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Preface

Since the discovery of carbon nanotubes, they have gained all the attention of
researchers over the world. In 1991, Sumio lijima discovered carbon nanotubes
(CNTs) while working on the synthesis of fullerene. Since then, CNTs have been
explored in various fields due to their extraordinary electrical, mechanical, optical,
and chemical properties. This book, Carbon Nanotubes - Redefining the World of
Electronics, reviews and discusses CNTs, their electrical properties, and their utility
in the electronics world.

This book is divided into eight chapters. The first chapter is an introductory chapter
that explains the applicability of CNTs in the electronics field and gives the overall
scope of the work. The second chapter discusses the incorporation of CNTs as
building blocks into various electronic devices. The third chapter talks about the
synthesis and purification of CNTs, as synthesis parameters have a huge impact on
the electrical properties of CNTs. The fourth and fifth chapter discuss the pos-
sibility of CNT composites with natural rubber and elastomer. The sixth chapter
examines the preparation and characterization of electrically conducting polymer
nanocomposites with CNTs. The formed composite shows great promise for appli-
cations in electronics. The seventh and eighth chapter discuss CNT applications in
energy storage devices and transistor preparation.

We are thankful to the authors and publishers for their support in the development
of this book.

We hope that researchers and academicians worldwide who are interested in CNTs
will find this book useful.

Prasanta Kumar Ghosh

School of Physics,

Dr. Vishwanath Karad MIT World Peace University (MIT WPU),
Pune, India

Kunal Datta

DDUKK,

Dr. Babasaheb Ambedkar Marathwada University,
Aurangabad (M.S.), India

Arti Dinkarrao Rushi

Department of Basic Sciences and Humanities,
Maharashtra Institute of Technology,
Aurangabad (M.S.), India
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Chapter1

Introductory Chapter:
Introduction to Carbon
Nanotubes- Redefining the World
of Electronics

Kunal Datta, Prasanta Kumar Ghosh and Arti Rushi

1. Introduction

There is no doubt that scaling down of Si-based complementary metal-
oxide-semiconductors has reached its limit on performance with the count of
MOS transistors in commercially available CPU crossing 15 billion [1]. Although,
22020 report [2] states that according to INTEL, there is enough scope of higher
transistor density with every possibility of existence of Moore’s Law, a wide strata
of material scientists believe in bringing about improvements through exploration
of emerging materials [3].

Carbon and its allotropes have always garnered sincere attention of researchers
across industries and academia. Due to presence of two electrons in the p-orbital
of carbon, the bonding structure offers interesting versatility. So far, the electronic
application with carbon-based materials is concerned, the sp> hybridized carbon
materials have shown extreme prospect. Both graphene and carbon nanotubes,
representing sp® hybridized form of carbon, have remained at the core of persua-
sion as alternatives of Si for electronic device applications. However, as graphene
does not have any inherent bandgap, semiconducting CNTs find a certain edge over
graphene.

The first report of CNT based field -effect transistor (CNT-FET) at Delft
University and IBM [4, 5] was based on classic back gate geometry similar to
Si-based FET. Within a very short period of time, ultra-high mobility to the tune
of 80,000 cm’V~' s [6] was demonstrated in semiconducting single-walled-
carbon-nanotubes (SWNTs). Such high carrier mobility, was further correlated
with electric current capacity of CNTs to the order of 109 A cm™ [7], thermal
conductivity of CNTs (at room temperature) upto 3,500 Wm ™ K [8] and excel-
lent mechanical strength [9]. The entire scientific community was gaining every
confidence on CNTs as future substitute of Si. However, it took more than a decade
for first CNT based computer to see the daylight [10, 11]. In spite of magnificence
of CNTs are electronic materials, there were several bottlenecks that refrained this
material from mass scale implementation through standard fabrication facilities.
Continuous research efforts, through the entire period since first report of CNT-
FETs, have cautiously addressed each challenge. The saga of such efforts is compa-
rable to any epic as right from fabrication, processing hurdles, to implementation
of CNTs on substrates, none of the step could be easily achieved and/or optimized.

As a matter of fact, the level of purity that is the requirement benchmark for
semiconductor fabrication facilities, is not yet achieved with mass scale yield of
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semiconducting CNTs, thought to be the key constituent of ‘beyond CMOS’ [12]
technology. Basically, the chiral angle of CNTs decide if they are of metallic and
semiconductor nature. While metallic CNTs offer low bias ballistic transport [13],
it is the semiconducting CNTs, particularly SWNTs, that are appealing because
of intrinsic switching behavior when applied as active layer in FET structures.
However, in contrast to metallic nanotubes, their semiconducting counterparts
suffer from lower conductivity. Chemical doping can definitely be employed to
alleviate this shortcoming; however, it needs consideration that dopant introduc-
tion in CNTs distort the sp” structure and leads to higher scattering and subsequent
lowering of carrier mobility [14]. Peng et al. [15] have applied intrinsic form of
CNTs to obtain a high-performance CNT FET employing a doping -free process.
The authors were successful in growing high purity parallel arrays of CNTs directly
on insulators, a remarkable achievement towards maintaining perfect sp” lattice of
CNT. Synthesis efforts has, thus, came across exceptional spectrum of efforts to
control the tube diameter, and improving semiconducting to metallic SWNTs ratio.

Dendritic networks of CNT films have also been employed as active layer in
FET structures through solution methods [16]. In such cases, however, FET per-
formance is seriously challenged by bundling induced lowering of mobility [17].
Another aspect of CNTs based electronic devices that warrant critical consideration
is the formation of Schottky Barrier (SB) between semiconductor and metal [18].
Performance of devices is seriously challenged under such case as presence of SB
severely limits the injection of carriers from metal electrode to semiconductor or
vice-versa, a critical problem towards development of electronic devices. Javey et al.
[19] and Zhang et al. [20] had demonstrated ohmic contacts using semiconducting
CNTs using Pd and Sc to the valence band and conductance band of CNT respec-
tively. Back gated FETs developed in such manner had exhibited near to ballistic
conduction and barrier independent injection of electrons into conduction band
of CNT at temperature down to 4.3 K. Another important milestone in CNT based
device fabrication was self- aligned gate structure, an important requisite for large
IC fabrication, demonstrated by Zhang et al. [20]. Next, the term ‘complementary’
in CMOS needs consideration, and an ideal CMOS circuit requires symmetric
behavior by ‘n’ and ‘p’ devices. However, such condition is not followed by Si and
most of the conventional semiconductor materials [21]. The present strata of semi-
conductor materials offer very high electron mobility if compared to hole mobility.
And in this particular aspect, semiconducting CNTs are strikingly, miles ahead.
As the conduction and valence band structure in semiconducting CNTs exhibit
perfect symmetry near Fermi level, same carrier mobility for both charge carriers
could be obtained. Such behavior, supported with perfect ohmic contacts possible
with semiconducting CNTs lead to highly symmetric CMOS structure with CNTs
[22]. Finally, one has to note two advantageous facets over CMOS fabrication - (i)
that CNTs can be implemented in fabrication process without need of doping (as
generation of carriers in dependent on contacts), relieving several costly steps of
fabrication, and (ii) CNTs have been successfully demonstrated for pass-transistor
logic (PTL), where signal has been demonstrated to be applied to any of the three
terminals of FET [23, 24], that invariably indicates that paradigm shift in semicon-
ductor industry is not far away.

Still, as published in a recent report [25], semiconductor fabrication industry
is still working on some of the basic bottlenecks that includes — (i) difference in
electronic properties of individual nanotubes, (ii) placing of nanotubes in circuits
(one has to remember that although single CNT devices have outperformed Si
based devices of same size; not only handling a single CNT at mass scale is a critical
challenge, such devices are not capable of handling strong electrical signal) (iii)
CNTs in bundle lower carrier mobility, (iv) requirement of purity in CNT yield
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(in the sense that semiconducting CNTs should have higher percentage of yield),
(v) inability of exposing CNT deposited chips to plasma etching etc. At this point,
Anthony Vicari, a material analyst at Lux Research, in Boston can be aptly quoted —
“Historically, carbon nanotubes have shown impressive boosts in the lab that have
been difficult to scale to a product” [26].

It is therefore quite pertinent that consideration of CNTs as future electronic
materials, to be more precise, as substitute of Si and its counterparts, has enough
scope to be encouraged while a significant spectrum of nooses need to be unfas-
tened. Scientists from both industry and academia have a lot to reveal.

This volume looks forward to introduce readers to a cautious gamut of topics,
right from synthesis and purification of CNTs to fault tolerance in CNT Transistors
based multi valued logic. Readers will be able to generate ideas through elaborate
discussions on CNT composites for electronic applications and illustration of CNTs
as future energy storage device. The topics have been chosen so as to cater a material
enthusiast at initial phase of research and an avid researcher in this field as well.
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Chapter2

Preparation and Characterization
of Electrically Conductive Polymer
Nanocomposites with Different
Carbon Nanoparticles

Victor J. Cruz-Delgado, Janett A. Valdez-Garza,
José M. Mata-Padilla, Juan G. Martinez-Colunga
and Carlos A. Avila-Orta

Abstract

Carbon nanoparticles possess a combination of high electrical and thermal
transport properties, as well as low density and different morphologies that make
them a good choice to reinforce plastics. Polymer nanocomposites offer great expec-
tations for new and unexpected applications due to the possibility of changing their
electrical/thermal behavior by adding nanoparticles while retaining the flexibility
and processability of plastics. The possibility of electrical and thermal conduction
in a polymer matrix with low amounts of nanoparticles brings opportunity for high
demanding applications such as electrical conductors, heat exchangers, sensors,
and actuators. Polyolefin nanocomposites offer a significant challenge due to their
insulative nature and low affinity for carbon nanoparticles; due to the latter, new
production tendencies are proposed and investigated.

Keywords: carbon nanoparticles, polymer nanocomposites, electrically conductive,
ultrasound-assisted melt extrusion, thermal properties

1. Introduction
1.1 Carbon nanoparticles

From the discovery of cylindrical nanometric structures composed of one or
several layers of carbon atoms similar to graphite by Iijima in 1991 [1], the scientific
community embarked on a fascinating multidisciplinary career in the study, synthe-
sis, characterization, and possible applications of these new carbon nanostructures,
excited by the unusual combination of properties that these nanomaterials possess,
among which the conduction of electricity and heat, low density, high mechanical
resistance and morphology stand out. These nanoparticles have diameters in the range
of 1to 100 nm, lengths of 10 to 1000 nm. They can contain one, two or up to 100 layers
rolled on each other with an equidistant separation of 0.34 A [2-4]. Later, Novoselov
and Geim [5] made an enormous contribution to science with graphene discovery,
whose laminar crystalline structure is composed entirely of carbon atoms with an sp”
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hybridization, with a thickness of only one atom of carbon. Graphene has unusual
properties between a metal and a superconductor and high mechanical, elastic, and
chemical resistance. Therefore, graphene has been studied and proposed for various
applications in electronic, aerospace, automotive, medical, and food industries [6-13].
Due to the ease of modifying its structure by incorporating other chemical ele-
ments, hybridization with functional groups, and decoration with organic molecules,
carbon nanoparticle applications have been expanded enormously, leading to count-
less applications. For example, the miniaturization of electrical circuits composed
of one or more carbon nanotubes, chemical and electromechanical sensors based on
carbon nanotubes, the storage of hydrogen for fuel cells, the increase in charge capac-
ity in batteries based on graphene or graphene nanoplatelets as well as the filtration
capacity at the molecular level using graphene-based membranes, besides the rein-
forcement of polymeric matrices, to name only a few [4, 7, 11, 14, 15].

1.2 Polymeric nanocomposites

Materials science has been searching to generate new materials that possess a
balance of properties, making them ideal for new and unexpected applications. Within
this vast field are composite materials, which have a continuous phase (metallic,
ceramic, or polymeric) and a discontinuous phase (filler or additive), which generally
have high filler or additive contents of up to 70%, such as the case of titanium oxide
(TiO,) or carbon black concentrates in a polyethylene matrix, since both additives are
used as pigments in the plastics industry [16, 17]. With the beginning of nanotechnol-
ogy and the growing supply of different carbon nanoparticles, a new class of materials
has emerged called polymeric nanocomposites whose advantage lies in using a smaller
quantity of particles to modify the behavior of the host matrix or continuous phase.

Electroconductive polymeric nanocomposites were originally based on graphite
derivatives, later carbon nanofibers, carbon nanotubes (mono or multilayer), and
recently on graphene or graphene nanoplatelets, as well as a wide variety of combi-
nations between these and other nanoparticles with different nature and morphol-
ogy [8, 17-20]. In order to improve the electrical properties of these materials,
combinations of carbon nanotubes have been made with graphite, graphene, clays,
copper oxide, titanium oxide, silver nanowires, etc.; in all cases, the aim is to gener-
ate three-dimensional networks interconnected to facilitate the passage of electrons
or phonons, to generate an electro/thermo-conductive material [21, 22].

In addition to providing the ability to conduct heat and electricity since they can
exhibit the Peltier and Seebeck effect, [23, 24] such effects are beneficial in the devel-
opment of thermoelectric materials, polymeric nanocomposites have also exhibited a
noticeable improvement in mechanical properties, a barrier to gases, thermal stability
[6, 9, 25, 26] as well as the ability to modify the electrical properties of the host matrix
to generate materials for capacitors, electromagnetic and/or radiofrequency shields,
have even allowed the development of metamaterials capable of modifying their
refractive index, dielectric constant and/or Seebeck effect [27-29].

1.3 Polymeric nanocomposites preparation methods

There are different methods for preparing polymeric nanocomposites, where
the main objective up to now has been to achieve adequate dispersion and distribu-
tion of carbon nanoparticles that allow modulating the properties of the resulting
material. Because carbon nanoparticles are held tightly together by van der Walls
forces, different ways have been sought to separate them individually to combine
them with a polymer later and obtain a homogeneous polymeric nanocomposite.
The main methods employed to achieve this are briefly described below.
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1.3.1 Mixed in solution

In this method, the polymer is dissolved in a suitable solvent with the aid of
magnetic, mechanical and/or heat stirring to facilitate complete dissolution of the
polymer. The carbon nanoparticles are suspended in the same liquid (solvent) or a
combination of them, and magnetic, mechanical, or ultrasonic stirring is applied to
improve the dispersion of the nanoparticles. Subsequently, both solutions are mixed
and kept under stirring, then the solvents are evaporated with heat or slowly in an
extraction hood (the above will depend on the nature and reactivity of the solvent).
Finally, the resulting material, usually a dark-colored powder, is compacted by
applying pressure and heat to obtain a useful material. At the laboratory level, it is
the most used method for research purposes; however, the large amount of solvents
used makes its scaling at an industrial level unfeasible [30-32].

1.3.2 Polymerization in situ

In this method, one of the monomers or solvents used to obtain the polymer is
mixed with the nanoparticles until a homogeneous dispersion is achieved; subse-
quently, the other reagents, including the corresponding catalysts, are added, and
the polymerization reaction is carried out under the conditions of usual tempera-
ture and pressure. At the end of the reaction, the product obtained is purified, and
the excess solvent is eliminated to recover the polymer formed with the incorpo-
rated nanoparticles. Given the complexity of this method, polyethylene’s polymer-
ization in the presence of carbon nanotubes at the laboratory level and of polyamide
6 with nanoclays at an industrial level has been successfully reported [20, 33, 34].

1.3.3 Melt mixing

This method is the most widely used at the laboratory level to obtain polymeric
nanocomposites; it consists of passing the polymer and nanoparticles through a
twin-screw extruder, whereby applying heat, the polymer melts and is transported
by the screws that in turn impart shear forces to mix the components, in the differ-
ent mixing zones that the extruder has. The mixture leaves the extruder, is cooled,
and cut to obtain a polymeric nanocomposite. Due to its simplicity, this process can
be easily scaled to an industrial level, in addition to the fact that it does not generate
waste and does not use solvents [35].

1.3.4 Ultrasound-assisted melt mixing

Given the low affinity of polyolefins and in general of polymers for carbon
nanoparticles, modifications have been made to the conventional melt mixing
method by applying ultrasound waves in some specific sections of the extruder.

It has been reported that this method can significantly improve the dispersion of
nanoparticles of different nature and geometry, even with high nanoparticle content
[36]. Different variants have evolved; the main difference being the mode of genera-
tion and application of ultrasound waves; conventionally fixed frequency ultrasound
waves are generated, which are applied constantly or intermittently [37]. In another
embodiment, the ultrasound waves are applied constantly, gaining a dynamic
frequency sweep in a given interval [35, 38, 39].

There are other methods used for the production of polymeric nanocomposites,
mainly at the laboratory level. Nevertheless, the choice of method will broadly
define the level of dispersion and distribution of the nanoparticles within the
polymeric matrix, and therefore the properties of the resulting material.
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2. Methodology

In Table 1, the most outstanding reports in electro/thermo-conductive polymer
nanocomposites of the last five years are presented to have a broader outlook on
the subject. By their nature, polyolefins are good electrical insulators exhibiting

System 6 (S/cm) Weight k (W/mK) Method of Ref
(%) preparation

PS/SSWCNT* 1.25x10° 75 0.30 Ball milling [40]

PVC/CNT 2.3x107! 61 0.06 Drop casting [41]

PP/MWCNT" 1x107° 8 — Melt mixing [38]

PP/MWCNT! 1x10~7

PP/MWCNT® 1x10~*

PP/MWCNT! 1x1073

PS-LDPE/MWCNT 2.9x1073 15 — Melt mixing [42]

PVC/CNT 2.4x107? 25 — Solution [24]

HDPE/CNT® 2x107* 15 0.60 Melt mixing [43]

HDPE/CNT" 5.8x107° 0.06

PP/MWCNT** 1x107 8 — Melt mixing [39]

PP/MWCNT! 1x107*

PP/MWCNT® 1x1073

PP/MWCNT! 1x1072

PVC/SG-CNT 3.35x10° 66 0.18 Drop casting [24]

LDPE/MWCNT 2.38x1072 5 — Solution [44]

LDPE/MWCNT 2x1072 20 0.67 Melt mixing [45]

LDPE/GNP 1x10°° 0.58

PP/CNT* 1.6x10~ 2 — Melt mixing [46]

PP/CNT' 9.56x107*

PP/CNT™ 1.21x107!

PP/CNT" 1x1073

PP/CNT° 1.05x107"

mLLDPE/MWCNT 2.8x107* 10 — Melt mixing [47]

LDPE/G 1.0x107° 3 — Melt mixing [48]

LDPE/SWCNT 8.3x107°

PP/SWCNT 1.21x10* 2 0.28 Melt mixing [49]

PP/B-SWCNT? 3.58x107!

PP/N-MWCNT" 4x107? 5 0.28 Melt mixing [28]

“SSWCNT small-bundle-diameter-single-walled CN'T5.
bPP MFI = 34 g/10 min.

Melt extruded without ultrasound.

‘Melt extruded with ultrasound fixed frequency.
‘Melt extruded with ultrasound variable frequency.
IMelt extruded previously dispersed in gas phase.
8Solid.

"Foam.

‘PP MFI = 1200 g/10 min.

ISG-CNT supergrowth-CNT,

*CNT, NC700.

'CNT, CNS-PEG.

"CNT, Tuball.

"CNT, N-MWCNT A1, Nitrogen doped.

°CNT, N-MWCNT IFW, Nitrogen doped.

PBoron doped SWCNT.

