was stable with 85%
capacity retention after 500 cycles using galvanostatic charge / discharge [90]. Hu et. al. [91]
have recently reported a composite electrode materials containing MWNTs coated with pol‐
ypyrrole that achieved a high capacitance of 587 F/g in a 0.1 M NaClO4 / acetonitrile electrolyte.

Figure 9. SEM image of PEDOT/PSS-SWNT composite showing PEDOT/PSS polymer to be integrated with the SWNT
[89]. Reproduced with permission from The Royal Society of Chemistry.

2.5.2. CNT / metal oxide

Metal oxides exhibit pseudocapacitative behaviour over small rages of potentials, through
redox processes which contribute electron transfer between the electrode / electrolyte inter‐
face (Figure 8). Common materials used in the construction of such devices are oxides of
Mn, Ru, Ir, Pt, Rh, Pd, Au, Co and W [22, 26]. By combining metal oxides with CNTs, com‐
posites can be formed that combine both Faradaic and non-Faradic effects enabling a larger
energy density to be obtained while still holding reasonable power density. Figure 10 shows
MnO2 particles that have been formed (insitu) in the presence of MWNTs.

Very recent work on carbon / metal oxide composites can be found in the review by Wang
et. al. [50]. Myoungkiet. al. reported recently in their a RuO2 / MWNT, electrode material
which achieved a specific capacitance of 628 F/g[92]. The electrode was fabricated by dis‐
persing the mixture in ethanol and casting onto carbon paper [92]. Li. et. al. reported that
when MWNT were coated with MnO2, a capacitance of 350 F/g was achieved [93]. More
novel materials have been created by incorporating MWNTs and Co3O4,which yielded spe‐
cific capacitances of 200 F/g [94] (acetylene black / PVDF slurry on Ni gauze); while Jaya‐
lakshmi et. al. reported in 2007 V2O5.xH2O / CNT film with a specific capacitance of 910 F/
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gwith the material being ground into a paste with paraffin and spread onto a graphite elec‐
trode, and tested in 0.1 M KCl [95].

Figure 10. Surface cross-section morphology of MnO2 particles being grown (insitu) onto MWNTs[96].Reproduced
with permission from Elsevier.

2.5.3. CNT / carbons

Creating composite materials from CNT and different forms of carbon such as graphene or
carbide derived carbons (CDC) can be advantageous due to the fact that the CNTs provide
microporosity (large surface area to maximise capacitance and hence energy density); while
graphene and CDC can be used to tailor the mesoporosity which improve ions kinetics, en‐
hancing the power density [21]. In Figure 11, a composite of reduced graphene oxide coated
with SWNTs is depicted that has been formed into a porous film. The edges of the graphene
oxide protrude out with a uniform coating of SWNTs. Recently, Li et. al. fabricated different
mass loadings of graphene and CNT composite electrodes by solution casting onto glass, an‐
nealing then peeling off [97]. They reported capacitance ranges of 70-110 F/g at a scan rate of
1 mV/s in 1M H2SO4 [97]. Luet. al. have reported a CNT / graphene composite which was
bound together with polypyrrole (through a filtration process) that achieved a specific ca‐
pacitance of 361 F/g at a current density of 0.2 A/g in 1 M KCl. The electrode exhibited excel‐
lent stability with only a 4% capacity loss over 2000 cycles [97]. Dong et. al. have shown that
is it possible to form SWNT/graphene oxide core shell structures and spray coat the subse‐
quent material onto a current collector [98]. The performance of these core structures yield‐
ed a material with a specific capacitance of 194 F/g using galvanostatic charge / discharge at
a high current density of 0.8 A/g in 1 M KOH [98].
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Figure 11. SEM image of a reduced graphene oxide / SWNT composite formed into a film.

2.6. Conclusions

It can be seen that there has been extensive research and development in the use of CNT as
electrode materials for energy storage applications. Currently, they provide an excellent
platform for devices that require high power density due to the very high surface areas and
fast rate capability. Further studies need to be implemented in order to better understand
the relationship between electrode porosity and electrolyte. An enhanced understanding of
the role of micro and meso-porosity and its effect on system performance is critical. Electro‐
lyte selection is also critical to device performance as it is proportional to the square of the
voltage. The main classes of electrolytes are aqueous-based, organic-based and room tem‐
perature ionic liquids. Evolving work has focused on using CNT materials in conjunction
with doping of various functional groups such as carboxyls, amines and elements such as
boron and nitrogen in order to enhance the electrode performance through increased usage
of electrode surface area and / or Faradaic contributions. The most recent work has focused
on the creation of composite materials via the combination of CNTs with conducting poly‐
mers or metal oxides. CNT composites have amassed into a prevalent area of research
through the search for the discovery of hybrid energy storage devices that are able to have
high energy and high power density which are beneficial for creating more energy efficient
systems and providing a greater range of applications.
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3. Thermal Energy Harvesting

3.1. Introduction to thermogalvanic cells

Studies on the conversion of heat to electricity have been conducted as early as the 1960s
[99]. Since then, several thermal converters have been developed: thermocouples, thermion‐
ic converters, thermally recharged cells, thermogalvanic cells, etc. [100]. The discussion in
the subsequent sections will be limited to thermogalvanic cells, also known as thermocells.
These are electrochemical systems that are able to directly transduce thermal energy to elec‐
trical energy [101]. The simple design of these systems allows them to function without the
need for moving components. Their stability allows operation for extended periods without
regular maintenance. Thermocells also have zero carbon emission hence it will not contrib‐
ute to the environmental impact of electrical power generation.

3.1.1. Low grade heat sources and conversion through thermogalvanic cells

Various unharnessed low grade heat sources

The second law of thermodynamics dictates that a heat engine can never have perfect effi‐
ciency and will always produce surplus heat (usually around 100 oC). This waste heat (or
low grade heat) is one of the world’s most ubiquitous sources of untapped energy. (i.e.
waste heat is produced by simply turning on an automobile). Roughly 70 % of the energy
generated by an automobile motor is wasted; part of it ends up as a hot exhaust pipe and
warm brakes. The Wartsila-Sulzer RTA96-C turbocharged two-stroke diesel engine, one of
the most efficient engines in the world, is only able to convert around 50 % of the energy in
the fuel to useful motion. The rest of that energy gets dissipated as waste heat [102]. Waste
heat also exists in factories, particularly in the steel and glass production industry. Pipes that
carry hot liquids are also low grade heat sources. Other scenarios wherein heat simply dissi‐
pates into the environment are power plants, household appliances, and various electronic
gadgets. Research done to convert waste heat into electrical power by the use of ferromag‐
netic materials, thermocouples and thermionic converters has resulted in low efficiencies
[103-105]. Advances in thermoelectric systems have been hampered by its high initial cost
and material limitations; as these systems operate in the temperature range much higher
than low grade heat [106].