Table 1.
Electric/thermal parameters of the most relevant polymer nanocomposites with carbon nanoparticles.
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electrical conductivity in the order of 107 to 107 S/cm. As can be seen, differ-
ent techniques have been used for the preparation of polymeric nanocomposites,
achieving fascinating results. It can also be seen that the most popular prepara-
tion method is melt mixing, which, as mentioned above, is a versatile and easily
scalable method. Another variant that can be observed is that depending on the
polymeric matrix; the result will change; even more important is the concentration
of nanoparticles used. Another aspect that should be highlighted is the modifica-
tion or doping of the carbon nanoparticles, which slightly increases this property.
Finally, as is known, polyolefins are thermal insulators, and their thermal conduc-
tivity ranges between 0.1 to 0.4 W/mK. Thermal conductivity has also shown sharp
increases, as shown in Aghelinejad and Leung’s reports and Paszkiewicz et al. [45,
50], where the matrix used was polyethylene.

3. Case of study

The motivation of present work was to perform a screening of several carbon
nanoparticles to obtain polymeric nanocomposites with a better balance on proper-
ties such as electro/thermal conduction, mechanical and thermal stability. For this
purpose, different carbon nanoparticles were selected. Their main differences lie
in morphology (laminar versus fibrillar), structure (flat versus rolled layers), and
functionalization (modified versus un-modified surface, i.e., CNT). Besides, the
use of different polyolefins such as polyethylene and polypropylene, which bear
significant differences in structure. On the one hand, polyethylene possesses a main
chain almost free of pendant groups; meanwhile, polypropylene’s main chain con-
tains one methylene group each three carbon atoms. The best candidate is expected
to be used to manufacture prototypes of thermistors (temperature sensors based on
a change in electrical resistivity).

3.1 Materials and methods

In the following section, the preparation of polymeric nanocomposites in
high-density polyethylene (PE) and polypropylene (PP) and their combination
with four types of carbon nanoparticles (CNP) are presented and discussed. In all
cases, a content of 20% wt/wt of each nanoparticle was used. The characteriza-
tion results by thermogravimetric analysis, mechanical properties in tension and
bending, electrical resistivity, and dielectric constant as a function of frequency
and thermal conductivity are also presented. The resins used to obtain the
polymeric nanocomposites were the following: high-density polyethylene (PE)
Alathon H4620 with MFI of 20 g/10 min and density of 0.940 g/cm’ provided
by LyondellBasell (TX, USA), also polypropylene (PP) Formolene 4111 T with
MEFTI of 35 g/10 min and density of 0.9 g/cm’ provided by Formosa Plastics,
(Tamaulipas, Mexico). The carbon nanoparticles used and their main characteris-
tics are listed in Table 2.

The materials’ processing was carried out in a Thermo Scientific model PRISM
24MC twin-screw extruder; the diameter of the screws is 24 mm with a length/diam-
eter ratio of 40:1. According to the formulation, a controlled feeder for powders and
another for the resin were used, which were previously calibrated to dose the required
amount. The addition of the nanoparticles and the resin was carried out simultane-
ously in the extruder. A screw rotational speed of 100 rpm was used, a flat temperature
profile of 180 and 200°C for the nanocomposites with PE and PP, respectively. Under
these conditions, a production speed of 3.2-3.5 Kg/h was obtained. To improve the
nanoparticle’s agglomerates’ dispersion and distribution, a device specially designed
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Material Density SsA Average Average Purity Supplier

(gl cm®) (mzlg) length (n) diameter (nm) (%)
CNT! 21 200 20 20 90 CheapTubes, Inc
MCNT? 21 110 20 20 90 CheapTubes, Inc
GNP? 21 600 2 — 97 CheapTubes, Inc
cB* 21 240 — 15 95 Cabot Corp.

‘SSA, Specific surface area.

'CNT industrial grade.

°MCNT, Industrial grade modified CNT with -COOH contain 1.2% of COOH groups.
3GNRB industrial grade graphene nanoplatelets.

“Carbon Black, Vulcan XC72 grade.

Table 2.
Characteristics and properties of the different carbon nanoparticles.

to irradiate the extruded material with ultrasound waves was coupled at the extruder
exit. The device consists of a chamber with controlled temperature; inside, there is
a12.5 mm diameter titanium catenoid sonotrode (Branson Corp.) connected to a
homemade ultrasound wave generator, which can generate ultrasonic waves in the
range of 10 to 50 kHz, with a 750 W power [35, 38]. Finally, the material was passed
through a water bath and cutter. Subsequently, each material was compression-molded
to obtain a 15X 15X 0.2 cm plate, and a PHI press was used, a pressure of 20 Tn, with
temperatures of 180 and 200°C for the nanocomposites with PE and PP, respectively.
Specimens were cut for the characterization of the polymeric nanocomposites.

The characterization of the polymeric nanocomposites was carried out using the
following analytical techniques. The thermogravimetric analysis (TGA) was carried
out using a thermogravimetric analyzer from TA Instruments model Q500, using
a sample of approximately 8 mg, a temperature range of 25-600°C, with a heating
rate of 10°C/min and an inert atmosphere with nitrogen gas with a flow of 50 ml/
min. The mechanical properties were evaluated in a universal testing machine,
Instron model 1000, for tension tests in accordance with the ASTM D638 standard,
using V-type specimens and a stretched speed of 50 mm/min and a load cell of 10
kN. The flexion tests were carried out according to the ASTM D790 standard using
12 X 1.25X 0.2 cm specimens in 3-point bending mode; in both cases, five measure-
ments were made, and the average value was reported. The electrical properties of
resistance and capacitance were measured with an LCR analyzer in samples of 1 X
1X 0.2 cm, both faces of the specimen were covered with silver paint, and a copper
wire was placed as an electrode. The measurement was carried out at room tem-
perature using a frequency range from 20 Hz to 2 kHz in increments of one decade;
5 measurements were made, and the average value was reported. The thermal
diffusivity determination was carried out in a TA Instruments thermal diffusivity
analyzer Discovery Xenon Laser Flash model (DXF-200). The analyzed specimen
had circular geometry with 12.5 x 2 mm dimensions; both faces were coated with
carbon paint and one of them with silver paint to ensure good contact with the
temperature sensors; the measurement was carried out in triplicate at 25°C.

3.2 Thermal stability

The study of the thermal stability in electrically conductive materials is of great
importance because when an electric current circulates through them, they can
undergo heating and alter their behavior or ability to conduct electricity. On the
other hand, this analysis makes it possible to determine the thermal stability of the
materials and the amount of mass that they can lose due to the effect of temperature
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in a controlled atmosphere. It should be mentioned that if the atmosphere is air,
thermo-oxidative degradation will occur. In Figure 1, the corresponding thermo-
grams to the nanocomposites based on PE and PP are presented. While in Table 3,
the specific data for the mass loss of Tsy, and Tsge, are shown.

It can be observed that PE exhibits a loss of mass from 330°C, while polymeric
nanocomposites exhibit this loss at a temperature around 411°C, regardless of the
type of nanoparticle used. It is important to note that the nanocomposite containing
CB exhibits the highest thermal stability. For PP, degradation begins at a tempera-
ture of 370°C, while for polymeric nanocomposites occurs around 420°C, regardless
of the type of nanoparticle used. In this case, nanocomposites based on CNT and
MCNT exhibit the highest thermal stability of all.

Various reports in the literature suggest that carbon nanoparticles provide
greater thermal stability or heat resistance to polymers in general due to a mecha-
nism based on the formation of a carbonaceous layer and a tortuous path similar to
a labyrinth on the surface of the material that prevents the release of combustion
gases [19, 26]. This analysis is of great importance for flame retardancy applications
in aeronautics, automotive, and textile industries and to determine the safety tem-
perature that the material can support before molten and inflamed by the passage
of an electrical current.

3.3 Mechanical properties

The mechanical properties of polymeric nanocomposites are of great interest
because, as mentioned above, the addition of carbon nanoparticles can improve
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Figure 1.

Thermal stability by TGA of polymeric nanocomposites with 20% wt/wt of different CNE, (A) PE base, and
(B) PP base.

Material Polyethylene Polypropylene
Ts0 Tso9 Ts0 Tso9
Polymer 33750 415.67 373.49 437.59
CNT 411.28 44781 420.09 451.99
MCNT 41768 45217 423.69 45315
GNP 416.88 446.27 402.26 445.07
CB 430.27 451.89 41947 449.98
Table 3.

Degradation temperatures at Tso, Tsou, of polymeric nanocomposites with different carbon nanoparticles.
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Material Polyethylene Polypropylene

Tensile Elongation Flexural Tensile Elongation Flexural

modulus (%) modulus modulus (%) modulus

(MPa) (MPa) (MPa) (MPa)
Polymer 23.68 747 376 33.28 571 289
CNT 41.99 1 965 43.05 1 862
MCNT 38.84 1 989 38.7 1 800
GNP 42.03 1 1052 4213 1 980
CB 40.47 1 951 44.22 1 913

Table 4.

Mechanical properties of polymeric nanocomposites with different carbon nanoparticles.

their performance. In Table 4, the properties of the PE and PP-based nanocompos-
ites with the different carbon nanoparticles are listed.

As expected, with the addition of nanoparticles, the different properties were
modified; firstly, the PE exhibits a tensile modulus of 23.68 MPa, while the nano-
composites present a maximum increase of 180%, this increase in resistance to stress
causes the elongation of the material to be markedly reduced, suggesting that the
stiffness of the material has changed from a ductile to a brittle material, in which
plastic deformation has been suppressed. For its part, the flexural modulus corrobo-
rates the above since PE has a value of 376 MPa, and in nanocomposites, this value
has increased to 280%. A similar behavior occurs with PP, exhibiting an increase
of 130% and 330% in the tensile and flexural modulus, respectively. In this sense,
the greatest increase in mechanical properties for polyethylene is obtained with
GNP > CNT > CB > MCNT, while for polypropylene, it is CB > CNT > GNP > MCNT.
In this sense, it is worth mentioning that the surface modification made to the
MCNTs did not improve by itself, the compatibility with the host matrix PE or PP.

In the literature, many reports can be found that mention the improvement
in mechanical properties in polymeric nanocomposites reinforced with carbon
nanoparticles. However, the addition of compatibilizing agents such as maleic anhy-
dride grafted to the resin is required to achieve a substantial increase in the mechan-
ical properties, even with low amounts of carbon nanoparticles [9, 26, 51, 52]. Due
to the lightweight and high modulus obtained by the polymeric nanocomposites
reinforced with carbon nanoparticles, aeronautics and automotive industries would
be benefited from the development of these materials for different components,
which can provide a reduction in weight and lower consumption of fuels.

3.4 Electrical properties

The evaluation of electrical properties was carried out using an LCR as a func-
tion of a frequency interval, as shown in Figure 2. First, the polyethylene-based
system allows observing that the PE resin exhibits the highest electrical resistance
values at low-frequency values; above 10 kHz, the material becomes polarized and
shows a lower electrical resistance, which decreases three orders of magnitude
when reaching 2 MHz. With the addition of GNP, the material exhibits a behavior
similar to that of PE, one order of magnitude lower in terms of electrical resistance.
Meanwhile, the materials that contain MCNT and CNT show a reduction of 7 and
8 orders of magnitude; however, the polarization effect occurs when reaching high
frequencies of 100 kHz. The CB-based system exhibits the least electrical resistance
with nine orders of magnitude reduction concerning PE alone. In addition to not
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Figure 2.

Electrical vesistance as a function of frequency, of polymeric nanocomposites with 20% wt/wt of different CNE
(A) PE base, and (B) PP base.

showing polarization effects as a function of frequency, which suggests that it
behaves as an excellent electrical conductor.

For materials based on PP, the behavior is slightly different PP only presents the
highest values of electrical resistance at low-frequency values; above 10 kHz, the
material is polarized and shows a lower electrical resistance, which decreases three
orders of magnitude when reaching 2 MHz, in the same way as the PE. Surprisingly,
the CB-based system exhibits an electrical resistance that is completely dependent
on the frequency. When it increases, the electrical resistance decreases to four
orders of magnitude concerning the PP, suggesting that the material behaves like a
semiconductor. On the other hand, the materials that contain CNT and MCNT show
areduction of seven and eight orders of magnitude without presenting the polariza-
tion effect in the entire frequency range, which suggests that they behave like a good
electrical conductor. Finally, the compound containing GNP shows the lowest electri-
cal resistance with a reduction of nine orders of magnitude and a linear response
throughout the entire frequency range used. Based on the above, it can be pointed
out that the nature of the polymeric matrix and the type of carbon nanoparticle can
notably modify the electrical behavior of the polymeric nanocomposite [8, 31, 53, 54].

The behavior of the dielectric constant of polymeric nanocomposites is pre-
sented in Figure 3. Analogously to the behavior of electrical resistance, the dielec-
tric constant follows a similar trend with the addition of carbon nanoparticles. The
PE has a value of 3 and a linear behavior in the entire frequency range, while the
nanocomposite with GNP shows an increase of 1 order of magnitude and a linear
behavior as a function of frequency. Materials containing CNT and MCNT show an
increase of three orders of magnitude for PE, with a slight decrease at high frequen-
cies. The material that contains CB exhibits a frequency-dependent behavior since,
at 20 Hz, it shows an increase of four orders of magnitude and then it decreases two
orders of magnitude from a frequency of 1 kHz; this behavior corresponds to that
of a capacitor, capable of storing energy and releasing it suddenly when used in
electrical/electronic circuits.

On the other hand, PP exhibits a dielectric constant of 3 and does not vary as
a function of frequency; the nanocomposite with CB shows an increase of one
order of magnitude with respect to pure PP, while the nanocomposites with CNT
and MCNT show an increase in 3 orders of magnitude and a slight decrease at
high-frequency values. Finally, the nanocomposite with GNP presents the highest
value of dielectric constant, with an increase of up to four orders of magnitude
ata frequency of 20 Hz, and decreases by one order of magnitude for the rest
of the frequencies evaluated. Similar to the behavior of PE nanocomposites,
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Figure 3.
Dielectric constant of polymeric nanocomposites with 20% wt/wt of different CNPB, (A) PE base, and (B) PP
base.

PP-based nanocomposites exhibit capacitor-like behavior throughout the evaluated
frequency range.

The combination of properties for these new nanocomposite materials results
in various applications that had not been previously conceived. For example,
supercapacitors can be manufactured for systems that require a precise regulation
of the supplied energy and a high energy storage capacity, and that in this way,
the energy necessary to drive an electrical component can be supplied without
the need to overload the electrical network of the circuit, besides not present a
memory effect [25, 31]. Another field of interest for those materials would be
the packaging industry, with the development of antistatic, static dissipative or
semiconductive packages, for the protection of electronic components during their
transportation, even for EMI or RF shielding for aerospace and defense to protect
safety- and mission-critical systems from intentional and unintended electronics
emissions [44]. The growing industry of electronic textile or smart textiles that
develop wearable technology requires integrating textile fibers capable of conduct-
ing electrical signals. There are fabrics in which electrical and electronic elements
such as microcontrollers, sensors, and actuators have been integrated that allow
clothing to react, send information, or interact with the environment [55-57].

3.5 Thermal conductivity

The study of the thermal properties of polymeric nanocomposites intended
for electronics applications is of great importance since, as mentioned above,
the passage of electric current can induce a temperature gradient in electrical
conductors, even in metals. The heat capacity was first determined, as well as the
density and thermal diffusivity to determine the thermal conductivity of polymer
nanocomposites. Values are shown in Table 5.

According to the data reported in Table 5, PE has the highest value of Cp; with
the addition of the different nanoparticles, the Cp of the nanocomposites decreases
significantly, the most notable case being the nanocomposite with CB. Meanwhile,
PP exhibits an even higher Cp than PE, while the addition of the different nanopar-
ticles promotes a decrease in this value, with graphene nanoplatelets being the
material that most reduces this value. The decrease in Cp of the different nanocom-
posites can be associated with the ease they present for heat conduction, making the
material less thermally insulating.

On the other hand, the thermal conductivity presents substantial improvements;
in general, the PE-based nanocomposites exhibit the most significant increase in
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Polyethylene Polypropylene
Cp (J/gK) ¥ (W/mK) Cp (J/gK) ¥ (W/mK)
Polymer 1.846 0.24 1917 0.28
CNT 1671 0.43 1672 0.32
MCNT 1.643 0.25 1.639 0.34
GNP 1.736 0.31 1477 0.25
CB 1.495 0.28 1.569 0.30

Table 5.
Heat capacity (Cp, J/g K) and thermal conductivity (x, W/m K) of polymeric nanocomposites with different
carbon nanoparticles.

thermal conductivity 79, 29, 16, and 4% for the nanoparticles in the following order
CNT > GNP > CB > MCNT, suggesting that carbon nanotubes are the most effec-
tive additive to increase the thermal conductivity of the nanocomposite. The trend
is reversed, with increases of 21, 14, 7, and — 11% for MCNT > CNT > CB > GNP
for PP-based nanocomposites. Although the Cp of the nanocomposites follows a
different trend towards thermal conductivity, it should be mentioned that the type
of polymeric matrix, the morphology, distribution, and dispersion of the different
nanoparticles play an important role in heat conduction. This phenomenon is car-
ried out through phonons; therefore, if there are spaces in the material in which the
nanoparticles are too far apart, the phonons’ passage through the material will find
a physical barrier for their passage.

Recent reports suggest that a polymeric nanocomposite’s thermal conductivity
can be affected by different factors, including the processing method, the number
of defects in the carbon nanoparticles, and, finally, their dispersion within the
polymeric matrix [21, 29, 45, 46, 58]. The capability to conduct heat in a polymeric
nanocomposite makes an ideal candidate for different applications such as heat
exchangers, solar water heaters, thermoelectric materials, electrical heaters, to
mention a few [22]. These devices will take advance of the lightweight, mechanical
strength, thermal and dimensional stability of these materials, in which automo-
tive, construction, and green industries are interested.

3.6 Thermistors

The electrical resistivity of polymeric nanocomposites with carbon nanoparti-
cles shows an anomalous increase near the melting point of the matrix; this effect is
known as a positive temperature coefficient (PTC) of resistivity. On the other hand,
the negative temperature coefficient (NTC) is a very sharp decrease in resistivity
when the temperature is above the melting point of semicrystalline polymers. These
kinds of materials have important industrial applications like overcurrent protec-
tors and self-regulating heaters [59, 60].

The polymer nanocomposites obtained were evaluated for their potential use
as a thermistor. For this purpose, a prototype will be constructed; it consists of a
square piece with dimensions 1 X 1 X 0.2 cm; both sides were cover with silver paste
as an electrode and a copper wire. Kapton ® tape was used to cover the prototype
and isolate the wires during the heating cycle. A Mettler Toledo FP82 Hot Stage was
used to supply heat in an interval from 40 to 160°C at a heating rate of 5°C/min, the
Hot Stage was connected to a Mettler Toledo FP90 Central Processor, the electrical
resistivity was measured with a Keithley Source Meter model 2400, in a 4-wire
sense mode, to avoid the parasite signal in the circuit.
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Temperature versus electrical vesistivity of PE base polymeric nanocomposites with 20% wt/wt of
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As seen in Figure 4, all the polymer nanocomposites exhibit thermistor behavior,
i.e., an increase of resistivity around 128°C. The intensity of the PTC (the electrical
resistivity ratio at the melting point versus room temperature) depends on the type
of carbon nanoparticle used. The interval of temperature at which this phenomenon
occurs is between 127 and 131°C. In this sense, the intensity of the PTC is in the
following order GNP > CNT > MCNT > CB. This behavior could be associated with
the capability of the polymer chains to break apart the conductive pathway formed
in the polymer nanocomposite, due to the semicrystalline nature of the polymer
matrix and the reduction in viscosity, during the heating. It is worth mentioning
that PE/CB nanocomposite exhibits the lowest PTC intensity, probably due to the
high structure of the CB (CB possess the small average particle size) and could form
new conductive pathways in the molten state as stated by Zeng et al. [61].