Description of how a thermogalvanic cell works

A thermogalvanic cell, also known as a thermocell, is a thermal energy converter that uti‐
lises electrochemical reactions to attain conversion of low grade heat to electrical power. The
two half cells of the system are held at different temperatures causing a difference in redox
potentials of the mediator at the anode and cathode [107]. This reaction can drive electrons
through an external circuit that allows generation of current and power. A schematic of a
thermocell with a ferri/ferrocyanide redox couple is shown in Figure 12.
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Figure 12. Ferri/Ferro Cyanide redox thermogalvanic cell [108]Reproduced with permission from Springer Science
+Business Media

Ferrocyanide is oxidized at the hot anode, the electron generated then travels through an ex‐
ternal circuit and returns to the cell via the cold cathode where it is consumed in the reduc‐
tion of ferricyanide[109]. The accumulation of reaction products at either half-cell is
prevented by the diffusion and convection of the electrolyte that occurs naturally, thus elim‐
inating the need for moving mechanical components.

3.1.2. Desirable material properties for thermal conversion cells

Power conversion efficiency and how it is affected by electrode material properties

The power conversion efficieny (Φ) of a thermocell is defined as follows:

Φ= Electrical output power
Thermal power flowing through the cell (1)

The thermal power flowing through the cell is largely controlled by cell design and electro‐
lyte selection. When a reversible redox couple is used, no net consumption of the electrolyte
occurs and the thermal power is given by:

Thermal power flowing through cell=KA ∆ T
d (2)

Where K is the thermal conductivity of the electrolyte, A is the electrode cross sectional area,
ΔT is the thermal gradient and d is the distance between the two electrodes [110].

Qualitative behaviour of the current and voltage dependencies are shown in Figure 13; it de‐
picts that the maximum electrical output power (Pmax) is obtained when the external and in‐
ternal loads are equal and is given by:

Pmax =  0.25VOCISC (3)
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the subsequent sections will be limited to thermogalvanic cells, also known as thermocells.
These are electrochemical systems that are able to directly transduce thermal energy to elec‐
trical energy [101]. The simple design of these systems allows them to function without the
need for moving components. Their stability allows operation for extended periods without
regular maintenance. Thermocells also have zero carbon emission hence it will not contrib‐
ute to the environmental impact of electrical power generation.

3.1.1. Low grade heat sources and conversion through thermogalvanic cells

Various unharnessed low grade heat sources

The second law of thermodynamics dictates that a heat engine can never have perfect effi‐
ciency and will always produce surplus heat (usually around 100 oC). This waste heat (or
low grade heat) is one of the world’s most ubiquitous sources of untapped energy. (i.e.
waste heat is produced by simply turning on an automobile). Roughly 70 % of the energy
generated by an automobile motor is wasted; part of it ends up as a hot exhaust pipe and
warm brakes. The Wartsila-Sulzer RTA96-C turbocharged two-stroke diesel engine, one of
the most efficient engines in the world, is only able to convert around 50 % of the energy in
the fuel to useful motion. The rest of that energy gets dissipated as waste heat [102]. Waste
heat also exists in factories, particularly in the steel and glass production industry. Pipes that
carry hot liquids are also low grade heat sources. Other scenarios wherein heat simply dissi‐
pates into the environment are power plants, household appliances, and various electronic
gadgets. Research done to convert waste heat into electrical power by the use of ferromag‐
netic materials, thermocouples and thermionic converters has resulted in low efficiencies
[103-105]. Advances in thermoelectric systems have been hampered by its high initial cost
and material limitations; as these systems operate in the temperature range much higher
than low grade heat [106].

Description of how a thermogalvanic cell works

A thermogalvanic cell, also known as a thermocell, is a thermal energy converter that uti‐
lises electrochemical reactions to attain conversion of low grade heat to electrical power. The
two half cells of the system are held at different temperatures causing a difference in redox
potentials of the mediator at the anode and cathode [107]. This reaction can drive electrons
through an external circuit that allows generation of current and power. A schematic of a
thermocell with a ferri/ferrocyanide redox couple is shown in Figure 12.
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Figure 12. Ferri/Ferro Cyanide redox thermogalvanic cell [108]Reproduced with permission from Springer Science
+Business Media

Ferrocyanide is oxidized at the hot anode, the electron generated then travels through an ex‐
ternal circuit and returns to the cell via the cold cathode where it is consumed in the reduc‐
tion of ferricyanide[109]. The accumulation of reaction products at either half-cell is
prevented by the diffusion and convection of the electrolyte that occurs naturally, thus elim‐
inating the need for moving mechanical components.

3.1.2. Desirable material properties for thermal conversion cells

Power conversion efficiency and how it is affected by electrode material properties

The power conversion efficieny (Φ) of a thermocell is defined as follows:

Φ= Electrical output power
Thermal power flowing through the cell (1)

The thermal power flowing through the cell is largely controlled by cell design and electro‐
lyte selection. When a reversible redox couple is used, no net consumption of the electrolyte
occurs and the thermal power is given by:

Thermal power flowing through cell=KA ∆ T
d (2)

Where K is the thermal conductivity of the electrolyte, A is the electrode cross sectional area,
ΔT is the thermal gradient and d is the distance between the two electrodes [110].

Qualitative behaviour of the current and voltage dependencies are shown in Figure 13; it de‐
picts that the maximum electrical output power (Pmax) is obtained when the external and in‐
ternal loads are equal and is given by:

Pmax =  0.25VOCISC (3)
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Where Voc is the open circuit voltage and Isc is the short circuit current. Voc is highly depend‐
ent on the reaction entropy of the redox couple and the thermal gradient at which the elec‐
trodes are exposed to as shown in Equation 4:

Voc =
∆ SB,A ∆ T

nF (4)

where ΔSB,A is the reaction entropy for a hypothetical redox couple A↔ ne- B, n is the num‐
ber of reactions involved in the redox reaction and F is Faradays constant [100].

Combining Equation 2 and Equation 3 allows the power conversion efficiency to be ex‐
pressed as:

Φ=
0.25VocIsc

KA
∆ T

d

(5)

Ohmic, mass transport and activation overpotentials are losses that need to be minimised in
order to realise an improvement in thermocell conversion efficiency. At large electrode sepa‐
rations, ohmic overpotential is dictated by the electrolyte resistance; and mass transport
overpotential is maximized. By decreasing the inter-electrode separation, an increase in gen‐
erated power will be observed as both ohmic and mass transport overpotentials will de‐
crease. However, the power conversion efficiency will be lowered as it will be harder to
maintain the thermal gradient in the cell [112]. It has been shown that changes in electrolyte
concentration affect its thermal conductivity [108]. Optimization of electrolyte concentration
coupled with appropriate cell design is necessary to mitigate both overpotentials while
maintaining large power conversion efficiency.

Activation overpotential is associated with the activation barrier needed to transfer an elec‐
trode to an analyte. For the same activation overpotential, larger current densities are real‐
ised when the exchange current density is increased. This increase is attained when the
concentration of the redox couple in the electrolyte is maximised, the thermal gradient is in‐
creased and the number of possible reaction sites is augmented [113]. Porous electrodes
have the advantage of increased electroactive surface area and will directly amplify the
short circuit current density [114]. It must be noted that for porous electrodes, short circuit
current density does not increase indefinitely with electrode thickness as mass transfer over‐
potential will become limiting. The reaction products formed within the pores of the anode
will not be able to diffuse fast enough to the cathode and vice versa, generating concentra‐
tion gradients around both electrodes. Another way to decrease the activation overpotential
in thermocells is by using catalytic electrodes attained by doping [115].
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Figure 13. The typical dependencies of the current (I) on the effective voltage (U), internal resistance (r) and the useful
power on the external resistance (rext) [111]Reprinted with permission from Elsevier.

3.1.3. CNTs vs flat electrodes - why CNTs can improve thermal harvesting

Power conversion efficiency achieved by using flat electrodes and why recent developments in CNTs
can augment thermogalvanic cell performance

The chemical stability of platinum led to its extensive investigation in thermogalvanic cells.
In fact, a study on the effects of platinum electrode cleaning was performed and it was de‐
duced that this affects the power delivery characteristics of thermogalvanic cells [116].

Comparison of thermoelectric converters operating at different conditions (i.e. thermal gra‐
dient, electrolyte, electrode separation, etc.) can be done by measuring their power conver‐
sion efficiency relative to a Carnot engine operating at the same temperature (Φr).

Φr =
Φthermogalvanic cell operating at ∆T

ΦCarnot engine operating at ∆T
(6)

If power inputs are ignored, such as mechanical stirring, thermocells with platinum electro‐
des are able to attain power conversion efficiency relative to a Carnot engine of 1.2%. How‐
ever, if power inputs are strictly excluded, the efficiency drops to 0.5% [100].

As mentioned previously, the discovery of CNTs led to widespread research on this materi‐
al to investigate its potential uses, one of them being electrochemical applications [39,
117-120]. CNT electrodes are known to exhibit Nernstian behaviour and more importantly,
fast electron transfer kinetics with the redox couple ferri/ferrocyanide. Peak potential sepa‐
ration in cyclic voltammograms obtained using micron-sized MWNT electrodes and 5 mM
potassium ferrocyanide is 59 mV, which is the expected theoretical value and implies that
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Where Voc is the open circuit voltage and Isc is the short circuit current. Voc is highly depend‐
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erated power will be observed as both ohmic and mass transport overpotentials will de‐
crease. However, the power conversion efficiency will be lowered as it will be harder to
maintain the thermal gradient in the cell [112]. It has been shown that changes in electrolyte
concentration affect its thermal conductivity [108]. Optimization of electrolyte concentration
coupled with appropriate cell design is necessary to mitigate both overpotentials while
maintaining large power conversion efficiency.

Activation overpotential is associated with the activation barrier needed to transfer an elec‐
trode to an analyte. For the same activation overpotential, larger current densities are real‐
ised when the exchange current density is increased. This increase is attained when the
concentration of the redox couple in the electrolyte is maximised, the thermal gradient is in‐
creased and the number of possible reaction sites is augmented [113]. Porous electrodes
have the advantage of increased electroactive surface area and will directly amplify the
short circuit current density [114]. It must be noted that for porous electrodes, short circuit
current density does not increase indefinitely with electrode thickness as mass transfer over‐
potential will become limiting. The reaction products formed within the pores of the anode
will not be able to diffuse fast enough to the cathode and vice versa, generating concentra‐
tion gradients around both electrodes. Another way to decrease the activation overpotential
in thermocells is by using catalytic electrodes attained by doping [115].
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3.1.3. CNTs vs flat electrodes - why CNTs can improve thermal harvesting

Power conversion efficiency achieved by using flat electrodes and why recent developments in CNTs
can augment thermogalvanic cell performance

The chemical stability of platinum led to its extensive investigation in thermogalvanic cells.
In fact, a study on the effects of platinum electrode cleaning was performed and it was de‐
duced that this affects the power delivery characteristics of thermogalvanic cells [116].

Comparison of thermoelectric converters operating at different conditions (i.e. thermal gra‐
dient, electrolyte, electrode separation, etc.) can be done by measuring their power conver‐
sion efficiency relative to a Carnot engine operating at the same temperature (Φr).

Φr =
Φthermogalvanic cell operating at ∆T

ΦCarnot engine operating at ∆T
(6)

If power inputs are ignored, such as mechanical stirring, thermocells with platinum electro‐
des are able to attain power conversion efficiency relative to a Carnot engine of 1.2%. How‐
ever, if power inputs are strictly excluded, the efficiency drops to 0.5% [100].

As mentioned previously, the discovery of CNTs led to widespread research on this materi‐
al to investigate its potential uses, one of them being electrochemical applications [39,
117-120]. CNT electrodes are known to exhibit Nernstian behaviour and more importantly,
fast electron transfer kinetics with the redox couple ferri/ferrocyanide. Peak potential sepa‐
ration in cyclic voltammograms obtained using micron-sized MWNT electrodes and 5 mM
potassium ferrocyanide is 59 mV, which is the expected theoretical value and implies that
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the highest electron transfer rate was attained [121]. Incidentally, the ferri/ferrocyanide re‐
dox couple has been studied intensively in thermocell applications owing to the large volt‐
age that can be induced by a thermal gradient, also known as the Seebeck coefficient. The
Seebeck coefficient 1.4 mV/K for the ferri/ferro cyanide redox couple implies that an open
circuit potential of 84 mV is attainable at a thermal gradient of 60 oC (the usual limit for
aqueous systems without significant cooling). The fast electron transfer of CNTs in ferri/
ferro cyanide primarily justifies its use as electrodes in thermocells.