4, Conclusions

The polymer nanocomposites with carbon nanoparticles become an electrically
conductive material whit the addition of a certain amount of carbon nanoparticles;
this property is fundamental in electrical and electronic applications. For many
years, carbon black has been chosen as the best candidate for this purpose; with
other carbon nanoparticles such as CNF, CNT, GO, graphene, and their combina-
tion with other materials, significant improvements have been made for electrically
conductive materials.

In this work, the preparation and characterization of electrically conductive
polymeric nanocomposites with different carbon nanoparticles was addressed
to screen the type of carbon nanoparticles that allows them to obtain polymeric
nanocomposites with a better balance on properties such as electro/thermal con-
duction, mechanical, and thermal stability. A material with the desired properties
for their application in electronics, such as low electrical resistivity, thermal stabil-
ity, and mechanical strength, besides thermal conductivity, is PE/CB polymeric
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nanocomposite since it exhibits a better balance of properties. This set of properties
makes them candidates for use in various applications. Besides thermistors, they
may be candidates for use in electrical heaters, which are a kind of electrical resistor
used to converts electrical energy into thermal energy, as thermoelectric materials
for their use in the exploitation of renewable energies, in heat exchangers, as EMI
and RFI shielding, and as a wearable textile for smart applications.
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Abstract

In this chapter, we will evaluate the synthesis and purification of carbon
nanotubes. Carbon nanotubes are cylindrical molecules that consists of graphene
(rolled up of a single-layer carbon atom). A wide variety of synthesis techniques
such as arc discharge synthesis, laser ablation of graphite/laser vaporization
synthesis method, chemical vapor deposition (CVD), high pressure carbon mon-
oxide synthesis and flame synthesis techniques, have been implemented to grow
single and multi-walled carbon nanotubes for technological applications. All of the
above methods exploit transition metals, like iron, cobalt, and nickel, as a catalyst.
There are number of methods (filtering, chromatography and centrifugation) used
to purify the carbon nanotubes, but the degree of purity remained questionable in
these methods. In order to enhance the purification extent, alternate techniques
such as Gas phase purification, Liquid phase purification and Purification by
Intercalation are introduced. Here we will discuss the advantages and disadvantages
of these purification routes. It will help researchers in selecting appropriate and
effective method for synthesis and purification of carbon nanotubes.

Keywords: Graphene, Carbon Nanotubes, Synthesis, Purification, Laser
Vaporization, Arc Discharge, Chemical Vapor Deposition, Gas Phase Purification,
Liquid phase Purification, Intercalation

1. Introduction

Carbon atom contains six electrons with an electronic configuration of 1%, 25?
and 2p’. Inits purest form, it crystallizes into graphite and diamond allotropes
having different mechanical and optical properties. In former crystalline shape, the
carbon atoms display sp® hybridization, where each carbon atom is covalently
bonded with three other neighboring carbon atoms, making an angle of 120° in x-y
plane along with a pi (1) bond available in z-direction [1]. This makes honeycomb
like hexagonal crystal structure of graphene and this structural pattern shows the
basis for other materials like fullerenes [2]. In diamond allotrope of carbon, carbon
atoms unveil sp’ — type of hybridizing character, forming a regular tetrahedron [1].
Apart from existing allotropes of carbon (diamond, graphite and fullerenes).

With the emergence of the field of nanotechnology, the carbon material (gra-
phene, fullerenes and carbon nanotubes) where sp® hybridization prevails have
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attracted extreme focus from research community. Following the similar hierar-
chy, carbon nanotubes depict physical properties just like the graphene. Carbon
nanotubes also offer sp® hybridization scheme and seems like a cylindrical coated
graphene sheet in single and multiple wall patterns (Figure 1a and b).
Nanotubes with single walls are named as single-wall carbon nanotubes
(SWCNTs), firstly discovered in 1993 [5], while the nanotubes having multiple
walls are termed as multi-wall carbon nanotubes (MWCNTs) discovered earlier
in 1991 by lijima et al. [6].

Immense interest in CNTs lies in their fascinating mechanical [7], electrical
and optical properties [8] and hence are widely used in multiple applications such
as field effect transistors [9], fuel cells [10], hydrogen energy storage applications
[11], quantum computing [12] nanosensors [13-15] and battery electrodes [16].
The superior mechanical properties of CNTs are attributed to the higher values of
tensile strengths and young modulus, thus revealing their potential use as a com-
posite material to be used in futuristic Mars operation by NASA. Its use in such type
of missions is subjected to its 50 times higher specific strength than the steel and
hence creates exceptional load-bearing supports when integrated in composites.
Field emission properties of CNTs have noticed enough attention from the research
community, where the generation of electrons takes place under extreme condi-
tions of electric field similar to thermionic emission. In addition, CNTs have also
offered excellent chemical stability, higher electrical conductivity, nanosize and
structural smoothness and are potentially used in flat display panels [8]. One can
also attribute the use of CNTs in energy storage and energy production application
to their smaller size, higher electron transfer rates, and superior surface topology in
nanotubes.

As discussed above, CNTs have shown extremely smaller sizes, superior conduc-
tivity, greater mechanical strengths and elastic behavior, that is why these are used
in other technological applications such as nanolithography, sensors, high resolu-
tion imaging and drug delivery systems also [17, 18].

Keeping in view the above-mentioned intriguing properties of CNTs, it
is imperative to discuss the possible routes of their synthesis and the ways to

Figure 1.
Schematic representation of SWCNT (A) and MWCNT(B) along with the transmission electron microscope
(TEM) images of (C) SWCNT and (D) MWCNT respectively [3, 4].
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enhance purity of CNTs, as it will pave the way towards improved technological
device applications.

2. Structural analysis of MWCNTs and SWNTs

The type of bonding among carbon atoms plays crucial role in determining its
different allotropes with distinct physical properties. When carbon constitutes
SP*hybridization, a layered structure is formed with weak van der Waal forces
existing in out of plane carbon atoms, in contrast to stronger in-planes bonding
among them. Ideal CNTs can be thought of nano-scaled graphene cylindrical shapes
closing at each end via half fullerenes. In case of multi-walled carbon nanotubes,
there exist at least two equicentered cylinders of graphene and theoretically, these
numbers of cylinders can be infinitely large. It should be noticed that there must
be regular spacing between any two concentric grapheme cylinders in MWCNTs.
Previous studies have demonstrated a real spacing width of the order of 0.34 to
0.39 nm [19].

The real space analysis of multiwall nanotube images has shown a range of
interlayer spacing (0.34 to 0.39 nm).it has been observed that the inner diameter of
such nanotubes varies from 0.4 nm to roughly few nanometers, in comparison to its
outer diameter ranging from 2 nm to 30 nm. MWCNTs are closed from both ends
by pentagonal type of ring defect named as half-fullerenes, with significant axial
size difference (1 pm- few cm) between both ends [19].

Previous studies on SWNTs has documented their length 10° times greater than
their diameters [20]. SWCNTSs can be combined together in the form of ropes, to
give hexagonal crystalline structure [21]. SWCNTs can assume three different types
of structures such as armchair, chiral, and zigzag (Figure 2B) depending upon their
wrapping in cylindrical form. The structure of SWCNTs is categorized by a pair of
indices (n, m) that define chiral vector, which has prominent effect on the electrical
properties of carbon nanotubes. Unit vectors along both directions in the crystal
lattice is determined by the integers # and m . When

m=0; nanotubes having zigzag structure.
n=m ; nanotubes having armchair structure.

And other form is known as chiral structure.

The chiral vector can be defined as C =na, +ma, and it is used to measure the
nanotube’s diameter, where as 4, and a, vectors explicate the grapheme base cell
vectors. It is further stated that the chirality vector demonstrates the direction in
which grapheme sheets are wrapped. One can estimate the diameter of a carbon
nanotube is calculated by

d=aNm’ +mn+n’ I n (1)

Where a=1.43xV3 shows lattice parameters of the grapheme sheet.

When m = 0, we get zigzag CNTs and if m = n, one ends up with armchair CNTs.
For other values of m, chiral CNTs will be formed. If the difference of n-misa
number which is multiple of 3, then the nanotubes will show metallic behavior and
will be of highly conducting nature, otherwise one will be dealing with semicon-
ducting or semimetal types of nanotubes. Armchair type of SWCNTs are metallic in
nature, while other structures can make the SWCNTs semiconductor also. The
Russian model and Parchment model are two broadly used models to prepare the
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Figure 2.
Schematic of three different forms of SWNT5 (A), where the chivality factor determines the diameter of carbon
nanotubes and the (B) shows three different models of perfect SWCNT in atomic form [22].

MWCNTs. In the Russian Doll model, carbon nanotubes confine another nano-
tube inside and the diameter of the outer carbon nanotube is greater than the inner
tube. When a single graphene sheet is rolled up many times just like the scroll of
paper, it is known as Parchment model. The properties of SWCNTs are identical
with MWCNTs. The outer layer in MWCNTSs protects the inner CNTs against the
chemical activity. It is considered as the main cause of higher tensile strength,
which is absent in SWCNTs [23]. SWCNTs display sp® bonding between two
independent carbon atoms, and hence result in higher tensile strength even
compared to steel, when used as composite material. This sp® bonding is stronger
than sp’ bonding, present in diamond. CNTs show elastic behavior upon the
application of a strong force. It bends and twists without undergoing permanent
deformation in carbon nanotubes. When external force is removed, it will come
back to its original form. Its elasticity is measured by a quantity known as modulus
of elasticity (Table1).

SWCNTS

MWCNTs

These are twistable but more flexible

These nanotubes cannot be easily twisted.

Its evaluation and characterization is relatively simple and
easy.

It has very complex structure and hence
their evaluation is not easy.

There are more chances of defect while working with
SWCNTs.

The chances of defects are less but once
occurred, are difficult to be removed.

Purity of SWCNTs is poor

Purity of MWCNTs is high.

Synthesis of SWCNTs on large scale is comparatively tough as
it requires proper control over growth conditions.

Bulk synthesis is easy

Single layers are present in SWCNTs.

Multiple layers are available in MWCNTs.

The use of catalyst is compulsory for their synthesis.

MWCNTSs can be prepared without using
catalyst.

Table 1.
Difference between SWCNTs and MWCNTS [19].
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3. Synthesis

There are multiple methods to synthesis CNTs where gas phase processes are
involved. These methods are mainly known as arc-discharge synthesis technique,
laser-ablation method and Chemical Vapor Deposition (CVD). Laser ablation
method involves the synthesis of CNTs under high temperatures, while in arc
discharge technique, the synthesis of CNTs occurs at relatively low temperatures
(<800°C). CVD method is currently in use, as it allows the control of nanotube’s
length, diameter, alignment, density and purity with maximum accuracy [24] dur-
ing the synthesis.

3.1 Synthesis of CNTs via arc discharge method

This method is implemented to synthesize the single and multi-walled carbon
nanotubes (Figure 3) at a high temperature (above 1700°C).

The arc-discharge was initiated via applying a direct current of 200 A and a
voltage of 20 V between the two electrodes. It was observed that the presence of
iron, argon and methane was compulsory for the synthesis of SWNTs. The Arc
discharge techniques is induced with the help of purest graphite electrodes having
optical density of 6-10 mm and a diameter ranging from 6 to 12 mm. both of these
electrodes were separated by 1-2 mm in a chamber containing helium gas at sub-
atmospheric pressure. One can replace helium with hydrogen or methane gas. The
working chamber consists of a graphitic anode and cathode, evaporated carbon [26]
and minute amount of catalysts for example Ni, Co and Fe [27]. In arcing process is
initiated by using direct current at pressure condition and the temperature of the
chamber is raised up to 4000 K. In this procedure, half of the evaporated carbon
is solidified on the tip of cathode. The rate at which evaporated carbon solidifies is
set to be 1 mm/min and hence one gets “cigar like structure”. During this process,
the anode is also consumed. A remaining carbon is now a hard-gray shell structure,
which is deposited on the edges and further condensates in the ‘chamber soot’ in
nearby vicinity of the chamber’s walls and ‘cathode soot’ on the negative graphite
electrode (cathode). Furthermore, this inner material, anode soot and cathode
soot (dark and soft materials) give rise to SWCNTS or MWCNTs along with nested
graphene particles. Scanning electron microscopy (SEM) shows two different
morphologies and surfaces are seen in the study of cathode deposited material. The
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Figure 3.
The experimental set up of Arc discharge method [25].
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soft and dark inner core contains randomly oriented carbon nanotubes and the grey
colored outer core is composed of grapheme layers.

In arc discharge synthesis technique, there are two different options to syn-
thesized the carbon nanotubes; one with and other without using the catalyst
precursors. Generally, the synthesis of MWCNTs is performed without using
catalyst precursors. On the other hand, the synthesis of SWCNTs is subjected to
the presence of different catalyst precursors. In order to expand the arc discharge,

a complex anode [28], made of metal and graphite, is exploited. The metals used

in complex anode range from Fe, Ni, Pt, Pd, Co-Pt, Ag, to a mixture of Ni-Ti Ni-Y,
Co-Ni, Co-Cu. It is demonstrated to get highest yield (< 90%) of SWCNTs by using
a complex anode, made up of a mixture of Ni-Y with an average diameter size of
1.4 nm [29] and this mixture is utilized worldwide to prepare SWCNTs on a large
scale. This method is considered one of the most practiced method to synthesize
SWCNTS in large quantities. But the main disadvantage of this method is least
control over the chirality in the intended nanotubes.

3.2 Laser ablation technique in the synthesis of CNTs

A graphite block is heated in quartz tube via high power lasers in a furnace at
a temperature of 1200°C in argon atmosphere [30]. Here the laser vaporizes the
graphite target within the quartz tube and SWCNTs are formed in the presence of
metallic catalysts. The diameter of prepared carbon nanotubes is manipulated as a
function of laser power such as the diameter of the tube decreases upon increasing
the power of laser pulses and vice versa. Some other studies have dictated that the
ultrafast sub-picosecond lasers have the ability to produce single walled carbon
nanotubes on a large scale too [31]. It is further reported to manufacture carbon
nanotubes up to 1.5 g/h via laser ablation method.

To harness CNTS with desired structural and chemical features, one should
monitor the effect of different properties of lasers (peak power, frequency, oscil-
lation wavelength, cw versus pulse), chamber pressure, distance between graphite
target and substrate, ambient temperature and the flow and pressure of the buffer
gas. By using this process, one can achieve high quality (purity) SWCNTs in large
quantities. The mechanism and principles of laser ablation is identical with the arc-
discharge method. Here the required energy is provided by a laser which strike with
pure graphite pellet holding catalyst material i.e. cobalt and nickel (Figure 4).

The primary advantages of this method are the presence of the smaller amounts
of metallic impurities and higher yield of CNTs. On the other hand, the carbon
nanotubes produced via laser ablation method are not perfectly straight and uni-
form. This is an expense method due to the requirement of high purity graphite rod
and the availability of two laser beams to produce CNTs. By using this technique,
the yield of nanotubes per day is relatively smaller than the arc discharge technique.

3.3 Chemical vapor deposition for CNTs synthesis

One of the best techniques for the production of CNTs is chemical vapor deposi-
tion (CVD). There are different CVD techniques such as catalytic chemical vapor
deposition either thermal [33] and water assisted [6], plasma enhanced oxygen
assisted CVD [34-36] or hot filament CVD (HFCVD) [37]. But most extensively
implemented CVD method for the production of CNTs is known as catalytic chemi-
cal vapor deposition. This route involves the Chemical breakdown of hydrocarbon
on a specified substrate and helps expand the CNTs on different type of materials.
Carbon atoms remain intact with the metallic catalytic particles, as was the case
for arc discharge technique. After that carbon atoms are enabled to come in contact
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with metal particles and implanted with in the holes, initiating the production of
carbon nanotubes (Figure 5).

This technique facilitates well aligned long carbon nanotubes and a layer of metal-
lic catalyst particles are produced at 700°C. Most commonly catalyst metals are cobalt,
nickel, iron and combination. The expansion of nanotubes carried out in fluidized
bed reactor in the presence of a gas containing carbon such as ethylene, acetylene,
methane, etc. and a process gas like H, Ne, or ammonia are used as well. The process
gas reacts with the catalyst particles and disintegrates. Carbon atoms become promi-
nent at the edges of nanoparticles where CNTs are created. CVD is very economical
practical method for quite pure and large-scale production of carbon nanotubes as
compare to laser ablation method. This method is easily controllable and give high
purity of obtained materials, this is the main advantages of CVD [39].

4, Purification of carbon nanotubes

Above mentioned as-synthesized methods of CNTs encounter certain impuri-
ties, such as smaller fullerenes, wrapped graphite sheets, metal catalyst particles,
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and amorphous carbon contaminations. It is observed that the percentage of
these impurities generally enhances as long as the diameter of CNTs increases.
Therefore, it is important to get rid of these impurities to obtain homogenously
distributed CNTS in polymer or dispersion media due to their substantial effect
on electro-mechanical properties of CNTs, interfering with the expected appli-
cations. It makes it unavoidable to apply certain purification techniques to get
pure CNTs with better electrical and mechanical features [40, 41]. Due to the
insoluble nature of CNTS, it is quite challenging to use liquid chromatography

to get rid of these impurities. In addition, number of groups across the globe just
characterize the commercially synthesized carbon nanotubes and do not have
facilities to grow them. Due to the application of different analytical techniques
such as Raman, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), even SWCNTs have shown doubled, triple and multi-walls of
a single sample along with the presence of above-mentioned impurities. Hence,
one cannot rely on the specification provided by different companies. Subjected to
these various analytical characterization and impurities, researchers have applied
various purification techniques, leading to significant loss of CNTs [42-44]. It

is further observed that the use of acid treatment or surfactants might result in
CNTs with activated surfaces, putting comprehensive changes in their desired
properties [45].

Depending upon the nature of the structure (single-walled or multi-walled) in
hands, growth process, and metal catalysts, various purification techniques such
as mechanical, chemical and physical routes are to get dispersed carbon nanotubes
with maximum possible exclusion of impurities [23]. The chemical methods allow
the variation in surface energy by introducing functionalization of carbon nano-
tubes. It leads to better wettability and adhesion of CNTs to the polymer target
media and hence the tendency of agglomeration decreases. But the use of acids
might deteriorate the structural quality of CNTs, attributing un-desired physical
properties.