The nanometre diameter of CNTs gives rise to large gravimetric and volumetric specific sur‐
face areas (SSA). Their unique aspect ratios allow porous electrodes to be fabricated by a va‐
riety of methods. Theoretically the SSA of CNTs can range from 50-1315 m2/g, the value
dictated by the number of walls [74]. Theoretical predictions are in good agreement with ex‐
perimental values obtained by the measurement of amount of gas (usually N2) adsorbed at
77 K and calculations using the Brunauer-Emmett-Teller (BET) isotherm. Kaneko et al. [122]
have reported that MWNTs are mesoporous while Rao et al. [123] have shown that SWNTs
are microporous. MWNT buckypapers of the same geometric area compared with platinum
foil are known to have three times larger charging current density during cyclic voltamme‐
try in ferri/ferrocyanide aqueous electrolyte [114], evidence of the large accessible SSA of
CNT electrodes.The large SSA of CNTs allows for a greater number of electroactive sites.
When the CNT electrode porosity is controlled and the tortuousity is minimised in thermo‐
galvanic cells (so that mass transfer is not limited within the electrode), the short circuit cur‐
rent generated can be significantly augmented.

3.2. Different types of CNTs investigated

3.2.1. SWNT and MWNT

CNTs were first used as thermocell electrodes in 2009 [114]. Baughman et al. tested 0.5 cm2

MWNT buckypaper electrodes (with less than 1 % catalyst and with MWNT diameter of
around 10 nm) in a U-Cell with electrode separation of 5 cm, a temperature gradient of 60 oC
wherein Tcold= 5 oC. A schematic of the cell they used is shown in Figure 14. A specific power
density of 1.36 W/m2 was obtained [114]. Platinum electrodes tested under the same condi‐
tions generated a specific power density of 1.02 W/m2, proving that CNTs are viable materi‐
als for thermocell electrodes.

SWNT powders produced by arc discharge (ASA-100F, Hanwha Nanotech) with an average
diameter of 1.3 nm, and composition of 20-30 wt. % CNTs, 40 wt. % carbon nanoparticles, 20
wt. % catalyst material, 10 wt% amorphous carbon and graphite, was tested by Kang et al. in
thermal harvesting [113]. A vertical test cell with a “hot above cold” orientation (Figure 15),
glass frit separator and electrode separation of 4 cm was employed with Thot= 46.4 oC and
Tcold = 26.4 oC. SWNT electrodes with an area of 0.25 cm2 were immersed in 0.2M
K3Fe(CN)6/K4Fe(CN)6 electrolyte. The specific power density obtained was around 5.15
W/kg. Commercially available purified SWNT powders (P-SWNT) sourced from Hanwha
Nanotech (ASP-100F), refined by thermal and acid treatment (60-70 wt. % nanotubes, 10 wt.
% catalyst material, 20 wt. % graphite impurities) was tested by the same group. The specific
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power density improved by 32 %, generating 6.8 W/kg. Using the same test conditions, com‐
mercially available purified MWNT having 3-6 walls with a median diameter of 6.6 nm
(SMW100, Southwest Nanotechnologies, Inc) and approximately 98 wt. % carbon yielded a
specific power density of 6.13 W/kg. It must be noted that these tests were not done to maxi‐
mise the power generation capability of the thermocell but to gain further insight into CNT
electrodes for thermal harvesting. Hence the small electrode separation, low electrolyte con‐
centration and small thermal gradient.

Figure 14. Schematic of the U-Cell used by Baughman et. al for thermal harvesting

Electrical impedance spectroscopy (EIS) of the various carbon nanomaterials tested by Kang
et al revealed that the P-SWNT electrode has a marginally lesser ohmicoverpotential (21 Ω)
than the pristine SWNT (22 Ω). This finding explains the increased specific power density
generated when the P-SWNT electrodes are used.

Figure 15. Vertical “hot above cold” thermocell[113]Reprinted with permission from John Wiley & Sons, Inc.

It has been proven that the catalytic nature of MWNTs is due to the edges or sites where the
tube terminates, regions that are more numerous in MWNTs than in SWNTs [124]. Due to
this and the fact that P-MWNTs had lower ohmic resistance (18 Ω) compared to P-SWNTs, it
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ferro cyanide primarily justifies its use as electrodes in thermocells.

The nanometre diameter of CNTs gives rise to large gravimetric and volumetric specific sur‐
face areas (SSA). Their unique aspect ratios allow porous electrodes to be fabricated by a va‐
riety of methods. Theoretically the SSA of CNTs can range from 50-1315 m2/g, the value
dictated by the number of walls [74]. Theoretical predictions are in good agreement with ex‐
perimental values obtained by the measurement of amount of gas (usually N2) adsorbed at
77 K and calculations using the Brunauer-Emmett-Teller (BET) isotherm. Kaneko et al. [122]
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foil are known to have three times larger charging current density during cyclic voltamme‐
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CNT electrodes.The large SSA of CNTs allows for a greater number of electroactive sites.
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galvanic cells (so that mass transfer is not limited within the electrode), the short circuit cur‐
rent generated can be significantly augmented.

3.2. Different types of CNTs investigated

3.2.1. SWNT and MWNT

CNTs were first used as thermocell electrodes in 2009 [114]. Baughman et al. tested 0.5 cm2

MWNT buckypaper electrodes (with less than 1 % catalyst and with MWNT diameter of
around 10 nm) in a U-Cell with electrode separation of 5 cm, a temperature gradient of 60 oC
wherein Tcold= 5 oC. A schematic of the cell they used is shown in Figure 14. A specific power
density of 1.36 W/m2 was obtained [114]. Platinum electrodes tested under the same condi‐
tions generated a specific power density of 1.02 W/m2, proving that CNTs are viable materi‐
als for thermocell electrodes.