The chemical route of purification produces highly pure CNTs but fragile to
structural defects and product losses [46]. However, CNTs with higher purity can
be achieved by removing the metal catalyst particles in controlled reaction. Physical
methods are attractive due to the possibility of adsorption of variety of functional
groups, leaving behind similar pi ()- graphene structure and are implemented
when higher weight fraction of CNTs is desired. Physical method separates the yield
products on the bases of the size of CNTs [47]. Physical methods. These methods
cause low damages and are more complex as well as less effective as compared to
chemical methods. Here we will only explain the chemical methods for purification
[48]. The most commonly used chemical purification method involves oxidation of
synthesized CNTs in gas phase as well as in liquid phase. Most common purification
methods with high success rates are

* Gas Phase

* Liquid Phase

* Intercalation Method
4.1 Gas phase

Purification can be done in dry gas oxidation. Carbon dioxide, hydrogen gas and
dry/wet air are commonly used oxidation gases for this method [49-51].
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4.1.1 Air

Air oxidation is one of the gas phase oxidation methods to purify CNTs. The
impurities in CNTs are removed by the thermal air oxidation at moderate tem-
peratures. The walls of the CNTs and the binding between the entangled CNTs are
affected by the presence of oxygen. It is also known as a strengthening process which
starts at 480°C and amorphous carbon usually decayed between 480 and 500°C [52,
53]. The reactivity rate is greater for structure and amorphous carbon than cylindri-
cal wall of CNTs when oxidation is done in air. Due to this selective oxidation, the
amorphous carbon can be bare-off from the cross-linked CNT collections. If the
temperature is raised to 750°C during the annealing process, the loss rate of CNTs
enhances to about 90% and the structure of CNTs is destroyed significantly.

4.1.2 Other gases

As in gas phase oxidation methods, controlled rate heating of CNTs is imple-
mented for a longer period of time. Here the disordered amorphous carbon that is
coming from the tip, destructs the purification on the base of oxidation by CO, .
Mild oxidation carried out with CO, at 600°C [54].

The route of the reaction is shown:

CO,+C—>2CO 2)

Amorphous carbon and metal catalyst particles coated with carbon may be
removed by hydrogen gas treatment at high temperatures. Amorphous carbon is
converted into the carbon dioxide in air and then transformed again into methane
in the presence of hydrogen. Ammonia (NHs;) is used to remove residual carbon
impurities and repair the damaged in sidewalls of CNTs, instead of using hydrogen
gas. Ammonia has advantages over hydrogen in terms of ease in handling. Only a
small number of defects are observed in the CNTs when they were exposed to NH;
gas at high temperatures during purification process. In addition, strong van der
wall forces are induced between CNTs after NH; treatment, leading to a damage
recovery of sidewall [52, 55] of CNTs.

4.1.3 Effect of gas phase oxidation

Oxidation of amorphous carbon in gas phase is easy to control as compared to
liquid phase oxidation techniques. Higher activation energies are required in gas
phase oxidation processes. Gas phase oxidation can better oxidize the CNTs than the
liquid phase oxidation without introducing defects. This yield purified nanotubes,
arranged in tight bundles without forming clusters. Moreover, there is no need
to use complicated/sophisticated equipment, filtration and separation processes
required after the purification [56, 57].

4.2 Liquid phase

Despite the fact that the advantages of gas phase oxidation are clear, it has some
limitations. Metal particles cannot be eliminated straightaway, and further treatment
is compulsory. In order to overcome this drawback, liquid phase purification treat-
ments are developed to eliminate the amorphous carbon and metal catalysts [57, 58].
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The oxidant and mineral acid, in the form of solution can uniformly react with
the network of the raw CNTs samples. Therefore, processing with selective oxidiz-
ing agent with precise control can yield high-purity CNTs. The scientific com-
munity mostly uses HNO;, NaOH and H,0; as an oxidizing agent for liquid phase
oxidation.

4.2.1 Nitric acid oxidation

Nitric acid is commonly used for purification of CNTs due to its capability of
removing metal catalysts, nontoxicity and economy. It can remove the amorphous
carbon selectively because of its mild oxidizing ability. A concentrated nitric acid
is used to produce SWCNTs through laser ablation in a single step. The synthesized
SWCNTs were sonicated in concentrated nitric acid for a few minutes, following the
refluxing for 4 h under magnetic stirring process carried at 120-130°C. The product
reached 30-50 wt. % of its raw samples and the metal defects were reduced up to
app. 1@ wt. %. The purity of SWCNTs and its production totally depends upon the
concentration of nitric acid and reflux time in nitric acid treatment. The elimina-
tion of metallic impurities can be confirmed via XRD analysis of CNTs. During the
purification, the nitric acid reacts with the defected parts and intercalate into the
CNTs to unzip the tube walls by further oxidative etching, which in turn causes
an increase in nanotubes inter-layer spacing. Normally, the reactive carbons were
eliminated through the following chemical reaction:

C+4HNO, - CO, +2H,0+4NO, 3)

Most of the catalyst particles are removed in nitric acid’s treatment at high
temperatures for 24 h. The unwanted impurities are removed and melted effectively
from CNTs, and some oxidative defects in the sidewall of CNTs are also induced
in this process. The intensity of the D-band spectrum produced by the defects and
carbon particles in the sample after acid treatment, can be used to determine the
disorder degree of the sample [57, 59].

4.2.2 Sodium hydroxide treatment

It has been observed clearly from Scanning electron microscope (SEM) that
silica and alumina support can be eliminated significantly after NaOH treatment.
Based on the reaction between NaOH and carbon, a single-step method for simulta-
neous purification and opening of multi-walled carbon nanotubes has been formu-
lated [48, 60]. The redox reactions between carbon and NaOH followed through
the highly reactive sites of the material. As a result, NaOH only interacts with the
carbon impurities and defects of the carbon nanotubes, that is with the tip while
the uniform graphite layers of the nanotubes walls remain intact. This is because
metallic sodium cannot be inserted into well-organized materials, and can only be
carried out by highly disordered carbon impurities [61]. Therefore, in addition to
the opening of tubes, NaOH treatment removed the catalytic support, amorphous
carbon, and the catalyst metal particles. Its mild conditions removed the metal
impurities without damaging the sidewalls of CNTs.

4.2.3 Hydrogen peroxide oxidation

Hydrogen peroxide (H,0,) attacks on the carbon surface and cannot eliminate
metal particles due to its mild oxidization capability. It is inexpensive and green
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oxidizing agent and is commonly used with HCl. Generally, H,0, can be trans-
formed into a toxic salt. H,O, with HCl has been examined to eliminate the metallic
particles during purification of CNTs. Macro-scale purification consists of two
parts such as refluxing treatment in H,0, solution following the cleaning process
performed with HCL. Particle size of Fe has a significant effect on the oxidation of
amorphous carbon. The oxidation and removal of metal particles in this process is
performed in a single container to make it simple. The purity and yield of the prod-
uct in this treatment are better than NH; treatment. Carbon coated iron impurities
were liquified in an aqueous solution of H,0, and HCl at 40-70°C for 4-8 h. The
production of CNTs increased to approximately 50 wt. % and the purity raised up
to 96 wt. % with this treatment [62].

4.3 Intercalation method

Halogen may be intercalated into carbon nanotubes for selective oxidation of
carbonaceous impurities. Brominating is one of the effective procedures in CNTs
purification process. Graphite intercalation compounds are formed by the attach-
ment of atomic or molecular layers of a different chemical species between layers
in graphite host materials. The intercalation of bromine (Br,) in CNTs is confirmed
by using HR-TEM [48]. The mixing of raw CNTs with pure liquid bromine under
nitrogen atmosphere yielded Br. Under these conditions, charge transfer between Br
and carbon occurred, enabling the formation of complex C-Br, on CNT surface and
at deformed sites. It was observed that the orientation of Br on CNT surface is like
arod of a wheel, which is perpendicular to the curve of graphitic layers on CNTs.
Intercalation of Br usually, happens on the surface of CNTs, where large numbers of
defected sites are available. Br will be more reactive to those regions where different
types of defects (amorphous carbon and other disorder carbonaceous materials)
exist. When brominated, CNTs were passed through the air combustion at 550°C,
and it was observed that the layers of the graphite were damaged along the line in
which Br collected, showing the effect on the reactivity of the tubes toward oxygen
upon adding Br. The amorphous carbon can be effectively oxidized due to the
oxidation difference between brominated regions and CNTs. The catalyst particles,
which was bounded, were opened and removed at the same time. Due to the tube
action, Br diffused into the tubular CNTs and caused in the breakage of inner
graphite layers during oxidation [63-65].

5. Conclusion

A detailed overview of synthesis and purification of carbon nanotubes is
presented in this chapter. Synthesis techniques (i.e., arc discharge synthesis, laser
ablation of graphite/laser vaporization synthesis method, chemical vapor deposi-
tion (CVD), high pressure carbon monoxide synthesis and flame synthesis) have
been described in detail to highlight their importance as well as drawbacks. Arc
discharge synthesis method is one of the most used technique for carbon nanotubes
in large quantities. Its main drawback is the lack of control over the chirality in the
nanotubes. Laser ablation method has the ability to produce CNTs in large quanti-
ties having small impurities. However, it is an expensive method as compare to arc
discharge method for the synthesis of CNTs. A high purity CNTs can be obtained
by using Chemical vapor deposition method. It is most suitable for large-scale
manufacturing of CNTs at economical cost than laser ablation method. Chemical-
based purification methods (i.e., gas phase, liquid phase and intercalation method)
for CNTs are discussed comprehensively. These methods can efficiently eliminate
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amorphous carbon, polyhedral carbon and metal impurities at the cost of decreas-
ing a significant amount of CNTs or damaging structure of CNTs. Gas phase
purification is considered for purifying CNTs because it does not significantly grow
sidewall defects in CN'Ts. However, it has limitation that it does not remove metal
particles straightforwardly. Liquid phase oxidation produces defects on CNTs side-
wall and may break-down CNTs into shorter ones with different lengths. The inter-
calation is best suitable for purifying CNTs without destroying their alignment.
These features of synthesis and purification methods of CNTs will help researchers
to select between these different methods according to their requirements.
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Abstract

Several advanced methods have been introduced to disperse CNTs in the NR
matrix. Various aspects highlighted in this chapter include the mixing processes
such as melt mixing and latex mixing methods. As well as, formations of func-
tional groups on the surfaces of CNT using silane coupling agents (i.e., ex-situ and
in-situ functionalization). Moreover, hybrid CNT are beneficial to achieve better
electrical conductivity of NR/CNT composites. These efforts are aimed to reduce
the percolation threshold concentration in the NR composites for application as
conducting composites based on electrically insulating rubber matrix. Sensor
application is developed based on conducting NR composites. NR composites
showed changing of resistivity during elongation termed as piezoresistivity. The
most commonly used rubber matrices such as NR, ENR and IR are mixed with
a combination of CNT and CB fillers as hybrid filler. The presence of linkages
in the ENR composites results in the least loss of conductivity during external
strain. It is found that the conductivity becomes stable after 3000 cycles. This is
found to be similar to the NR-CNT/CB composite, while a few cycles are needed
for IR-CNT/CB owing to the higher filler agglomeration and poor filler-rubber
interactions. This is attributed to the polar chemical interactions between ENR
and the functional groups on the surfaces of CNT/CB.

Keywords: natural rubber, carbon nanotube, nanocomposites, electrical
conductivity, sensor

1. Introduction

Natural rubber (NR) is widely used in various industries owing to its excellent
elasticity and mechanical properties. NR has been typically used in many industrial
applications including tires, sports articles, sealing materials, medical glove, rubber
boots and dairy rubber items [1]. Moreover, application of NR can be more applied
by addition of fillers, such as silica, clay, carbon black, and carbon nanotube that
is properties of NR can be induced by filler. As NR was converted from insulator
material to be used as semi-conductive.

CNT have been widely interested for using as conductive filler in NR compos-
ites, due to the spz—hybridized carbon molecules throughout its molecular structure.
Its carbon—carbon bond angles can be mechanically distorted reversibly, and core
electrons can act as free electrons of the carbon atoms on CNT surfaces. Thus, the
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special molecular structure of CNT provides it with high mechanical properties,
excellent thermal conductivity, and outstanding electrical conductivity [2].

Furthermore, nanocomposite of NR and CNT provided high elasticity material
and also sensitivity on electricity due to CNT networks in NR matrix are easy to
break under stretching and fast rebuilt under releasing [2]. Therefore, it well proper
for application as smart sensors to monitor the applied external stimulus. That
is, NR/CNT composites based stretchable strain sensors have been interested to
emerging applications, such as human motion detection [3, 4].

However, several works have been researched on human motion detection as
adsorbing graphene woven fabrics on polydimethylsiloxane (PDMS) and medical
tape composite. The wearable strain sensor could well detect human movements,
including hand clenching, pulse, expression change, blink, phonation, and breath-
ing [4]. Additionally, it is observed that the stretchable CNTs/carbon black (CB)/
isoprene rubber (IR) composites could be used to detect human motions and emo-
tional expressions [5]. It was reported that the percolation threshold concentration
of composites was significantly increased, while optimal conductivity increased, on
adding conductive CB in CNT composites [5]. Furthermore, using CB also improves
the sensitivity of electrical resistivity to stress and strain, due to its spherical shape
that eases disconnection of conductive particles by strain, while the long cylindrical
CNT particles can have sliding contact. This increases potentially the piezoresistive
responsiveness, combining excellent conductivity of CNT with strain sensitivity
of the electrical pathways on using CNT-CB blended filler [6, 7]. Furthermore,
using NR, incorporation of CNT and CB hybrid filler can keep a very stable sen-
sor performance, showing good mechanical properties, when the composites are
dynamically elongated several times [6, 8]. Also, NR composites are easy to process,
cost-effective, and well-known as hydrophobic biopolymers [9], so that humidity
does not effect on an NR sensor.

This review article focuses on the preparation and electrical property of NR/
CNT composites, the methods to improve the dispersion CNT are also men-
tioned as well as overview of applying NR/CNT composites for motions sensors
application.

2. Properties of CNTs

Usually, CNT has extremely high tensile strength compared to other carbon
materials. The excellent strength makes CNTs suitable for developing composite
material with higher reinforcing efficiency. It was also found that, the incorporation
of 0.5 phr MWCNT in NR composite reflected the best properties of increasing
61% of tensile strength and 75% of modulus [10]. Moreover, CNT exhibits excellent
electronic properties as the details given in Table 1 [11, 12].

Properties SWCNT MWCNT

Young’s modulus (GPa) 100-500 20-95

Tensile strength (GPa) 15-53 11-63

Electrical conductivity (S/cm) 10%-10° 10°-10°

Electron mobility (cm?/Vs) ~10° 10*-10°

Thermal conductivity (W/m K) 6000 2000
Table 1.

Properties of carbon nanotube.
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3. CNTs-based natural rubber composites
3.1 Modified natural rubber-carbon nanotube composites and its properties

Natural rubber (NR) is a well-known biopolymer that consists of isoprene units
linked together in cis-1,4 configuration. NR has attracted tremendous scientific and
industrial interests due to its unique molecular structure with superior and unique
properties such as high elasticity, flexibility and some level of biodegradability.
However, NR has intrinsically poor aging, weathering, oil resistance, and electrical
conductivity that limits the use of NR in some applications. However, the application
of NR can be extended by the modification of NR molecules in various forms, such
as epoxidized natural rubber (ENR) and maleated natural rubber (MNR). Various
properties of NR products (i.e., modulus, viscosity and strength) could be improved
by incorporating special types of fillers to form NR composites. Therefore, different
types of fillers into NR as an elastomeric matrix, including carbon black, silica, clay,
calcium carbonate, carbon fibers or carbon nanotubes, have been widely investigated.
CNT filled NR composites were used with various types of natural rubbers, especially
unmodified natural rubber (NR), epoxidized natural rubber (ENR) and maleated
natural rubber (MNR) [13]. Consequently, after the modification of rubber, the
electrical conductivity of composites was found to be enhanced when compared to
the unmodified NR-CNT (Figure 1). The percolation limit for CNTs in ENR-CNT
and MNR-CNT composites is approximately 1 phr, while a value of 4 phr was found
for unmodified NR-CNT composite. Lower percolation value of ENR-CNT and
MNR-CNT composites than that of the unmodified NR-CNT composite proves the
enhanced degree of CNT dispersion in the rubber matrix. It is gained by the occur-
rence of chemical interaction between the functional groups present in ENR or MNR
molecules and the polar groups on CNT surfaces as shown in Figure 2. This confirms
that, the polar nature of rubber molecules (i.e., ENR and MNR) causes significantly a
greater degree of CNT dispersion and consequently the composites reach the percola-
tion limit at smaller CNT concentration. However, for all the composites studied, the
maximum electrical conductivities are the same. It means at the CNT concentrations
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Figure 1.
Electrical conductivity of CNT-filled rubber composites with various CNT contents of 0—7 phr [2].
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Possible chemical reactions between (A) ENR and CNT, and (B) MNR and CNT [13].

below the percolation threshold the electrical conductivity is dominated by the rubber
matrix. Whereas the CNT network plays the dominating role above the percolation
limits. This correlates well to Earp et al. which indicated a comparable conductivity of
the NR composites with and without CNT loading since the CNT was covered by the
insulated NR molecules. After the increase of CNT concentration, the percolative CNT
are formed and the NR matrix had CNT pathway dispersing throughout the samples.
This CNT connection induces and carries well transferring of electron which causes
increment of electrical conductivity [14]. This is agreement to Ma et al. which found
that electrically conducting behavior of composites consisting of conducting fillers
and insulating matrices can be applied to explain the percolation theory originating

in the materials. It was found that the composite undergoes an insulator-to-conductor
transition while the conducting filler content is gradually increased. The critical filler
concentration is referred to the percolation threshold where the measured electrical
conductivity of the composite had sharply increased for several orders of magnitude
relating the formation of continuous electron paths or conducting networks [11].
Moreover, critical CNT loading in matrix effects on the overall properties of CNT
filled ENR nanocomposites [2]. On varying the CNT loading from 1 to 7 phr showed
the critical loading at 3 phr and significantly improved the electrical conductivity.

3.2 Dispersion technique of carbon nanotubes and their network formations
on the properties of natural rubber-carbon nanotube composites

Recently, CNT becomes a promising filler for the NR based composites due to
its several unique properties. Perfect molecular structure of CNT with sp’-hybrided
carbon structure causes extremely high mechanical properties, excellent thermal
conductivity and outstanding electrical conductivity [11]. In addition, low density,
high specific surface area and extremely high aspect ratio make the CNT as an inter-
esting carbon filler same as graphene and other carbon fibers. In the recent years,
many researchers have attempted to incorporate CNT into rubber matrix (i.e., natural
rubber [15-17] and synthetic rubber [18, 19]) to utilize the intrinsic properties of
CNT for enhancing the properties of rubber composites, particularly for the electrical
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conductivity. However, the property enhancement is not so easy and still the vigorous
investigations are ongoing. The major drawback to use CNTs as the reinforcing filler
in NR is their agglomeration, since CNT contains very high aspect ratio and strong
Van-der Waals attractions between the particles. Small polar functional groups on the
CNT surface are also the reason for their self-association behavior inside NR matrix.
Altogether it provides strong filler-filler interaction which causes very poor disper-
sion of CNTs. Weak physical and chemical interactions among CNT and NR matrix
generally lead to poor mechanical properties and electrical conductivity due to the
incompatibility between them [20]. Therefore, homogeneous dispersion of CNTs
inside the rubber matrix is an important challenge by optimizing the condition for

the preparation of rubber-CNT composites. To obtain high conductive CNT-based
rubber composites, a proper preparation method has also been widely investigated.
Melt blending and latex state mixing processes are the most effective methods in terms
of the process ability and properties of nanocomposites by using a two-roll mill and
an internal mixer [21]. Shearing force and mixing temperature during rubber opera-
tion cause reduction of NR viscosity and therefore the CNT can be easily dispersed
and distributed in NR matrix. However, this mixing system had originated much the
heat and not environmentally friendly operation owing to dispersion of low density
of CNT. Thus, latex-based composites are represented and it showed significantly
improved properties than relative to the one preparing from melt mixing. It was found
that the lowest percolation threshold concentration of approximately 0.5 phr of CNTs
was observed in the latex—~CNT composites [22]. Electrical conductivity is one of the
properties that can be applied to characterize the quality of filler dispersion in CNT
composites. If a continuous filler network of electrically conductive fillers is formed,
the material undergoes a sudden transition from insulator to conductor. As a result, the
electrical conductivity rises by several orders of magnitude. Figure 3 shows the effect
of filler loading on the electrical conductivity of CNT-filled composites based on NR
from ADS and latex. Here, the latex-based composites exhibited a percolation thresh-
old ata CNT concentration lower than 1 phr. This is due to the orientation of nano-
tubes along a specific path around the rubber particles which resulted in the formation
of segregated nanotube network [23, 24] as confirmed by the TEM image (Figure 4).
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Figure 3.
Electrical conductivity of composites as a function of CNT content [22].
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k|

Figure 4.
TEM image of natural rubber composite film containing segregated network of MWCNT [23].

3.3 Functionalization of carbon nanotubes and the properties of natural
rubber-carbon nanotube composites

The major drawback of CNT as a reinforcing filler in NR is its agglomeration
tendency, since the CNT fibers have very high aspect ratio and strong Van-der
Waals attraction between each other. This is due to the lack of polar functional
groups on the CNT surfaces which also leads to the self-association behavior in the
NR matrix. Generally, the filler-filler interactions are too strong compared to filler-
matrix interactions causes very poor dispersion of the filler. The poor physical and
chemical bonding between CNT and NR or the incompatible nature generally leads
to exhibit poor stability of the composites in terms of their mechanical properties
and electrical conductivity [20]. Therefore, attaining a homogeneous dispersion
of CNTs in the rubber matrix remains a challenge and addressed by seeking the
optimal conditions for the preparation of rubber-CNT composites. To improve
the dispersion of CNTs in the NR matrix, a silane coupling agent was applied
by expecting that the filler-rubber interactions would be enhanced by reducing
the Van-der Waals attractions of CNT particles. The ex-situ functionalization of
CNTs with silane has been introduced to improve the CNT dispersion in rubber-
CNT composites. However, this method is time consuming and more expensive,
and might not be appropriate in practical applications. Thus, recent studies have
investigated in-situ functionalization of CNTs with silane. Similar to rubber-silica
composites [25, 26], silane was added directly during the mixing of rubber and
silica. The silanization of silica particles can take place during mixing if the mixing
conditions are suitable. This alternative process can provide a short processing cycle
compared to ex-situ silanization. On the other hand, the functional groups on the
raw CNTs are readily available and sufficient to react with silane molecules dur-
ing mixing [22] as similar to the silica-filled composites. Thus, the way of mixing
is most important to improve the reinforcing efficiency of CNTs in rubber-CNT
composites [27, 28]. CNT filled NR composites were prepared by melt mixing and
latex mixing methods. The in-situ functionalization of CNTs with a silane coupling
agent, namely bis (triethoxysilylpropyl) tetrasulfide (TESPT) was done to improve
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Variation of electrical conductivity as a function of CNT content for various NR-CNT composites [30].

the interactions between CNT surfaces and rubber molecules. Figure 5 shows the
effect of CNT loading on the electrical conductivity of rubber—-CNT composites
with and without TESPT prepared by melt mixing and latex mixing processes. The
lowest percolation threshold was observed in the composites prepared by latex mix-
ing with in-situ functionalization. This is due to the chemical interactions of CNT
surfaces, silane, and NR molecules (Figure 6) that improved the CNT dispersion
and reduced the electrical percolation threshold. As a result, percolation thresholds
were observed at approximately 2 and 1 phr of CNTs in NR-CNT-TESPT and L~
CNT-TESPT composites, respectively. In addition, it was obtained the same trend
as NR and ENR vulcanizates reinforced with CNT, CCB and CNT/CCB hybrid filler
that decreasing of physically bound rubber absorption with addition of TESPT are
showed, while the chemically bound amount had significantly increased. It was
also found that superior conductive material with low dielectric constant of NR and
ENR vulcanizates with CNT and CCB hybrid filler are received after the addition of
TESPT [29].

In addition, composites of CNT and ENR were also prepared with in-situ
functionalization of CNT with two alternative silane coupling agents such as
bis(triethoxysilylpropyl) tetrasulfide (TESPT) and 3-aminopropyltriethoxysilane
(APTES). The reactions of ENR molecules with the functional groups present on
the CNT surfaces and also with the silane molecules were schematically shown in
Figures7 and 8.

Composites of ENR-CNT and ENR-CNT-TESPT were successfully prepared
with a very low electrical percolation threshold at 1 phr CNT content as showed
in Figure 9. Furthermore, the highest electrical conductivity was achieved in
the ENR-CNT-TESPT composite, due to its higher cross-link density and near-
optimal CNT dispersion. Moreover, the morphological study of ENR-CNT and
ENR-CNT-TESPT composites was used to confirm the fine dispersion of CNTs
in the ENR matrix with loosely agglomerated CNTs. Consequently, the compos-
ites of ENR-CNT and ENR-CNT-TESPT exhibited improved tensile properties
with higher cross-link density and electrical conductivity than the baseline of
pristine ENR.
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3.4 Hybrid carbon nanotubes filled natural rubber composites

Several attempts have been made to disperse the CNTs in NR matrix by avoiding
its re-agglomeration. To overcome this limitation, the addition of secondary fillers
was introduced into the composites by generating new conductive hybrid filler path-
ways [32, 33]. An improved conductivity was achieved by adding carbon black (CB)
into the CNT polymer composites [34-37]. Electrical conductivity of the composites
was found to be slightly increased with CB concentration when the CNT content lies
below its percolation threshold. However, no significant increase in the electrical con-
ductivity occurred above the percolation threshold concentration. This might be due
to the agglomeration of CB connected to CNT surfaces, which impedes the conductiv-
ity of hybrid ternary composites [35]. Thus, the CB can bridge CNT encapsulates and
contribute new electron pathways only with highly homogeneous distribution of both
the fillers. In this regard, the extremely high viscosity of NR is essential to enhance the
conductivity by enabling good dispersion of fillers during mixing. No prior studies
have been reported on the NR vulcanizates to assess the electrical conductivity with
the dual fillers CB and CNT. A hybrid epoxy-based nanocomposite was developed by
reinforcing CNT and CB. It was found that, the gaps between carbon nanotubes were
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Figure 9.
Electrical conductivity of ENR-CNT, ENR-CNT-TESPT, and ENR-CNT-APTES composites prepared by
in-situ functionalization with various CNTs contents of o—7 phr [31].

connected by the CB nanoparticles, causing the formation of conducting networks
[32, 34] as shown in Figure 10. The same behavior was observed in the hybrid of
expanded graphite (EG)-CNT filled cyanate ester (CE) [38], graphene nanoplatelets
(GNPs)-CNT/epoxy composites, titania nanoparticles (TiO,)-CNT/epoxy composites
[39] and hybrid of Ag nanoparticles (Ag-NPs)-CNT [40].

3.4.1 Hybrid composites of carbon nanotubes and conductive carbon black
reinforced natural rubber

Filled NR vulcanizates were prepared by incorporating carbon-based fillers,
namely carbon nanotubes (CNT), conductive carbon black (CCB), and CNT/CCB
hybrid filler [41]. Reinforcement of CNT and CCB was carefully done by using a
two-roll mill. The main aim was to generate an optimal state of filler dispersion in
the NR matrix, in which CCB particles/aggregates bridge the CNT encapsulates.

It improved the optimum electrical conductivity of NR composites by enabling
electron tunneling and it is appropriate to provide fillers in the NR matrix. It was
expected that, the achievable conductivity would synergistically be better than
those of rubber composites with solely CNT or CCB. The variation of conductivity
(atf = 1 Hz) with the filler volume fraction according to the Voet model is shown in
Figure 11. It is seen that, the increment in conductivity appears in different steps for
the NR vulcanizates filled with CCB (4 steps), CNT (3 steps), and CNT/CCB hybrid
filler (2 steps). As already stated, there is no percolation threshold observed in case
of CCB filler in NR vulcanizate, even though increasing the CCB loading up to 15
phr. In Figure 11, the NR vulcanizate filled with CNT/CCB hybrid filler showed only
two step increments in conductivity. It is also clear that the filled NR vulcanizate
had linear conductivity in between 1tol0 phr of CCB in the CNT/CCB hybrid filler
and saturates at 15 phr of CCB owing to the strong agglomeration. This means that
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NR vulcanizate filled with 5 phr CNT is an Ohmic conductor in between 1to10 phr
of added CCB. It confirms the synergistic effect of CNT and CCB fillers in the NR
vulcanizates, that improved and extended the conductivity of the NR composites by
enhancing the electron tunneling and reducing the gaps between CNT encapsulates.

3.4.2 Hybrid carbon nanotubes and silver nanoparticle in natural rubber
composites

The conductive NR composite with CNT-decorated AgNP (Figure 12) was pre-
pared via the latex mixing method to get homogenous dispersion of the filler [42].
The decoration of CNT surfaces with AgNP significantly enhanced the electrical
conductivity and lowered the percolation threshold concentration of NR compos-
ites when compared to the composites with plain CNT filler.

The percolation threshold concentrations of CNT and CNT-AgNP filled
NR composites (Figure 13) are found to be 3.64 and 2.92 phr respectively. The
combination of AgNP with CNT hybrid filler caused decreasing the percola-
tion concentration and significantly increasing the optimal conductivity of the
NR composites. This is due to the network formation of CNT-AgNP in the NR
matrix favors the flow of electrons as compared to the NR filled with solely CNT.
Therefore, better movement of the electrons by tunneling throughout the NR
matrix was encountered. The degree of network formation of fillers in rubber
matrix can be estimated by the ¢ values. In Figure 13(b) and (c), the t values of
CNT and CNT-AgNP filled NR vulcanizates are noticed as 2.34 and 1.86, respec-
tively. This clarifies that the CNT-AgNP filled NR vulcanizates are fully three-
dimensional networks of fillers in the NR matrix, whereas the CNT filled NR
vulcanizates showed stronger CNT agglomeration as indicated by higher ¢ value.
It also confirms the bridging of AgNP with end-to-end of CNT in the NR matrix
which usually improves significantly the electrical conductivity and the percola-
tion threshold of the composite.

3.4.3 Hybrid carbon nanotubes and ionic liquid in natural rubber composites

To enhance the electrical conductivity of the rubber composites, several
methodologies have been exploited by improving the CNT dispersion in rubber
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Figure 12.
Transmission electron microscopy (TEM) images of CNT decorated with silver nanoparticle (CNT-AgNP) [42].
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Figure 13.
Electrical conductivity of CNT and CNT-AgNP filled NR vulcanizates with various CNT and CNT-AgNP
loadings (a), Plots of log o 4 and log (f-f.) of CNT filled NR vulcanizates (b) and CNT-Ag filled NR

vulcanizates (c) [42].

matrix. One prominent approach is the use of CNT mixed with an ionic liquid (IL)
[43]. Typically, the IL molecules have hydrophilic and hydrophobic parts of the
inorganic and organic salts in their molecules. It is noted that the hydrophobic part
has the ability of interacting with CNT surfaces through cation- 8 interaction

[44]. Also, some ionic liquids contain -C=C- in the alkyl chain, and this could
interact with diene rubbers via sulfur bridges in case of sulfur vulcanization
system [45]. Therefore, IL forms bridge CNT surfaces with the rubber matrix [45].
The imidazolium ionic liquid has been widely used in various types of polymer
matrix [46-49]. It was found that the imidazolium groups play an important role in
improving the ionic conductivity of acrylonitrile butadiene rubber (NBR) [48].
Furthermore, NBR/SiO, in combination with imidazolium ionic liquid exhibited
good elastomeric properties, high tensile strength, and high electrical conductivity
[49]. In addition, CNT filled NR composites improved the conductivity by the
addition of an ionic liquid (IL) 1-butyl-3-methyl imidazolium bis (trifluorometh-
ylsulphonyl)mide (BMI) [50]. Figure 14 clearly shows the addition of IL in to NR
slightly increased the electrical conductivity, but the loading level of IL (BMI) does
not significantly affect the conductivity of NR vulcanizate. This might be attrib-
uted to the encapsulated IL (BMI) by the insulating NR as the imidazolium IL
could be more compatible with the hydrophobic rubber matrix [46]. This leads to
reduce the electrical conductivity of the NR/IL vulcanizate with no noticeable
percolation threshold. On the other hand, the composites of NR/CNT and NR/
CNT-IL showed percolation threshold concentrations at 3.64 and 2.92 phr, respec-
tively. Therefore, the NR/CNT-IL composite exhibited comparatively higher
electrical conductivity with lower percolation threshold than the composite of NR/
CNT. This might be due to the synergy of plasticizing by IL (BMI), contributed to
good dispersion of CNT. It forms three-dimensional networks in the NR matrix
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Figure 14.
Electrical conductivity of NR/CNT, NR/IL and NR/CNT-IL vulcanizates with various filler loadings [50].

assisted by the physical interactions of CNT particles. Therefore, the plasticizing
effect and physical interactions facilitated CNT network formation and reduced
the agglomeration of CNT.

4. Piezoresistive carbon-based composites for sensor applications

Conductive composites based on electrically insulating rubber matrix have
attracted both scientific research and industrial interest for several years [11]. The
two main parts in such composites are (i) the insulating rubber matrix and (ii) the
conducting filler. The filler needs to form conductive pathways in the matrix for
carrying electrons, thereby making the composite a semiconductor or a conductor
[19]. Such filler pathways are perturbed by breakage and re-arrangement inside
the matrix during deformation [33]. This change in resistivity during elongation
is known as piezoresistivity and it can be used in motion detector applications
[51]. Hence, the sensitivity of a composite sensor is affected by the type of rubber
matrix and the type of fillers such as carbon black (CB), carbon fibre, graphene,
graphite, and carbon nanotubes (CNT) [34, 35, 52, 53]. The CNT filled compos-
ites can serve in sensor applications due to its excellent electrical conductivity,
which responds to various external stimuli such as temperature, organic solvents,
vapour, strain, and damage [6]. Incorporation of CNT and CB hybrid filler in NR
exhibits a very stable sensor performance along with good mechanical properties
when the composites are dynamically elongated several times [6, 8]. Therefore,
three alternative rubber matrices such as NR, epoxidized-NR (ENR) and isoprene
rubber (IR) have been tested to clarify the effectiveness of the rubber matrix in
a strain sensor containing CNT and CB as a hybrid filler. An appropriate ratio of
CNT:CB was fixed at 1:1.5to form the filler networks throughout the matrix. Melt
blending was selected as the mixing method to prepare the composites with the
help of an internal mixer and a two-roll mill by optimizing the state of dispersion
of fillers in the rubber matrix. Furthermore, the piezoresistivity (strain sensitivity
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of electrical resistance) was investigated in terms of the relative change in resis-
tance, AR/Ry (AR is the change in resistance with strain, and Ry is the initial
resistance of the composite) [6, 54]. The measurement was performed with the
help of an instrumental setup as showed in Figure 15.

To assess the effects of long term deformations on the composites, dynamic
cyclic tensile testing at 50% strain for 50, 100, 500, 1000, 3000, 5000 and
10000 cycles was performed with an extension speed of 200 mm/min. Here,
the resistance of the composites after each run was noticed. Figure 16 shows the
electrical conductivity as a function of cycle count for NR, ENR and IR composites
with CNT/CB hybrid filler. The conductivity of these composites was found to be
decreased with cycle count. The linkages in ENR composites exhibited the least loss
of conductivity. It was found that the conductivity becomes stable after 3000 cycles
(from 15.4 pS/cm to 0.044 pS/cm at 3,000 rounds). This is similar to the composites
of NR-CNT/CB, while a few cycles were needed for IR-CNT/CB owing to the higher
filler agglomeration and poor filler-rubber interactions. This is attributed to the
polar chemical interactions between ENR and the functional groups on the surfaces
of CNT/CB. Furthermore, the non-rubber components in NR and ENR matrices
improved the filler dispersion as seen in the TEM images of Figure 16. It can be seen
that, the dispersion of CNT/CB particles/clusters was homogeneous in the ENR
matrix, whereas poor CNT/CB dispersion with strong filler-filler agglomeration
was exhibited in the IR matrix as expected.

Moreover, NR-CNT/CB composite (CNT/CB 0.5/9 phr) was developed for
sensor [6], it was embedded in gloves to understand its efficiency and to get a visual
idea about the function of the sensors as shown in Figure 17.

Insulaton gnp

Sample has 1o be straight
before performing the measurément

Copper clamp which
connected directly to §
the detector

tector used for .
delecting resislance 3
of sample during
extending at differentg
strain

Figure 15.
Instrumental setup for measuring electrical conductivity and resistivity during mechanical tensile strain [6].
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Electrical conductivity of NR, ENR and IR composites with 5 phr of CNT/CB hybrid filler compared after o,
50, 100, 300, 500, 1000, 3000, 5000 and 10000 cycles of extensional strain, together with TEM images at the same
magnification of 50 kx [6].
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Figure 17.

Detection of finger motion and type of the motion by embodiment of conducting elastomer composite (CNT/CB
0.5/9 phr) on latex gloves. Typing the complex stvetching and bending motion of sample is divectly veflected in
the resistance plot [6].

5. Conclusion

Carbon nanotubes (CNT) have been widely used as the reinforcing and conduc-
tive filler in NR. However, the dispersion of CNT in NR matrix is limited and always
an important factor to enhance the property of NR composites. In order to obtain a
conductive NR material with high quality by the formation of strong CNT networks
in an insulating NR matrix is needed. The CNT networks act as electrically conduct-
ing pathways to provide electrical conductivity, but the CNT typically has a high
aspect ratio and strong Van-der Waals forces that give rise to a strong agglomeration
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tendency. It is very difficult to form the conductive paths with in the insulating rub-
ber matrix and this path formation between the conducting particles is a challenge
to achieve proper electron tunneling.

This chapter reports several advanced methods to disperse CNTs in the NR
matrix. Various aspects highlighted in this chapter include the mixing processes
such as melt mixing and latex mixing methods. In addition, formations of
functional groups on the surfaces of CNT using silane coupling agents (i.e.,
ex-situ and in-situ functionalization) as well as using a hybrid CNT are beneficial
to achieve better electrical conductivity. These efforts are aimed to reduce the
percolation threshold concentration in the NR composites. As mentioned in this
review, latex mixing technique exhibits the formation of segregated nanotube
network, which enhances the electrical conductivity of the composites. In
addition, the improved interaction between CNT and NR matrix by using silane
coupling agent enhances the uniformity of dispersion of CNT. It leads to reduce
the percolation threshold concentration compared to the composites of NR/CNT
without silane coupling agent. Moreover, the addition of secondary fillers into
the composites generates new conductive hybrid filler pathways. Comparatively
better conductivity is achieved by the addition of CB or AgNP or IL into the CNT
polymer composites.