SWNT powders produced by arc discharge (ASA-100F, Hanwha Nanotech) with an average
diameter of 1.3 nm, and composition of 20-30 wt. % CNTs, 40 wt. % carbon nanoparticles, 20
wt. % catalyst material, 10 wt% amorphous carbon and graphite, was tested by Kang et al. in
thermal harvesting [113]. A vertical test cell with a “hot above cold” orientation (Figure 15),
glass frit separator and electrode separation of 4 cm was employed with Thot= 46.4 oC and
Tcold = 26.4 oC. SWNT electrodes with an area of 0.25 cm2 were immersed in 0.2M
K3Fe(CN)6/K4Fe(CN)6 electrolyte. The specific power density obtained was around 5.15
W/kg. Commercially available purified SWNT powders (P-SWNT) sourced from Hanwha
Nanotech (ASP-100F), refined by thermal and acid treatment (60-70 wt. % nanotubes, 10 wt.
% catalyst material, 20 wt. % graphite impurities) was tested by the same group. The specific
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power density improved by 32 %, generating 6.8 W/kg. Using the same test conditions, com‐
mercially available purified MWNT having 3-6 walls with a median diameter of 6.6 nm
(SMW100, Southwest Nanotechnologies, Inc) and approximately 98 wt. % carbon yielded a
specific power density of 6.13 W/kg. It must be noted that these tests were not done to maxi‐
mise the power generation capability of the thermocell but to gain further insight into CNT
electrodes for thermal harvesting. Hence the small electrode separation, low electrolyte con‐
centration and small thermal gradient.

Figure 14. Schematic of the U-Cell used by Baughman et. al for thermal harvesting

Electrical impedance spectroscopy (EIS) of the various carbon nanomaterials tested by Kang
et al revealed that the P-SWNT electrode has a marginally lesser ohmicoverpotential (21 Ω)
than the pristine SWNT (22 Ω). This finding explains the increased specific power density
generated when the P-SWNT electrodes are used.

Figure 15. Vertical “hot above cold” thermocell[113]Reprinted with permission from John Wiley & Sons, Inc.

It has been proven that the catalytic nature of MWNTs is due to the edges or sites where the
tube terminates, regions that are more numerous in MWNTs than in SWNTs [124]. Due to
this and the fact that P-MWNTs had lower ohmic resistance (18 Ω) compared to P-SWNTs, it
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was expected that P-MWNTs would perform better in thermal harvesting. The authors at‐
tributed the enhanced performance of P-SWNT to the larger specific surface area, which
compensated for the decreased electroactive sites and higher ohmic resistance.

3.2.2. Functionalized CNTs

Functionalising or doping (using Nitrogen or Boron atoms) may be used to fine tune the
physical  and chemical  properties of  CNTs [125-127].  With advances in technology,  CNT
functionalization is a reasonably simple process [128]. Dai et. al have shown that nitrogen-
doped carbon nanotubes (NCNTs) have high electrocatalytic activity in oxygen reduction
reactions as compared to undoped CNTs [129]. The increase in performance was brought about
by a four electron pathway for oxygen reduction reactions that was attained by aligning the
nanotubes and integrating nitrogen into the carbon lattice. The additional electrons contribut‐
ed by nitrogen atoms can enhance electronic conductivity by providing electron carriers for
the conduction band [130]. The many active defects and hydrophilic properties of NCNTs
allow for enhanced electrolyte interaction in aqueous solutions [131]. Boron doped CNTs
(BCNTs) are also attractive for electrochemical applications owing to the increased edge plane
sites on the CNT surface; proven to be the predominant region for electron transfer [132].
Examples of the electrocatalytic performance of BCNTs are the improved detection of L-
cysteine, enhanced electroanalysis of NADH and enhancement of field emission [126, 127,133].

The possibility of using nitrogen-doped CNT and boron-doped CNT electrodes in thermo‐
cells was investigated by Cola et.al [115]. Doping was attained by using a plasma-enhanced
chemical vapour deposition process. Tests were run using a U-cell configuration (Figure 14),
Tcold = 20 oC, thermal gradient of up to 40 oC, and electrolyte concentration of 0.1 M potassi‐
um ferri/ferrocyanide. The electrodes were sized to 0.178 cm2 and were set up in a symmet‐
ric and asymmetric (N(hot)-B(cold) and B(hot)-N(cold)) fashion.

Results (Figure 16a) indicate inferior thermocell performance for both NCNT and BCNT as
compared to Pt and pristine CNTs. The poor performance of the doped CNTs was brought
about by the sluggish kinetics, evidenced by the large peak separations in the cyclic voltam‐
mograms taken at a scan rate of 100 mV/s (Figure 16b). It was theorized that the slow-mov‐
ing kinetics for the doped electrodes was caused by the electrostatic effects at the electrode-
electrolyte interface [134]. The positively charged BCNTs repulsed the similarly charged
potassium (K+) counter ion which decreased the electrolyte concentration in the vicinity of
the electrode. The negatively charged NCNTs led to a strong electrostatic attraction with K+,
an effect which at low concentrations can improve electron transfer kinetics. However, the
large bulk concentration (needed to achieve significant short circuit currents in thermocells)
led to a high density of the K+ ions in the vicinity of the electrode. This effectively acted as a
barrier to the redox reactions that were supposed to occur at the electrode.
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Figure 16. a) Thermal energy conversion response of various electrodes used by Cola et. Al b.Cyclicvoltammograms of
various electrodes in 0.1M K3Fe(CN)6/K4Fe(CN)6 at 100 mV/s vs Ag/AgCl reference electrode [115]. Reproduced with
permission from J. Electrochem. Soc.

Using BCNT and NCNT in an asymmetric configurations resulted in increased currents at
small thermal gradients as compared to the symmetric arrangements. This current then de‐
creased non-linearly as the temperature difference was increased. At small thermal gradi‐
ents, with the BCNT at the cold side of the cell, the slower kinetics induced an accumulation
of reactants at its surface. The faster kinetics at the NCNT, brought about by the increased
temperature, kept the electrolyte concentration in its vicinity low. Both factors allow the re‐
dox reactions to occur rapidly until a threshold thermal gradient is reached. At this point,
the ion concentration in the vicinity of the NCNT is sufficiently large to slow the kinetics
and reduce the currents generated. The threshold temperature gradient is attained at lower
temperatures when the NCNT is kept at the cold side of the cell because the slower kinetics
at this temperature promotes accumulation of K+ ions on the NCNT surface and leads to the
“blocking” effect discussed previously.