However, conducting composites based on electrically insulating rubber matrix
have been developed for sensor applications. Change in resistivity during elongation
termed as piezoresistivity can be used in sensor applications. The most commonly
used rubber matrices such as NR, ENR and IR are mixed with a combination of
CNT and CB fillers as a hybrid filler. The presence of linkages in the ENR compos-
ites results in the least loss of conductivity during external strain. It is found that
the conductivity becomes stable after 3000 cycles. This is found to be similar to the
NR-CNT/CB composite, while a few cycles are needed for IR-CNT/CB owing to the
higher filler agglomeration and poor filler-rubber interactions. This is attributed
to the polar chemical interactions between ENR and the functional groups on the
surfaces of CNT/CB. Furthermore, the non-rubber components in NR and ENR
matrices improved the filler dispersion. Finally, it can be concluded that the com-
posite of ENR and CNT/CB are beneficial in sensor applications particularly in case
of health monitoring, motion detectors, and other related products because of its
cost-effectiveness and ease of processing.
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Chapter 5

Carbon Nanotubes as Reinforcing
Nanomaterials for Rubbers Used
in Electronics

Jabulani I. Gumede, James Carson
and Shanganyane P. Hlangothi

Abstract

The field of electronics involves complex systems where the active and passive
electronic devices are integrated on the rubber substrate, e.g., silicone (Q ), which
provides, through potting, a strong assembly of these devices on the circuit board.
Several other rubbers are employed in the field to strengthen, insulate and seal the
components of the electronic machines and instruments, and therefore protect
them against damage. These rubbers are typically strengthened and toughened
using carbon black (CB). However, due to its noticeable drawbacks, recent research
in the field of rubber and electronics has suggested the use of carbon nanotubes
(CNTs) as alternative reinforcing fillers to produce electronics rubber composites
that do not only have enhanced electrical conductiv-ity, thermal stability, electro-
magnetic interference (EMI) shielding, weatherability and insulation properties,
but also offer outstanding stretchability, bendability and tear strength under
frequent elastic deformation. These performances are similar for both single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTSs)
in both the functional and structural composites. Although SWCNTs can result
in relatively better homogeneity than MWCNTSs, most rubbers often constitute
MW(CNTs because they are relatively cheaper. The great potential of rubber-CNTs
composites being extensively used in the field of electronics is explored in this
chapter.

Keywords: carbon nanotubes, electronics, rubber-carbon nanotubes composites,
nanoscale filler, rubber properties

1. Introduction

Various electronic machines and instruments are available worldwide, and some of
these are shown in Table 1. The purpose of these machines and instruments is to make
different aspects of human lives easier. Components such as electronic devices (i.e.,
integrated circuits), wires and cables are central to their make-up [1, 4]. Some of these
components are either made of rubber materials or require the use of various types of
rubber for their respective functions. These include rubber sheets, grommets, tubes
and seals, keypads, wire and cable rubber hoses and insulators, adhesive sealants,
flat washers, boots and bellows, bumpers and tips covers, sleeves, and anti-vibration
rubber mounts [4-9]. Their main function is to keep the machines and instruments
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Electronic machines and instruments Sector

Stethoscope, respiration monitors, defibrillator, glucose meter, and Medical

pacemaker.

Entertainment and navigation systems, engine, transmission, and devices for Automotive (automobiles)

safety and driver assistance.

Oftfice gadgets, home appliances, audio and videos systems, router, Consumer
automated teller machine, and barcode scanners.

Automation and motion control robotics, power converting technological Industrial
instruments, hydraulics, and photo voltaic systems.

Data logger, hygrometer, anemometer, drifter buoy, barometer, and tipping Meteorological and
bucket rain gauge. Oceanographic
Aircraft and missile launching systems, boom barrier and radars for military, Defense and Aerospace

cockpit controllers, and rocket launchers for space.

High voltage DC transmission, excitation systems, VAR compensation, static Utility systems
circuit breakers, fans and boiler feed pumps, and supplementary energy
systems.

Table 1.
Electronic machines and instruments, and sectors where they ave used [1-3].

performing at their optimum best by dissipating heat, as well as insulating and sealing
the electronic components; thus protecting them against shock, electromagnetic
interference, very high and low temperatures, gas permeation, and exposure to dust
and fluid (e.g., water, chemicals, solvents, steam, moisture and oil) intrusion that may
lead to damage of the machines and instruments [1, 2, 6, 7, 9-11]. Electronic machines
and instruments normally operate at different types of environmental conditions,
from moderate to high-stress environment. Therefore, in addition to being thermal,
gas and fluid resistant, the electronics rubber materials are required to be extraordi-
narily durable, stretchable and resilient, and yet be easy to use [5, 7, 9, 12].

The common rubbers that are used to manufacture the electronics rubber mate-
rials include natural rubber (NR), Ethylene Propylene Diene Monomer (EPDM)),
silicone (Q), styrene butadiene rubber (SBR), nitrile butadiene rubber (NBR),
Fluoroelastomer (FKM/FPM), isoprene rubber (IR) and neoprene [5-7, 9, 13-17].
Generally, these rubbers have excellent elasticity and deformability, but in addition
to the fact that some of them are not crystallizable under high strain, their strength
and modulus, especially, could not satisfy the requirements of some electronic
machines and instruments, especially those that operate at frequent vibrations
and high pressures [5, 9, 13, 18-20]. Therefore, it is deemed necessary to further
strengthen these rubbers, typically by adding reinforcing filler into them to yield
sufficiently high mechanical properties with low hysteresis loss (heat-build up).
Other common properties that are improved by reinforcement include electrical,
chemical, swelling and thermal properties [9, 13, 15, 16, 21, 22].

Carbon black (CB) and silica are the most conventional fillers used for the
reinforcement of rubber. However, there are many emerging fillers such as carbon
nanotubes (CNTs) which offer superior reinforcing effect, properties and perfor-
mances at relatively lower quantities [2, 7, 23-25]. Although there is paucity in CNTs
reinforced rubbers as compared to CB reinforced rubbers, several researchers [5, 8,
9,12,13, 15, 16, 21, 26-31] postulated that CNTs may be considered by electronic
industries in the near future for the production of CNTs-based rubber compos-
ites for strengthening, insulating and sealing the components of the electronic
machines and instruments. This is due to the resultant extraordinary properties and
associated performances that are typically offered by such composites, which, by
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definition, refers to multiphase materials that comprises of the individual or hybrid
reinforcing filler and the rubber matrix or matrices [21, 24, 28, 32].

Since the discovery of CNTs, there have been several research studies aiming at
understanding their structure and properties, as well as developing novel applications
for them [2, 13, 21, 33]. The main attracting nature of CNTs to produce the CNTs-
based rubber composites include excellent electrical conductivity, thermal stability
and chemical stability, as well as the superior mechanical properties for load-bearing
reinforcements in rubber composites and for structural applications [2, 22]. Rubber-
CNTs composites, with strengthened stress transfer from rubber to CNTs due to
their uniform dispersion in the rubber matrix and the strong rubber-CNTs interac-
tions, are relatively lighter and flexible for easy use in the electronic machines and
instruments [2, 5, 8, 9, 13, 15]. Their excellent thermal and chemical stability makes
them versatile materials for improving the flame retardancy of the electronic rubber
materials and for the protection of the electronic components against damage [1, 2,
15, 28, 34]. The extraordinary durability and resilience of rubber-CNTs composites
makes them suitable especially for resisting wear, high pressure and vibrations; and
their outstanding mechanical properties allows them to exceptionally resist abrasion,
tear, high compression set and flex fatigue life that are normally due to prolonged
vibrations, high pressure and compressive loads [1, 2, 28]. These properties make
them more suited and applicable for use in electronics, as well as the fact that rubber-
CNTs compounds are potentially cost-effective than rubber-CB compounds because
of the performance of CNTs that is dominant even at smaller loaded quantities [7 15,
35, 36]. Hence, this chapter investigated the studies that show that CNTs have great
potential as the alternative reinforcing materials for rubbers used in electronics, and
these rubbers are referred to as electronics rubbers in the chapter.

2. Structure and properties of carbon nanotubes

Since the discovery of carbon nanotubes (CNTs) in 1991 by lijima using an
electric arc-discharge method and transmission electron microscope (TEM), their
unique atomic structure and superior properties have attracted the researchers’
attention both in academia and industry [1, 22, 24, 37]. As can be seen in Figure 1,
CNTs are typically one-dimensional quantum nanomaterials with carbon electrons
in (ideally) sp” hybridized orbitals, and they can also be viewed as a graphene sheet
that is rolled up into a nanoscale tubular form [1, 5, 28, 38]. They are commonly
synthesized using visible light vaporization, arc discharge or catalytic chemical
vapor deposition method, and have been categorized as the fourth allotrope of car-
bon, following naturally occurring types such as diamond, graphite and fullerenes
[16, 24, 37]. Depending on the employed synthesis method, CNTs can be produced
as individual cylinders (single-walled carbon nanotubes, SWCNTs) or as concentric
tubes (multi-walled carbon nanotubes, MWCNTs), which both have the exception-
ally resilient structures due to the carbon-carbon (—C—C-) bond and the system
controlling these atomic bonds throughout the axis of the tubes [2, 39].

CNTs, due to their size and helical arrangement of graphite rings in the walls,
exhibit a wide range of interesting unique properties for various potential applica-
tions [16]. They have exceptionally small diameters (several nm) and length ( ¢ m,
mm or cm) [39, 40]. Furthermore, CNTs have incredibly high aspect ratio (~10%)
and a large surface area (~100 m*/g to 1200 m?/g), which often allows them to form
superior interaction with the polymer matrix [22, 25, 41-43]. The strength of the sp”
-C-C- bonds gives CNTs an extremely high tensile strength (~ 150 to 180 GPa),
modulus (~ 640 GPa to 1 TPa) and elasticity, and remarkable electrical conductiv-
ity, thermal (more than 1000°C) and chemical stability [1, 5, 6, 3]. These distinctive
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Figure 1.
Schematic illustration of CNTS: (a) carbon nano-walls, (b) SWCNTs and (c) MWCNTs (modified with
permission from [28]).

properties render CNTs the ultimate nanofiller materials in nanomaterial-based
rubber composites for research and industrial applications. The main attractive
nature of CNTs for such composites especially in the industrial application is their
fracture and deformation behavior [2]. Because of CNTs, rubber-CNTs composites
can withstand high loads without showing the sign of fracture, and they can do this
by switching reversibly into different morphology patterns (flattened, twisted, and
buckled) on strain deformation [2].

3. Carbon nanotubes and carbon black as reinforcing fillers
in carbon-based rubber composites

Generally, several fillers have been used for many years as reinforcing materials
to prepare the composites mostly with enhanced mechanical properties. The mecha-
nism of the reinforcement is believed to be both chemical and physical in nature,
and the surface area and structure of the filler are its primary properties [44, 45].
The greater reinforcement effect has been reported to be given by the material with
relatively smaller particle size and larger surface area [45]. Carbon black (CB) is the
most widely used and most effective conventional reinforcing filler in the rubber
industry because it generally enhances the mechanical properties of various rubbers
[8, 18, 24, 27]. However, in addition to its environmental polluting nature, the draw-
backs of using CB is that it tends to cause difficult processability due to its relatively
larger particle size and high bulk viscosity of most rubber compounds [18, 24].
Additionally, its high loadings (35-45 phr) in the rubber compound formulation is
arequisite for its efficiency, and this normally negatively impact the compression
set and hysteresis loss (heat-build up) of some vulcanized rubber products [18, 24].
Its high loadings also cause the resultant rubber products to be relatively costly [41].
Therefore, scientific and industrial fields have been focusing on partially or com-
pletely replacing CB in rubber formulations with CNTs (single-walled and multi-
walled) for the production of carbon-based composites, i.e., CNTs-natural rubber
and CNTs-synthetic rubber composites, with relatively excellent properties [8, 39].
The extremely small particle size, high specific surface area and aspect ratio of this
new class of fillers makes them superior to CB, and makes it relatively easy for them
to uniformly disperse in the rubber matrix as individual particles [8, 28, 41]. The
distances between the components of CNTs and the rubber matrix are exceptionally
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small and therefore, the interactions at a molecular level between CNTs and the
matrix provides remarkable properties compared to conventional fillers [8].

The extraordinary properties of CNTs are the main factor that prompted a great
interest in the production of CNTs-based rubber composites for a wide range of
applications, including electronics [2]. The commonly used methods to prepare
CNTs-based rubber composites with uniformly distributed CNTs and strong
rubber-CNTs interactions include solvent/solution blending, melt blending, in-situ
polymerization, latex compounding and high-shear (roll mill and internal mixer)
mixing [5, 6, 40, 46-48]. The use of solvent to disperse CNTs aid in achieving
good defibration and necessitate the dispersal of hydrophobic CNTs in the aqueous
emulsion; hence surfactants, which typically suppress re-aggregation, are also often
employed in melt blending, in-situ polymerization and latex compounding [5]. The
high-shearing mixing method is often used for solid rubber and is favored for the
industrial production of rubber-CNTs composites, including those used to manu-
facture electronics rubber materials, because it minimizes both the production time
and costs [5, 28].

Since the applications of CNTs-based rubber composites are different, they are
normally categorized into two kinds, i.e., functional composites and structural
composites [1]. CNTs function differently in these two kinds of composites. In
structural composites, they allow for the formation of structural rubber-CNTs
material with easy processability, ultralight weight, and high tensile strength, elas-
tic modulus, compression strength and stiffness [1, 36, 49, 50]. For rubber-CNTs
functional composites, CNTs function by developing the electrical and thermal
conductivity and chemical stability of these composites. Rubber-CNTs functional
composites have shown outstanding heat resistance, chemical and swelling resis-
tance, electrical conductivity, electromagnetic absorption and interference shield-
ing, and high energy storing capability [8, 9, 15, 51-53].

4. Parameters affecting the properties of rubber-CNTs composites

CNTs tend to form bundles during growth due to strong van der Waals interac-
tions between individual tubes [3, 39]. Therefore, this allows them to easily form
microscale aggregates or agglomerates into a rubber matrix, hence reducing the
expected improvements of the properties of the resulting composites. The extent
of reinforcement effect of CNTs on rubber for the formation of CNTs-based rubber
composites with superior properties is highly dependent on a variety of parameters,
which normally influence the overall exploitation of the performance of rubber-
CNTs composites in an intended application. These include CNTs fabrication
method, ratio of CNTs to the amount of rubber matrix, entanglement state of CNTs
in the rubber matrix, if CNTs are functionalized or not, functionalization method,
matrix type, rubber viscosity, degree of CNTs wetting with rubber, dispersity and
dispersion method, interfacial bonding, CNTs structural defects and composite
processing method [13, 38, 54, 55]. These parameters are the main key for ensuring
the formation of the effective load/stress transfer, normally monitored by Raman
Spectroscopy, from the matrix to individual nanotube, which consequently support
the effective processing of the formation of rubber-CNTs composites with optimum
properties [1, 13, 21, 54, 56, 57]. Of all these, filler dispersion is the most popular
parameter and is normally studied by examining the morphology of the composite,
and this is achieved by employing transmission electron microscope (TEM) and
scanning electron microscope (SEM). For instance, SEM micrograph can be seen in
Figure 2, where the uniform distribution of CNTs particles throughout the silicone
rubber (Q ) matrix is shown in pictures (a), (b) and (c).
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Figure 2.

SEM micrograph of Q-SWCNTS vulcanized composites: (a) Q sample of SWCNTs with 70% carbon,
(b) sonicated Q sample of SWCNTs with 70% carbon, (c) Q sample of SWCNTs with 90% carbon, and
(d) unfilled Q sample [58].

The parameters that define the quality of rubber-CNTs composites have also
been reported to affect one another. For instance, the rubber-CNTs interaction,
which generally defines the stress transfer capacity, directly affects the dispersion of
CNTs in the matrix [13, 28, 59]. Also, the dispersion of CNTs in the rubber matrix
and the interaction of CNTs with the matrix are highly influenced by the function-
alization (surface modification) of pristine CNTs which is typically achieved by
physical (non-covalent) or chemical (covalent) bonding of organic or inorganic
moieties to the tubular structure of CNTs [3, 13, 28, 57, 59]. This surface modifica-
tion of pristine CNTs typically result to modulation of CNTs physicochemical
properties, therefore increasing their ease of dispersion and interaction, as well as
processability, among different types of rubbers [38, 57]. However, even though it
might possibly lead to weaker rubber-CNTs interaction, non-covalent functional-
ization method is more preferred than the covalent method for the production of
composites as the latter tend to cause structural defects to the tubes by disturbing
the 7 system of the graphene sheets and therefore resulting in shortened CNTs

length and hence, inferior properties of the CNTs [3, 27, 60]. Optimization of the
ratio of CNTs to the amount of the rubber matrix is also necessary for overcoming
the inability to fully explore the properties and performance of CNTs in rubber-
CNTs composites for any intended application.

5. Effect of CNTs (SWCNTs and MWCNTSs) on various properties of
rubber-carbon nanotubes composites for electronics

The main targets under consideration for the application of rubber-CNTs
composites in electronics is to manufacture rubber materials that are extremely
resistant to different temperature conditions, durable, abrasion resistant, chemical
and swelling resistant, thermal resistant, high stretchable and thermo-conductive,
and offer proper insulation and sealing [2, 5, 12, 13, 61]. CNTs permits the rubber-
CNTs composites to maintain their mechanical strength at temperatures as high
as 1200°C, therefore electronics rubber materials that comprise of CNTs would
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be very useful for electronics operating at high temperatures [1, 5]. Additionally,
researchers [28, 62, 63] believe that rubber-CNTs composites will soon be employed
as layers and coatings design to dissipate heat, and as materials that enhances flame
retardancy because most rubbers are less thermally stable than CNTs. The very high
chemical stability of CNTs makes the rubber-CNTs composites resistant to various
solvents, oils, hydrocarbon fuels and acids or alkalis, and therefore far superior to
metals as regards to corrosion resistance, and would be excellent for use in cover-
ing the electrochemical sensors, power devices and other components of various
electronic machines and instruments [1, 5, 6, 28, 64]. Similarly, the high swelling
stability of the rubber-CNTs composites makes them resistant to water, steam and
moisture and therefore has a great potential for the manufacturing of the rubber
materials that would protect the electronics materials like temperature/humidity
sensors and conductive electrodes/wires [1, 6, 64]. Given the obvious possibility
that water, coldness and heat, are present in the environment in which sealing and
protecting rubber materials are used, rubber-CNTs composite materials would thus
be best materials for electronics as they can resist hydrolysis, which may lead to
degradation of rubber. This has been additionally proven by other researchers [5],
where they subjected the rubber-CNTs material, with 1 wt.% CNTs content, into
an environment of 280°C temperature and 6.3 MPa pressure for 3 h, and observed
no change in hardness and tensile properties of the material, meaning that CNTs
improve hydro-thermal resistance even at high pressure. Rubber-CNTs composites
have outstanding electrical and thermal conductivity, of which the latter far exceed
400 W/Mk thermal conductivity of copper and 2200 W/Mk of diamond [5].
According to Ata [5] and Dai et al. [13], the main advantage of using rubber-CNTs
composites to make stretchable electroconductive and thermo-conductive materi-
als for electronics is that the electrical and thermal conductivity of the composite
remains unaffected when the material stretches during service because CNTs
form unidimensional particles in the rubber matrix, as opposed to conventional
fillers. In comparison to rubber-CNTs composites, a reduction of the conductivity
of the composites of conventional fillers, which are typically composites of zero-
dimensional (0D) particles, with stretching, is due to the loss of contact between
filler particles, as can be seen in Figure 3 [2, 5, 50]. These conductivity properties
have therefore led to a suggestion that rubber-CNTs composites can be used as
wiring materials for stretchable and wearable electronic devices and instruments
[5, 12, 36, 65, 66]. This has been supported by other authors [61], where they have
made stretchable CNTs-based FKM conducting materials that have the potential
for application in electronics such as stretchable sensors, stretchable light-emitting
diodes (LEDs), and human motion monitoring.