3.2.3. Composites

The recent discovery of graphene through micromechanical exfoliation has sparked a flur‐
ry of  research into its  possible applications [135].  Graphene consists  of  a  single layer of
carbon atoms bonded in a hexagonal lattice. Like CNTs, its remarkable properties (charge
carrier mobility of 200000 cm2/V-s and specific surface area of 2630 m2/g) make it an ide‐
al candidate for electrochemical applications [136, 137]. In order to scale up graphene pro‐
duction,  graphite  is  normally  exfoliated  in  the  liquid  state  through  surfactant/solvent
stablilization [138] or chemical conversion resulting in a graphene like structure known as
reduced graphene oxide (RGO), shown in Figure 17 [139]. Being of the same composition
as CNTs, investigation of the possibility of synthesizing composites of these two carbon
materials and exploring their performance as electrode materials has been done by sever‐
al research groups [83, 91, 140].
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compared to Pt and pristine CNTs. The poor performance of the doped CNTs was brought
about by the sluggish kinetics, evidenced by the large peak separations in the cyclic voltam‐
mograms taken at a scan rate of 100 mV/s (Figure 16b). It was theorized that the slow-mov‐
ing kinetics for the doped electrodes was caused by the electrostatic effects at the electrode-
electrolyte interface [134]. The positively charged BCNTs repulsed the similarly charged
potassium (K+) counter ion which decreased the electrolyte concentration in the vicinity of
the electrode. The negatively charged NCNTs led to a strong electrostatic attraction with K+,
an effect which at low concentrations can improve electron transfer kinetics. However, the
large bulk concentration (needed to achieve significant short circuit currents in thermocells)
led to a high density of the K+ ions in the vicinity of the electrode. This effectively acted as a
barrier to the redox reactions that were supposed to occur at the electrode.
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small thermal gradients as compared to the symmetric arrangements. This current then de‐
creased non-linearly as the temperature difference was increased. At small thermal gradi‐
ents, with the BCNT at the cold side of the cell, the slower kinetics induced an accumulation
of reactants at its surface. The faster kinetics at the NCNT, brought about by the increased
temperature, kept the electrolyte concentration in its vicinity low. Both factors allow the re‐
dox reactions to occur rapidly until a threshold thermal gradient is reached. At this point,
the ion concentration in the vicinity of the NCNT is sufficiently large to slow the kinetics
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Figure 17. SEM image of the cross section of a reduced graphene oxide film

Kang et al. have shown that when composites composed of 1:1 weight RGO and P-SWNT
are used in thermocells, the specific power generated (5.3 W/kg) is comparable to that of
SWNTs (the experimental conditions used were discussed in section 3.2.1) [113]. It must be
noted that when RGO alone is used, the specific power generated is 3.87 W/kg. However,
the composite electrode produces a specific power that is only 78 % of the P-SWNT. This
decrease in performance can be attributed to the large ohmic resistance observed in the RGO
electrode (35.6Ω) that is 55 % higher than the P-SWNT electrode. The chemical conversion of
graphite to RGO involves oxidising graphite, exfoliation and then a subsequent reduction. It
is surmised that the incomplete removal of the oxygen containing functional groups is the
cause of the pronounced ohmic resistance. Another reason for the poor performance of the
composite electrodes is the restacking of the RGO sheets during electrode preparation,
which impedes electrolyte diffusion and results in sluggish kinetics.

Optimisation of the RGO-SWNT composition for thermocell electrodes was done by Chen
et. al [141]. The amount of RGO added ranged from 1 to 20 % by weight. A U-cell was used
with 0.75 cm2 electrodes separated by 10 cm, a thermal gradient of 60 oC with Tcold= 20 oC
and 0.4 M ferri/ferrocyanide electrolyte. The optimised composite 99 % SWNT-1 % RGO
generated a specific current density of 26.78 W/kg. By using large amounts of SWNTs the
RGO sheets were prevented from restacking, which resulted in the appropriate nanoporosi‐
ty that promoted redox mediator diffusion. The sheet like structure of the RGO provided in‐
creased pathways for electrons in the composite thus contributing to its enhanced
performance. The interaction between SWNTs and RGO is clearly seen in Figure 18.
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Figure 18. SEM images of reduced graphene oxide-SWNT composites

3.3. Developments in processing and fabrication of CNTs for better cell design

3.3.1. Current processing techniques for CNTs relevant to thermocells

Solvent/surfactant exfoliation

One of the major obstacles to research on CNT characterisation and application is their
spontaneous aggregation brought about by attractive van der Waals interactions in both
aqueous and organic solutions. The resulting aggregates or “bundles” can reach lengths of
several microns and diameters of tens of nanometers. Debundling of these aggregates is es‐
sential as they have mediocre properties as compared to individual tubes. Reproducibility of
results also becomes an issue when CNTs are not dispersed adequately.

Liquid phase separation is one of the simplest methods wherein stable CNT dispersions are
attainable. Stable well-exfoliated CNT dispersions is achieved by appropriate selection of
the solvent as forced dispersion via ultrasonication will result in agglomeration of the CNTs
in a very short span of time. Selection of solvents can be based on the enthalpy of mixing per

solvent volume (Δ H
-

 mix) [138]:

∆ H
-

mix =  2
Rbun

(δNT - δsol)2∅ (7)

Where Rbun is the radius of the dispersed nanotube bundles, δNT  and δsol  are square roots of
the nanotube and solvent surface energies and ∅ is the nanotube volume fraction. The solu‐

bility theory states that a negative free energy of mixing ( ∆G
-

mix ) is indicative of a stable
dispersion.

∆G
-

mix = ∆ Hmix - T ∆S
-

mix
(8)
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The entropy of mixing per unit volume ( ∆S
-

mix ) of nanotubes is generally small owing to

their size and rigidity [142]. In order to realize a minimisation of ∆G
-

mix then solvents which
result in small values of ∆ Hmix are necessary. Based on Equation 7, the most effective sol‐
vents at dispersing CNTs would be those that have a surface energy close to the nanotube
surface energy (~70 mJ/m2); i.e. solvents with surface tension around 40 mJ/m2 [143].

Another method to attain stable dispersions of CNTs is through the use of surfactants. Its
inherent advantage over solvent dispersion was the fact that it was carried out in aqueous
media, lessening its hazards and environmental impact. It relies on the principle wherein
colloids are stabilized by surface charges [144]; i.e. Coulomb repulsion. Adsorption of the
amphiphilic surfactant molecules onto CNTs is attained through their hydrophobic tails.
This introduces a removable surface charge that creates an electric double layer around the
nanotube; of which the magnitude and sign is proportional to its zeta potential [145]. This
double layer provides repulsive forces that counteract the attractive van der Waals forces
[146]. Selection of surfactants for CNTs dispersion depends on the size of their molecules.
Low molecular weight surfactants will be able to pack tightly around the nanotube surface
resulting in better stabilization [147].

Figure 19. CNT bucky paper

Filtration of CNT dispersions results in a planar mat of randomly arranged tubes [148] that
can be up to several hundred microns thick. These mats or “bucky papers” (Figure 19) have
been instrumental in CNT evaluation (owing to their simple processing) as electrode materi‐
als not only for thermocells but for other electrochemical applications as well. Post-treat‐
ment of buckypapers via annealing or acid wash is essential to ensure complete removal of
the solvent or surfactant used to attain the CNT dispersion [149].

Chemical vapour deposition

Chemical vapour deposition (CVD), a process that involves deposition of solids from a gas
phase, has proven to be a viable method for attaining highly oriented CNTs on planar sub‐
strates (Figure 20) [150]. One of the theories behind the large degree of alignment is the re‐
duction in free energy brought about by the van der waals interactions along the tube length
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inducing coordinated growth by holding the tubes together [151]. The ability to tailor the
growth of CNTs in three dimensional configurations is highly advantageous in thermocell
applications. This configuration promotes enhanced ion accessibility with the CNT matrix
allowing larger current to be generated. The alignment of the tubes also minimises the tor‐
tuosity of the CNT electrodes which decreases the probability of forming concentration gra‐
dients within the electrode itself, leading to a decrease in the mass transfer overpotential.
The wide range of substrates that can be used for CNT synthesis (metallic, carbon, etc) via
CVD allows the fabrication of electrodes with a high degree of flexibility; materials that are
highly desirable in thermocells [152].

Figure 20. Aligned CNTs produced by CVD process

3.3.2. Cell design breakthroughs attained using CNTs

The development of flexible electrodes for electrochemical applications has paved the way
for innovative cell designs for thermal energy conversion. CNT forests grown directly on
thermocell casings, scroll electrodes, and thermocells that can be wrapped around cooling/
heating pipes have been attained through flexible CNT electrodes [114].

Mark II thermocell

When inter electrode separation is decreased, larger specific power is generated as mass
transfer is enhanced over shorter distances. However, this results in decreased power con‐
version efficiency as larger thermal energy is required to maintain a similar thermal gradient
[112]. Scroll electrodes (Figure 21) can be employed to mitigate this problem. Using scrolled
MWNT buck papers, each with a diameter of 0.3 cm and mass of 0.5 mg, aligned along their
rolling axis inside a glass tube containing 0.4 M ferri/ferrocyanide, an electrode separation of
5 cm, Tcold of 5 oC and thermal gradient of 60 oC a specific power density of 1.8 W/m2 was
obtained. The power conversions efficiency of 0.24 % is an order of magnitude higher than
thermocells using Pt electrodes tested under similar conditions [114]. The relative efficiency
of the Mark II thermocell is 17 % higher than that obtained when using platinum electrodes,
giving Φr of 1.4 %.
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inducing coordinated growth by holding the tubes together [151]. The ability to tailor the
growth of CNTs in three dimensional configurations is highly advantageous in thermocell
applications. This configuration promotes enhanced ion accessibility with the CNT matrix
allowing larger current to be generated. The alignment of the tubes also minimises the tor‐
tuosity of the CNT electrodes which decreases the probability of forming concentration gra‐
dients within the electrode itself, leading to a decrease in the mass transfer overpotential.
The wide range of substrates that can be used for CNT synthesis (metallic, carbon, etc) via
CVD allows the fabrication of electrodes with a high degree of flexibility; materials that are
highly desirable in thermocells [152].
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3.3.2. Cell design breakthroughs attained using CNTs

The development of flexible electrodes for electrochemical applications has paved the way
for innovative cell designs for thermal energy conversion. CNT forests grown directly on
thermocell casings, scroll electrodes, and thermocells that can be wrapped around cooling/
heating pipes have been attained through flexible CNT electrodes [114].

Mark II thermocell

When inter electrode separation is decreased, larger specific power is generated as mass
transfer is enhanced over shorter distances. However, this results in decreased power con‐
version efficiency as larger thermal energy is required to maintain a similar thermal gradient
[112]. Scroll electrodes (Figure 21) can be employed to mitigate this problem. Using scrolled
MWNT buck papers, each with a diameter of 0.3 cm and mass of 0.5 mg, aligned along their
rolling axis inside a glass tube containing 0.4 M ferri/ferrocyanide, an electrode separation of
5 cm, Tcold of 5 oC and thermal gradient of 60 oC a specific power density of 1.8 W/m2 was
obtained. The power conversions efficiency of 0.24 % is an order of magnitude higher than
thermocells using Pt electrodes tested under similar conditions [114]. The relative efficiency
of the Mark II thermocell is 17 % higher than that obtained when using platinum electrodes,
giving Φr of 1.4 %.
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Figure 21. Mark II thermocell[114] Reprinted with permission from American Chemical Society

Coin cell

Thin coin type thermocells which could be powered by extremely low thermal gradients
were developed using MWNTs and 0.4M ferri/ferrocyanide as the electrolyte (Figure 22).
Coin cells fabricated using MWNT bucky paper electrodes and exposed to a thermal gradi‐
ent of 45oC generated a specific power of 0.389 W/m2 (equivalent to a normalised power
density Pmax/ΔT2 of 1.92 x 10-4 W/m2K). Coin cells with electrodes made of MWNT forests
around 100 µm tall, grown directly on the internal stainless steel surface of the packaging
substrate using a trilayer catalyst (30 nm Ti, 10 nm Al, 2 nm Fe) plasma enhanced CVD
method was also developed. The specific power generated at a thermal gradient of 60oC was
0.980 W/m2,giving Pmax/ΔT2 =2.72 x 10-4 W/m2K. The larger normalised power density of the
coin cell with MWNT forest electrodes is due to its nanotube alignment, which promotes
electrolyte diffusion, and the lower thermal (0.01 cm2K/W) and electrical resistance at the
MWNT forest/substrate junction [153]. The thermal resistance for bucky papers is around
0.05 cm2 K/W which leads to larger loss of thermal energy at the electrode/substrate junction
and 30% less power conversion efficiency [154].

Figure 22. Coin cell for thermal energy conversion [114] Reprinted with permission from American Chemical Society
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Flexible thermocell

One of the main applications of thermocells is to harvest thermal energy from automobile
exhaust pipes and cooling or heating lines in industrial facilities. Flexible thermocells can be
wrapped around these pipes and convert them to sources of electrical power. A flexible
thermocells consisting of two MWNTbucky paper electrodes kept apart by 2 layers of No‐
mexHT 4848 impregnated with 0.4M ferri/ferrocyanide and wrapped in a stainless steel
sheetis shown in Figure 23. The cell was wrapped around a cooling pipe and a thermal gra‐
dient of 15oC was applied using a resistive heater. A specific power 0.39 W/m2 was generat‐
ed proving that flexible thermocells are now a possibility [114].