Electronic components, like electronic devices (e.g., electronic circuits), wires
and cables, in the electronic machines and instruments are subjected to dam-
age during service. Hence, for rubber materials that typically seal, insulate and
therefore protect these components, the improvement of mechanical properties,
especially tensile, modulus, durability, flexibility and resilience, is a necessity.
Felhos et al. [67] have used varying amounts of CNTs on hydrogenated nitrile
butadiene rubber (HNBR), and measured the mechanical properties, including
sliding and rolling friction, observing improved properties as the filler content was
increased. They also observed that CNTs performance was better than that of silica
in drying sliding and rolling. As far as the various required properties for rubber
materials used in electronics are concerned, several other studies, on the reinforce-
ment of electronics rubbers by CNTs, are shown in Table 2, which also shows the
common applications of the stated CNTs-based rubber composites. While most
of these studies are more based on enhancement of various properties of elec-
tronics rubbers, others [6, 17, 18, 24, 28, 32, 35, 41, 83, 72, 84] also compared the
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Figure 3.
Network structure in rubber composites of different fillers [5].

reinforcement effect of CNTs to that of CB, and showed that CNTs’ performance
is dominant even at relatively very low quantities (at or below 1 wt.%), without
polluting the working environment.

It is well known that CNTs have a tubular structure of carbon atom sheets with
a thickness scaled in less than few nanometers, and depending on the number
of carbon atom sheets, they are often simply classified as single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTS). The
performance of SWCNTs and MWCNTs seems to be similar in both the functional
and structural composites, even though it is believed that SWCNTs, in compari-
son with MWCNTs, are relatively more suited for the production of electronics
rubber-CNTs composites since they are single-dimensional systems and therefore
can easily and uniformly be dispersed in the rubber matrix and are unlikely to
cause high stiffness, which might lead to high heat build-up [22, 40, 85, 86].
Nonetheless, on account of their extremely high moduli, both the SWCNTs and
MWCNTs are considered fillers that provide much higher reinforcement effects
than conventional fillers; hence their use in the enhancement of the matrix of most
rubbers, including those that are used in the electronics [39]. It has been suggested
by several researchers [6, 18, 24, 28, 32, 35, 41, 84] that the manufacturing and
maintenance cost of the electronics rubber materials made of CNTs would be rela-
tively better than those made of CB because CNTs, in addition to the fact that they
are effective at very low added concentrations, are also becoming easier to fabri-
cate and therefore cheaper to buy [5, 28, 39, 87]. As far as the cost of rubber-CNTs
composites for electronics is concerned, composites made of MWCNTs would be
much cheaper in comparison to those made of SWCNTs since the fabrication cost
of the former is relatively cheaper than that of the latter. Nonetheless, costs are not
the only determining factor on the choice of CNTs, rather the resultant proper-
ties of rubber-CNTs composites are also imperative. Therefore, it is important
to understand the influence of the different types of CNTs on the properties of
different types of rubbers.

5.1 Natural rubber-CNTs and isoprene rubber-CNTs composites

Natural rubber is known for its good performance in both the electronics gaskets
and in insulating the electrical wires and cables because of its good elastic modulus,
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Rubber-CNTs Effect of CNTs on the Applications in the References

composites rubber properties electronics sector

Natural rubber-CNTs Increased ultimate tensile Electronics gaskets, [7,19, 24, 33,
strength (UTS), modulus insulating electrical wires 35, 46, 47, 51,
(M), tear strength, hardness and deep-sea cables, as 68]
and dynamic mechanical well as electronics that are
properties; decreased exposed to high vibrations
elongation at break (eb); and and pressure such as
enhanced thermal stability, washing machines, engine
chemical stability, electrical seals and belts.

(direct and alternating
current) conductivity and
abrasion resistance.

Ethylene Propylene Increased UTS, stiffness Wires, cables, power [6, 69-71]

Diene Monomer and compression strength; transformers, distribution

rubber-CNTs decreased eb; enhanced automation devices,
flexibility, deformability, streetlights, engines and
electrical and thermal cameras.
conductivity; and improved
strain sensitivity and
electromagnetic shielding.

Silicone rubber-CNTs Increased UTS, elastic M Cables, potting and [5, 15, 16, 50,
and hardness; decreased eb; encapsulation, particularly 72-75]
improved thermal stability as sealing and insulating
and conductivity; enhanced materials for energy
electrical conductivity, transmission and
flexibility, and stretch- distribution, electronic
ability; and improved strain utility systems, high
sensitivity and sensing frequency communications,
linearity for pressure. wearable electronics, health

performance monitoring
and automotive electronics.

Styrene butadiene Increased UTS, stiffness, M, Pressure sensors, capacitive [24, 41,

rubber-CNTs tear strength and hardness; sensors and solar cells. 76-78]
decreased eb; improved
thermal stability and
abrasion resistance; and
reduced thermogenesis and
flammability.

Nitrile butadiene Increased UTS, fracture Sealing for all kinds of [6, 18,

rubber-CNTs strength, M, hardness, appliances, machine tapes 79-82]
toughness strength, abrasion and power transmission
resistance and eb; and belts.
improved thermal stability
and electrical conductivity.

Fluoroelastomer- Increased tensile properties Electric wire and power [6, 61]

CNTs and stretch-ability; reduced cable coverings, Electronic
swelling; enhanced strain/ circuits and dynamic
pressure sensitivity and pressure monitoring in
electrical conductivity. electronics.

Table 2.

Studies about the effect of CN'Ts on various properties of some rubbers used in electronics.

fracture energy and dielectric strength; therefore, it has been used in portable
electronics and distributed sensors [88, 89]. But this is typically only possible when it
is reinforced. A shift to CNTs from traditional fillers like CB has allowed the produc-
tion of NR compounds with enhanced properties, especially because it generally fails
at higher temperatures (above 100°C) and it has low oil and fuel resistance (swells in
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oils and fuels) [90]. Through the high-shear mixing method, Azam et al. [51] have
prepared the NR-SWCNTs composites to study the effect of SWCNTSs on the tensile,
hardness and thermal properties of NR. They observed a reduction in the ultimate
tensile strength (UTS) and elongation at break (eb) and an increase in tensile moduli
(M), hardness and thermal property. The unusual decrease in the UTS of NR with
increasing SWCNTs content was suspected to have been caused by the agglomeration
of SWCNTs particles in the NR matrix and/or the physical contact between adjacent
agglomerates. Additionally, the obtained increase in M was reported to be due to an
increase in crosslink density, which resulted from increased swelling resistance of the
resultant composites and good distribution of SWCNTs into the NR matrix [51]. The
uniform distribution of SWCNTs resulted to limited chain movement of NR during
deformation, and therefore resulted in high M, which consequently increased hard-
ness of the rubber compounds [51]. The obtained increase in thermal properties was
attributed to physical adsorption and good NR-SWCNTs chemical interaction [51].
Gumede et al. [47] used an internal mixer to prepare the NR-SWCNTs composites,
but also passed the compounds through the two-roll mixing mill, which could be a
reason why they observed an increase in UTS with an increase in SWCNTs content
up to 0.1 wt.%. Unlike authors [47, 51], Anoop et al. [46] prepared the NR-SWCNTs
composites through the latex compounding method, also employing the surfactant
to improve the dispersion of SWCNTs in the NR matrix, and observed similar results
to the authors [47, 51], as far as the tensile properties are concerned, and an increase
in tear strength and electrical conductivity, while thermal properties remained
unchanged after adding SWCNTs. These findings were attributed to good interfacial
bonding between NR and SWCNTs [46]. Other researchers [19, 24, 33, 68] used
MWCNTs instead of SWCNTSs to prepare the NR-CNTs composites, and these stud-
ies have shown that MWCNTSs are as effective as the SWCNTs for the enhancement
of NR properties. For instance, Jose et al. [33] used a two-roll mixing mill to prepare
NR-MWCNTs composites, and found that MWCNTs were uniformly dispersed into
the NR matrix (see Figure 4), which resulted to enhanced thermal, mechanical and
electrical conductivity properties of NR.

Isoprene rubber (IR) has applications that are similar to those of NR; e.g., it is
typically used to manufacture the deep-sea cables insulating materials [90]. This is
because IR has good electromagnetic interference (EMI) shielding property, which
is important for rubber application in the electronics sector, and has been found to
be proportional to electrical conductivity properties, i.e., the higher the electrical

TEM micrograph of NR-MWCNTs composite
with 3.5 phr filler content

Natural Rubber

Figure 4.
Schematic representation of uniformly dispersed MWCNTS into NR matrix [33].
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conductivity values, the higher the EMI shielding effectiveness [17]. IR is also
employed in manufacturing the anti-vibration mounts, drive couplings and bear-
ings; therefore, it is the best rubber especially for electronics that are exposed to
high vibrations and pressure, including washing machines, engine seals and belts,
as well as machines and instruments that supply power through mechanical forces
[17, 90]. Wang et al. [17] have shown that the electronics rubber materials that are
made of IR and CNTs exhibit high flexibility, and outstanding mechanical, electri-
cal conductivity and EMI shielding properties, and this is mainly because CNTs are
one-dimensional (1D) materials in comparison to the traditional filler (i.e., CB)
that is zero-dimensional. They explained that the CNTs properties were success-
fully explored because of the excellent uniform dispersion of these nanomaterials
into the IR matrix, and the SEM micrograph, including those of CB, can be seen

in Figure 5. While CNTs exhibited an outstanding uniform dispersion into the IR
matrix even at high content (20 wt.%), some small spherical or cluster-like aggrega-
tions for CB-IR composites were observed.

5.2 Ethylene propylene diene monomer rubber-CNTs composites

Ethylene Propylene Diene Monomer (EPDM) rubber is well-known for its
outdoor applications. Considering the fact that it is the most water-resistant rubber
and capable of resisting failure (abrasion, tear and degradation) during harsh
weather conditions, i.e., ozone, UV ray, low-high temperature, steam and flame
exposure, it is regarded as the best rubber for making seals, hoses, isolators, gaskets,
roll covers, tubes, wires and cables especially for outdoor electronics, including
power transformers, distribution automation devices, street lights, engines and
cameras [90]. CNTs have been shown to significantly further improve the proper-
ties of EPDM for potential electronics applications. Bizhani et al. [69] prepared the
EPDM-MWCNTs composite foams, as illustrated by Figure 6, to make an industri-
ally scalable lightweight rubber material. Based on the cryofracture surfaces of
the EPDM-MWCNTSs composites that were visualized using SEM, as can be seen
in Figure 7, to study the nature of MWCNTs dispersion in the EPDM matrix, the
authors claimed to have successfully achieved EPDM-MWCNTSs composite foams
with a good interfacial interaction.

Cluster-like
aggregations

Figure 5.

SEM micrograph of IR-based composites: (a1) IR-CB composite with 10 wt.% CB content, (b1) IR-CNTs
composite with 10 wt.% CN'T5 content, (a2) IR-CB composite with 20 wt.% CB content and (b2) IR-CNTs
composite with 20 wt.% CNTs content [17].
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Preparation of vulcanized EPDM-MWCNTs composite foams [69].

Due to the development of a good three-dimensional (3D) interconnected
network between MWCNTs and EPDM matrix, the authors [69] found that
MWCNTs enhanced thermal conductivity (up to 0.2 W/m-K), electrical conductiv-
ity (upto2.7 x10™ S/cm) and EMI shielding efficiency (up to 45 dB) properties of

the EPDM-MWCNTs foams, and that they do not significantly deteriorate with
continuous deformation through bending, as can be seen in Figure 8. These proper-
ties, as well as observed high flexibility and lightweight wave absorber capability, of
the EPDM-MWCNTs composite foams indicate that these foams may be best suited
for several applications, including lightweight portable devices like cell phones.
Researchers [6, 70, 71] have also used high-shear mixing method to prepare the
EPDM-MWCNTs composites and found that MWCNTs significantly increased
the UTS and M, while reducing the eb of EPDM, due to both the good uniform
distribution of MWCNTs within the EPDM matrix and the effective EPDM-
MWCNTs bonding. Chougule et al. [6] explained that functional groups that are
randomly orientated on the MWCNTs surface typically impacts both the level and
type of interfacial bonding between MWCNTSs and the EPDM matrix. MWCNTs
were found to cause the swelling behavior of EPDM to decrease while increasing
its electrical conductivity [6, 70]. Additionally, other authors [70] obtained the
strain response that showed piezoresistivity behavior under deformation, and this
indicates that the EPDM-MWCNTSs composite materials have a great potential
for being used as flexible strain-sensitive materials. This has also been shown by
Haj-Ali et al. [91].

Figure7.
SEM micrograph of EPDM-MWCNTS composite foams: (a) with o, (b) with 2, (d) with 6 and (e) with 10
phr MWCNTS content. (c) and (f) are micrograph of filler within the morphology [69].
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Figure 8.
Vulcanized solid and foamed EPDM-MWCNTs composites before and after bending [69].

5.3 Silicone rubber-CNTs composites

Silicone rubber (Q) is considered an inorganic-organic hybrid polymer because
of the inorganic silicon-oxygen main chain with two organic groups bonded to each
silicone center. As can be seen in Table 3, silicone rubbers can be divided based on
their pendant group structure, which function to improve the natural properties of
Q. Its major application is in the electronics sector mainly because of its non-toxic-
ity, aging resistance at high temperatures, good flame resistance, chemical stability,
electrical insulating and weatherability [90, 92].

CNTs are typically incorporated into Q to mainly enhance the mechanical
properties, surface hydrophobicity, thermal and electrical conductivity of the
resulting Q-CNTs composites. These composites, particularly the ones with liquid Q,
have been reported to be very useful in high-voltage indoor and outdoor systems,
and CNTs function by extending the service life of Q in such applications [92, 93].
Since Q-CNTs composites are heat, fire and chemically resistant with excellent
electrical conductivity and weatherability, they can ideally be employed in the cable,
potting and encapsulation sector, particularly as sealing and insulating materials for
energy transmission and distribution, electronic utility systems, high frequency
communications, wearable electronics, soft robotics, health and sport performance
monitoring, oil drilling and automotive electronics [74, 75, 92-95]. Additionally,
silicon-CNTs micropatterns can be fabricated and used in biomedical and chemical
sensors, tissue engineering, drug screening, and optical devices [92]. Yanagizawa et
al. [96] have prepared Q-CNTs composites and studied the effect of these nanomate-
rials on their water repellency. The authors observed an increase in contact angle on
incorporation of just 1 wt.% of CNTs content, and that CNTs significantly improved
repellency. This study aimed mainly at making the CNTs-based rubber roofing
materials that are resistant to snow build-up in regions of high snowfall [5]. Li etal. [15]
and Bannych et al. [75] observed a rapid increase in electrical conductivity of the
Q-MWCNTSs composites, after which it slowly changed when the MWCNTSs content
was above 1 wt.%. They reported that these trends are due to MWCNTs having a
large aspect ratio, and therefore a small quantity in the rubber matrix can form an
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Type Pendant group Chemical formula

MQ Methyl CH;

PMQ Phenyl C¢Hs

VMQ Vinyl CH,—CH

PVMQ vinyl, phenyl CH,—CH, C¢Hs

FMQ Trifluoropropyl CF;CH,CH,

FMVQ Vinyl, trifluoropropyl CH,—CH, CF;CH,CH,
Table 3.

Different types of silicone rubbers [90].

effective effectual conductive path. Typically, the electrical conductivity of the
insulator is less than 10~ S/m while that of the conductor is approximately 10° S/m
[15, 97]. Hence, Q-MWCNTSs composites are suitable to be used as semiconductor
materials [15]. Based on this suggestion, the authors [15] also conducted the Seebeck
coefficient test and found that the Seebeck coefficient of the Q-MWCNTs slightly
decreases with an increase in MWCNTs content, and it decreases with an increase in
electrical conductivity (see Figure 9). The thermal conductivity was found to
increase with an increase in MWCNTSs content. Although some aggregates of
MW(CNTs are seen within the Q matrix in the SEM micrograph of the prepared
Q-MWCNTs composite (see Figure 10), an increase in electrical and thermal
conductivity has been attributed to uniform distribution of MWCNTs in Q matrix
and the good interfacial bonding between MWCNTs and Q matrix [15]. Bright
filament-like substances that appear on this SEM micrograph are due to MWCNTs.
Kim et al. [50] successfully prepared, via melt mixing method, a highly stretch-

able and conductive Q-SWCNTs gel composite as illustrated in Figure 11. The
authors firstly produced the SWCNTs gels by grounding, using a mortar and pestle,
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Figure 9.

Seebeck coefficient vesults: (a) dependent on the MWCNTS content and (b) dependent on electrical
conductivity [15].
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Figure 10.
SEM micrograph of Q-MWCNTs composite with 1 wt.% MWCNTS content [15].

the SWCNTs with a room temperature ionic liquid (IL) called 1-butyl-3-methy-
limidazolium bis(trifluoromethylsulfonyl) imide. Using an ultrasonic bath, gels
were immersed in a solvent (toluene) for about 1 h to produce a solution of about

1 mg/ml concentration, after which it was homogenized with Q by stirring for
about 3 h. The electrodes were made by spraying the Q-SWCNTs-IL solution onto
acrylic elastomeric substrates through a contact mask and drying the samples on a
hot plate for 3 h and in an ambient temperature vacuum for 24 h. The Q-SWCNTs
composite electrodes were also treated with nitric acid by placing them for 30 min
in a saturated acid vapor environment of 70°C, after which they were subjected to a
vacuum oven at 25°C for 24 h.

The uniform dispersion of conducting SWCNTSs within the Q matrix was shown
by the microstructural analyses presented by Figure 12. This led to obtaining a
composite material that is stretchable for three times its length, while maintaining
its high electrical conductivity (18 S/cm) even after prolonged and continuous
deformation. Hence, such materials can be best suited for wearable and stretchable
conductors and strain sensors that need a constant conductivity when an intense
deformation is applied [36, 50, 98].

Katihabwa et al. [73] and Shang et al. [72] also studied the effect of CNTs, par-
ticularly the multi-walled type, on the mechanical, thermal and electrical proper-
ties of the Q. Although different composite preparation methods were employed,
the authors achieved a uniform dispersion of MWCNTs into the Q matrix which
consequently led to the enhancement of the studied properties with an increase in
the MWCNTs content in the composites. Shang et al. [72] also studied the relative
resistance change (R/R,) of the Q-MWCNTSs composites when applied to elastic

@8

I Nitric

. ¢ | acid
a
R . =
Figure 11.

Schematic vepresentation of the preparation of Q-SWCNTs composite electrodes [50].
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Figure 12.

Microstructural analyses of fractured regions of Q-SWCNTs composite sample with 4 wt.% SWCNTS content:
(a) SEM micrograph and (b) atomic force microscope (AFM) micrograph (Amplitude vepresented in height
difference, and currvent represented in color gradient) [50].

deformation (bending and twisting) of different angles. It can be seen in Figure
13 that as the MWCNTs content reached 8 wt.% (and higher), the R/R, change
values were smaller, meaning that there was a firm and continuous MWCNTs con-
ducting network within the rubber matrix [72]. Hence, the prepared Q-MWCNTs
composites have a great potential in the field of conductive elastomer or pres-

sure sensors [72]. The uniform distribution of MWCNTs within Q matrix was
achieved regardless of the filler content, as can be seen in Figure 14(a)-(d), and
this was reported to be due to the employed compatibilizer, i.e., chitosan salt, that
increased the interactions between MWCNTs and Q matrix [72].