Figure 23. a) schematic b) photo of a flexible thermocell that can be wrapped around cooling/heating pipes [114]
Reprinted with permission from American Chemical Society

3.4. Conclusion

Research on CNTs as electrode materials for thermogalvanic cells is still in its early stages.
However, these initial results indicate that these nanocarbons are capable of generating sig‐
nificant amounts of power; much larger than when conventional electrodes are used. With‐
out excluding the energy input from mechanical stirring, thermocells with platinum
electrodes are able to attain a power conversion efficiency relative to a Carnot engine of
1.2% [100]. This value was surpassed with the use of CNT electrodes, reaching Φr = 1.4%, in
a thermocell that did not utilise any mechanical stirring and relied only on convection and
diffusion to cause mass transfer of reaction products. The most important breakthrough is in
the area of cell design as the robustness of CNT electrodes allows them to be conformed into
a variety of shapes in order to mitigate heat flow from the hot to cold side of the thermocell.
Flexible thermocells are also possible; devices that can harvest heat from heating or cooling
pipes. Optimisation of the porosity of these CNT electrodes is essential in order to minimise
the tortuosity and to reduce the mass transport overpotential in these systems. Doping CNT
electrodes can alter their electroactive surface area by up to 4-fold; this feature can be ex‐
ploited by selecting the right electrolyte. The use of CNT-RGO composites has demonstrated
the synergistic effect of these two materials, augmenting the power conversion efficieny of
thermocells. Further developments in the field of CNT synthesis and processing will de‐
crease the cost of these materials such that commercialisation of thermogalvanic cells may
one day be realised.
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4. Perspective and future developments

With energy consumption as a whole on the increase, coupled with the rapid economic de‐
velopment of countries such as Brazil, China, India, and Russia there will be a concerted ef‐
fort to improve how energy is utilised. This expansion in industrialisation has already and
will continue to lead to a further increase in the price of oil. Coupled to the rise in fossil fuel
costs are drivers of an ageing energy infrastructure system and demand for a low-carbon
emission economy through the use of renewable energy [155]. To help accommodate all
these factors the supply and demand challenge may be addressed by tapping into otherwise
wasted energy. Low grade heat, if effectively harvested can prove to be a viable source of
power. Thermal converters have the potential to increase the efficiency of current energy
conversion systems. Energy storage also plays a key role in providing a solution to the ener‐
gy problem. Energy must be efficiently stored, when it is in excess, and released at a time of
high demand. This is extremely important for renewables that are not load-following [156].

With these energy challenges and ongoing research and development, including those that
have been conducted over the last decade, the awareness of the benefits of electrochemical
capacitors is increasing. As the research and development into energy storage and conver‐
sion has increased, the applications of electrochemical capacitors has increased with the
technology becoming more diverse meaning that systems can better be tailored /targeted for
specific applications ranging from higher energy density to high power densities where fast
charge / discharge efficiencies are needed [156]. The most commonly used material for su‐
percapacitors has been activated carbon with new nanostructured materials such as carbon
nanotubes and its derivatives coming to the forefront of the current fundamental research. It
can be seen that the way forward in terms of trying to improve energy density and power
density is in the use of CNT with composite materials such as other carbons, and conducting
polymers or metal oxides in order to take advantage of the pseudocapacitative effects that
these materials provide.

The research on thermogalvanic systems in the past has been generally limited to platinum
electrodes [100]. This has enhanced the understanding of these electrochemical systems but
has not advanced the research in terms of commercialisation due to its cost. The use of car‐
bon nanomaterials has improved the performance of these devices immensely because of
their fast transfer kinetics and large electroactive surface area and is also economically via‐
ble. A record threefold increase in power conversion efficiency (as compared to convention‐
al systems wherein platinum is used) has been realised with the use of MWNT electrodes
[114]. Flexible electrodes are now possible due to CNTs. These can be used as scroll electro‐
des or for thermocells that can be wrapped around pipes will make this system more versa‐
tile in terms of its possible applications. Further increase in thermocell performance may be
realised with the use of CNTs-graphene composite materials.

Future development will most likely see supercapacitors and thermocells become a central
part of hybrid energy storage and power delivery systems for large scale and domestic de‐
mand strategies. The integration of these two systems into one device will allow the convert‐
ed waste heat to be stored then released when deemed necessary. These future
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advancements will not only enable better automotive and portable electronics, but they will
revolutionise the fields of medicine, defence and consumer goods thus providing a step
change in energy storage technology [5].
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technology becoming more diverse meaning that systems can better be tailored /targeted for
specific applications ranging from higher energy density to high power densities where fast
charge / discharge efficiencies are needed [156]. The most commonly used material for su‐
percapacitors has been activated carbon with new nanostructured materials such as carbon
nanotubes and its derivatives coming to the forefront of the current fundamental research. It
can be seen that the way forward in terms of trying to improve energy density and power
density is in the use of CNT with composite materials such as other carbons, and conducting
polymers or metal oxides in order to take advantage of the pseudocapacitative effects that
these materials provide.

The research on thermogalvanic systems in the past has been generally limited to platinum
electrodes [100]. This has enhanced the understanding of these electrochemical systems but
has not advanced the research in terms of commercialisation due to its cost. The use of car‐
bon nanomaterials has improved the performance of these devices immensely because of
their fast transfer kinetics and large electroactive surface area and is also economically via‐
ble. A record threefold increase in power conversion efficiency (as compared to convention‐
al systems wherein platinum is used) has been realised with the use of MWNT electrodes
[114]. Flexible electrodes are now possible due to CNTs. These can be used as scroll electro‐
des or for thermocells that can be wrapped around pipes will make this system more versa‐
tile in terms of its possible applications. Further increase in thermocell performance may be
realised with the use of CNTs-graphene composite materials.

Future development will most likely see supercapacitors and thermocells become a central
part of hybrid energy storage and power delivery systems for large scale and domestic de‐
mand strategies. The integration of these two systems into one device will allow the convert‐
ed waste heat to be stored then released when deemed necessary. These future
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advancements will not only enable better automotive and portable electronics, but they will
revolutionise the fields of medicine, defence and consumer goods thus providing a step
change in energy storage technology [5].
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