5.4 Styrene butadiene rubber-CNTs composites
Styrene butadiene rubber (SBR) has generally been employed in electronics sec-

tor because of its good elasticity and resistance to radiation, abrasion, aging, weather
and ozone. However, its properties are strongly reliant on the reinforcements [90].
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Figure 13.
Relative resistance change of the Q-MWCNTS composites at different deformation angles [72].
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Figure 14.
SEM micrograph of Q-MWCNTS composites: (a) with 4, (b) with 6, (c) with 8 and (d) with 11 wt.%
MWCNTs content [72].

Researchers [24, 41, 76, 77, 83] have reinforced the NR-SBR blend, and the results
showed that MWCNTs increased the UTS, M, storage modulus, and thermal stability
of the blend. This could be due to good dispersion of MWCNTs into the blend and a
strong interaction between MWCNTSs and the matrices of both rubbers, indicating
that MWCNTSs have good affinity for both NR and SBR. Gao et al. [24] also reported
an improvement of the abrasion resistance of the NR-SBR (80-20 phr) blend with

5 phr MWCNTs content, which was due to the synergistic effect of MWCNTSs. The
authors [24] showed, by SEM and TEM (see Figure 15(a) and (b)), that MWCNTs
can come into contact with each other and that they were uniformly distributed
within NR-SBR blend matrix; meaning that a good interface cohesion between
MWCNTs and the blend matrix was successfully achieved, which consequently led
to obtained properties. Additionally, it was reported that, based on TEM micrograph
in Figure 15(b), MWCNTs can form the bridges between the CB aggregations if the
CNTs/CB hybrid filler is used for rubber reinforcement [24].

Rather than blending rubbers, Liu et al. [78] mixed a reduced graphene oxide
(rGO) with MWCNTs to form rGO-MWCNTs hybrid filler, which was used to
prepare SBR-rGO-MWCNTs composites, as illustrated in Figure 16. According
to the authors [78], the employed hydrothermal step facilitated the prevention
of restacking of graphene sheets and agglomeration of MWCNTs, and therefore

Figure 15.
Electron microscope micrographs: (a) SEM image of NR-SBR-MWCNTS composite with 5 phr filler content
and (b) TEM image of NR-SBR-MWCNTs-CB composite with 5 phy MWCNTS and 275 phr CB content [24].
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obtaining a significant increase in electrical conductivity and thermal stability of
the SBR-rGO-MWCNTs composites with an increase in the rGO-MWCNTs hybrid
filler content. The distribution of rtGO-MWCNTSs hybrid filler within SBR matrix
can be seen in Figure 17. MWCNTs content of 10.4 wt.% gave about 3.62 S/cm of
electrical conductivity of the composite, of which this was 14 orders of magnitude
higher than that of unreinforced SBR. Additionally, it was reported that SBR-
rGO-MWCNTs composites can retain high electrical conductivity mostly under
low tensile strain. Due to the one-and two-dimensional interconnected network,
formed through MWCNTSs bonding with rGO sheets, SBR-rGO-MWCNTSs compos-
ites can be tailored for electronics that require highly conductive and stretchable
rubber materials [78].
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Figure 16.
Fabrication of rGO-MWCNTS hybrid and SBR-rGO-MWCNTs composites [78].

Figure 17.
(a, b) SEM and (c) TEM images of SBR-rGO-MWCNTs composite and (d) schematic representation of the
redistribution of the filler hybrids within SBR composite under elastic deformation [78].
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5.5 Nitrile butadiene rubber-CNTs composites

Nitrile butadiene rubber (NBR) is commonly used in making hoses, joints,
sealing and roll covering materials. However, there is a growing demand for its use
in electronics applications. NBR can be blended with other rubbers to improve its
thermal stability and gas resistance, as well as weatherability [90]. Similar to Kim
et al. [50], Wang et al. [82] also employed an ionic liquid (IL) (1-aminoethyl-
3methylimidazolium bis ((trifluoromethyl) sulfonyl) imide), as well as polydopa-
mine (PDA) and (3-Aminopropyl) triethoxysilane (KH550) to functionalize the
carboxylated MWCNTs, therefore overcoming their agglomeration, and to promote
the stronger carboxylated NBR-MWCNTs (XNBR-MWCNTs) interfacial bonding,
which facilitated the formation of the best mechanical and damping properties (see
Figure 18). The effect of functionalizing MWCNTSs before they are incorporated
into rubber, for the fabrication of nanomaterials-based rubber composites, were
visualized by SEM micrograph, and this can be seen in Figure 19(a)-(h).
Agglomerated MWCNTs are clearly seen in Figure 19(a), which might have indi-
cated that pristine MWCNTs disperses poorly in XNBR matrix. Substantial crack
orientations that are seen in Figure 19(a) are the representation of a reduction in
toughness of the XNBR-pristine MWCNTs composite and explains an obtained
reduction in damping (loss tan ) properties [82]. PDA decreased the size and
amount of MWCNTs agglomeration in XNBR matrix (see Figure 19(c), and this was
due to hydrogen bonding between MWCNTs-PDA and XNBR matrix [82, 99]. The
authors [82] reported that MWCNTs-KHS550 (Figure 19(e)) and MWCNTs-IL
(Figure 19(g)) had relatively stronger interaction with XNBR, and therefore the
large-scale agglomeration was prevented. XNBR-MWCNTs-KH550 (Figure 19(e))
and XNBR-MWCNTs-IL (Figure 19(g)) composites showed only small cracks in the
cross-section of XNBR, which indicated that the XNBR toughness was improved by
functionalizing MWCNTs before they were incorporated into rubber matrix.
Storage modulus of the prepared XNBR-MWCNTs composites was seen to increase
by 80% (from 1392 to 2488 MPa) with the incorporation of 2.2 wt.% CNTs-KH550,
while the UTS increased from 0.32 to 0.68 MPa by 110% with 3.0 wt.% CNTs-IL.
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Figure 18.

Functionalization of MWCNTs and preparation of XNBR-MWCNTs composites with their studied

mechanical and damping properties [82].
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Figure 19.

Cross-sectional SEM micrograph of XNBR-MWCNTS (3 wt.%) composites with different functionalizing
materials: (a, b)) XNBR-MWCNTS, (¢, d) XNBR-MWCNTs-PDA, (e, f) XNBR-MWCNTs-KH550 and
(g, h) XNBR-MWCNT;-IL [82].

Although other researchers have reported good results of CNTs-based composites
that constitute the pristine CNTs, the authors [82] have reported that the failure of
damping performance that is often encountered in the field of composites, due to
agglomeration of CNTs, can be suppressed by functionalizing the MWCNTSs prior
the fabrication of MWCNTs-based rubber composites, and this will widen the scope
of the application of NBR-MWCNTSs composites in the field of electronics.

Shao et al. [79] observed an improvement in UTS and hardness to about 39% and
101%, respectively, after adding CNTs into NBR, while the eb maintained at high
CNTs contents over 100%. They also observed a significant reduction of volume
resistivity and an increase in dielectric constant and dielectric loss with an increased
CNTs content in the NBR-based nanocomposites. Additionally, the electrical percola-
tion threshold obtained was low (1.5 pph). These results indicated the development
of three-dimensional conductive networks in the composites, which meant that
NBR-CNTs nanocomposites can provide insulation service to electronics [7, 79]. The
presence of MWCNTs in the prepared, via melt and high-shear mixing methods,
NBR-MWCNTs composites reduced the swelling behavior while increasing the
crosslink density of the composites; consequently increasing their UTS, M, hardness,
abrasion resistance and electrical conductivity (with corresponding low percolation
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threshold value), and significantly decreasing their volume resistivity [6, 18, 80, 81].
These results have been attributed to uniform distribution of MWCNTs into the NBR
matrix and the superior interfacial bonding between MWCNTs and the host matrix
(NBR) which are due to large aspect ratio of the MWCNTs.

5.6 Fluorocarbon rubber-CNTs composites

Fluorocarbon rubbers, particularly the fluoroelastomer (FKM/FPM), are popu-
lar in electronics sector mainly because of their good heat, chemical and abrasion
resistance; and does a perfect job for sealing the electronics materials. Seo et al. [100]
have proposed a solvent-free encapsulation method to produce the FKM-SWCNTSs
composite layers that can help protect the electronic components from the physi-
sorbed moisture, water/oxygen molecules. They suggested that this method, with
elastomeric poly(vinylidene fluoride-co-hexafluoropropylene) (e-PVDF-HFP) film
lamination, can potentially provide the cost-effective, large-area processable and
highly dependable SWCNTs-based thin-film transistors in electronics applications.
To study the hydrophilicity and hydrophobicity of each layer of SWCNTs-based
thin-film transistors, the contact angle measurements of deionized (DI) water on the
poly-1-lysine (PLL) solution-treated layer, SWCNTs-deposited layer, and e-PVDF-
HFP layer were examined as illustrated by Figure 20(b). The layer that was pre-
treated with PLL solution appeared to be hydrophilic with an angle of 22.3°, and this
was attributed to the hydroxyl and amine groups on the surface of the layer [100].
Due to the annealing process, an angle of this layer increased after the deposition of
SWCNTs. However, the substrate retained the hydrophilicity with an angle of 57.9°.
On the other hand, the e-PVDF-HFP layer was hydrophobic with an angle of 95.9°,
and this was reported to be due to low surface energy that was developed by fluorine
atoms in the FKM. As can be seen in Figure 20(a), the hydrophobicity of e-PVDF-
HFP layer can therefore be a permanent barrier to moisture, water/oxygen molecules
to hamper the physisorption on the surface of SWCNTs and the oxide layer [100].

Hiao et al. [85] prepared, as shown in Figure 21, the porous conductive fluoro-
rubber-SWCNTs composites that were said have great stability for pressure sensing
applications in electronics sector. They homogenized the pristine SWCNTs with a
foaming agent called N,N-dinitrosopentamethylenetetramine (DPT) into 20 ml of
methyl ethyl ketone (MEK) using a magnetic stirrer. Dispersion of SWCNTs in
MEK was ensured by further sonicating and homogenizing (at 200 W for 10 min)
the SWCNTs/DPT mixture, which was then mixed with about 3 g of Daiel-G801
fluororubber. The resultant SWCNTs/G801 suspension (fluororubber-SWCNTs
composite) was stirred for 5 h with the aim of dissolving the fluororubber. After
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(a) Effect of encapsulating a layer of SWCNTs-based thin-film transistors. (b) Optical images of contact angle
measurements on different layer surfaces [100].
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Figure 21.
Preparation of porous conductive fluororubber-MWCNTs composites [85].

being air-dried at ambient temperature for 24 h, the fluororubber-SWCNTs
mixture, containing the vulcanizing agents (0.15 g of Luperox F and 0.39 g of
triallyl isocyanuric acid), was vulcanized on a hot press machine at about 160°C for
15 min and 180°C for 1 h. The foaming process was initiated by increasing the
temperature of the press to about 210°C to obtain a porous structure after about 1 h.
To print the conductive silver plates for sensing electrodes (0.5 x 0.5 cm?) on
polyimide films, a dispenser was employed. For 30 min, a sensor of the same size,
pressed between the two printed electrodes, was baked at about 200°C. The pre-
pared porous pressure-sensitive fluororubber-SWCNTs composites showed the
electric resistance variation to compressive stresses with a sensitivity that is as high
as 4.31 MPa™! when the foaming agent (i.e., DPT) was incorporated into the com-
posite; therefore showing a great potential for fast assembly into the printed
electronic circuits and utilization in dynamic pressure monitoring applications in
the electronics sector [85].

The properties of FKM have been seen to improve after the incorporation of
MWCNTs [6, 60, 61]. Shajari et al. [61] made stretchable electronics materials, via
high-shear mixing method, with FKM and CNTs. The authors observed the high
electrically conductive network, with corresponding ultralow percolation thresh-
olds of about 0.45 phr and 1.40 phr CNTs content. These results indicated that the
prepared FKM-CNTs composites have a wide range of strain sensitivity. At the
first strain conductivity plateau, FKM-CNTs composites gave high sensitivity with
a gauge factor of 1010 at about 23% strain for 0.6 phr nanotubes content, and of
6750 at 34% strain for 1 phr content. At the second strain conductivity plateau,
the composites gave high sensitivity with high gauge factor of about 4x 10*at
about 78% strain for 1.5 phr content, and the composite with 2 phr content
corresponded to much higher strain of about 100% with gauge factor of 1.3 x 10°,
The eb of FKM-CNTs composites was found to be as high as 430% and up to about
232% strain sensitivity. These stretchable and conductive FKM-CNTs composite
materials are said to be best suited for wearable electronics, including stretchable
sensors and light-emitting diodes (LEDs), as well as human motion monitoring
electronics [61]. Yang et al. [60] chemically modified the surface of the MWCNTs
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to get MWCNTs-COOH, MWCNTs-NH, and MWCNTs-A1120 filler products, as
shown in Figure 22. MWCNTs-COOH was prepared by incorporating pristine
MW(CNTs into a premixed acid solution of H,SO4 and HNO; with a volume of
ratio of 3:1, after which it was ultrasonically stirred for about 2 h at a temperature
of 60°C and washed alternately with deionized water and dehydrated ethyl
alcohol. The last step involved the filtration with suction and drying of MWCNTs-
COOH in a vacuum oven at 80°C for about 12 h. For MWCNTs-NH, preparation,
MWCNTs-COOH, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDAC), and 4-Dimethylaminopyridine (DMAP) were ultrasonically mixed
for about 30 min with dehydrated ethyl alcohol, after which ethylenediamine
(EDA) was added and stirred for about 24 h. The resulted product was washed
alternately with deionized water and dehydrated ethyl alcohol to remove excess
reagents, and therefore achieving pure MWCNTs-NH,. The last functionalized
MWCNTs product (i.e., MWCNTs-A1120) was prepared by adding a silane
coupling agent A-1120 into a premixed solution of deionized water and dehy-
drated ethyl alcohol at a weight ratio of ¥4 with mixing for 1 h, after which pris-
tine MWCNTs ethyl alcohol dispersion was added into the mixed solution,
followed by further mixing for about 3 h.

Comparing all prepared functionalized MWCNTs products in Figure 22,
MW(CNTs-A1120 was reported to have a relatively better interfacial interaction
with FKM matrix; therefore, it showed uniform distribution within the matrix,
and hence the FKM-MWCNTs-A1120 composite had relatively the best tensile
properties (UTS increased by 16.58% compared to that of neat FKM; the eb was
maintained above 111% with 0.5 wt.% MWCNTs-A1120 content). The nature
of dispersion of MWCNTs-A1120 into FKM matrix is shown by fracture sur-
faces of FKM-MWCNTs-A1120 composites in Figure 23. At 1 wt.% and 3 wt.%
MWCNTs-A1120 contents, MWCNTs-A1120 are seen to be uniformly distributed
within the FKM matrix. As the content was increased, MWCNTs-A1120 began
to contact each other, forming a conductive network. A dramatic agglomeration
began to take place at a loading of 7 wt.% MWCNTs-A1120, which can be seen in
Figure 23(d) (red dashed frames).

Uniform distribution of MWCNTs-A1120 within FKM matrix is attributed
to the carbon—carbon double bond (—C = C-), formed in FKM molecular chain
during vulcanization process, that chemically bonded to the amino group on
MWCNTs-A1120, resulting to a strong interface between MWCNTs-A1120
and FKM matrix [60, 101]. This phenomenon also explains why the composites
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Figure 22.
Schematic vepresentation of surface modification of MWCNTS [60].
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Figure 23.
SEM micrograph of FKM-MWCNTs-A1120 composites: (a) with 1, (b) with 3, (c) with 5 and (d) with 7 wt.%
MWCNTs-A1120 content [60].

containing amino MWCNTs (i.e., MWCNTs-NH, and MWCNTs-A1120) had out-
standing tensile properties [60]. In addition to tensile properties, MWCNTs-A1120
seemed to enhance the electrical properties of FKM-MWCNTs-A1120 composite. As
the loading of MWCNTs-A1120 was increased, the dielectric constant and dielec-
tric loss of the FKM-MWCNTs-A1120 composite also increased, and the volume
resistivity decreased. When the doping concentration of MWCNTs-A1120 reached
5 wt.%, the dielectric constant and dielectric loss of FKM-MWCNTs-A1120 com-
posite increased significantly, and the volume resistivity got reduced. The authors
[60] reported that since a conductive network can be formed by MWCNTs-A1120
product, the doping concentration of 5 wt.% MWCNTs-A1120 can be taken as the
percolation threshold of the FKM-MWCNTs-A1120 composite. Nonetheless, as

the tensile deformation increased, the dielectric constant and dielectric loss of the
composite decreased, and the volume resistivity increased. This may be an indica-
tion that the tensile deformation can increase the spacing of the conductive filler or
even destroy the conductive network structure, and hence influence the electrical
properties of the materials [60]. Therefore, the great potential applications for
FKM/MWCNTs-A1120 composites include flexible dielectric and flexible conduc-
tive materials [60].

6. Overview of rubber-CNTs composites for electronics

Electronics rubbers generally have some good and poor properties, and their good
properties are due to their stable backbone structure and are the main factors that
prompted the initial interest for the use of rubber in electronics. For instance, rub-
bers like NBR, EPDM and FKM are known to have high lifetime or life expectancy,
with FKM having relatively the highest, as it has been shown by their hardness and
compression set properties which were studied on their O-ring seals after aging for
five-years at various temperatures [14]. With the current transition from CB to CNTs
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due to superior properties and performances of the latter relative to the former, liter-
ature has reported that rubber-CNTs composites are currently the major application
area for CNTs in the reinforcement of rubbers. Since rubber materials for electronic
components need to be precisely shaped to provide proper insulation, electric shock
absorption, chemical and thermal resistance and high mechanical strength, and

yet be easy to use in the manufacturing and installation of the end product, several
researchers have reported that CNTs are the future reinforcing materials for rubbers
used in electronics, in partial or complete replacement of conventional fillers, due to
the fact that rubber compounds containing CNTs have relatively ultralight weight,
extremely high flexibility, and superior chemical, thermal and mechanical properties
[8, 2, 35, 49, 102]. Owing to their extremely large surface area, CNTs are expected

to enhance the matrices of the electronics rubbers and thereby enhancing their poor
properties and further improving their good properties to produce rubber-CNTs
composite materials with excellent properties [2, 34, 36, 49].

7. Conclusions

It is notable that rubber-CNTs composites present an array of possibilities for
their use in electronics industry. Rubbers such as EPDM, Q, SBR, NBR, FKM/FPM,
IR and neoprene are commonly used and often reinforced with conventional fillers
to strengthen, insulate and seal the electronic components, including electronic
circuits, wires and cables; and thereby protecting them from exposure to high-
stress and extreme environments, which normally causes problems that may lead
to catastrophic breakdown of the electronic machines and instruments [5-7, 9, 16].
Although the present study found that carbon black (CB) is widely used to reinforce
electronics rubber materials, there is also some evidence on the use of CNTs as rub-
ber reinforcing materials, even for rubber materials used in the electronics industry.

The studies about reinforcement of electronics rubbers using CNTs showed that
even though CNTs are used only in minute quantities compared to CB, they result
in outstanding properties and performances of composites. Several researchers
strongly believe that rubber-CNTs composites are futuristic materials mainly for
the electrical and thermal insulation since CNTs (both SWCNTs and MWCNTSs)
can form a conducting network within the composite material at contents that are
above the certain minimum value called the percolation threshold.

The properties and performances of the rubber-SWCNTSs and rubber-
MWCNTs composites are often dependent on the rubber reinforcement quality
which is defined by the extent of dispersion of CNTs in the rubber matrix, level
of CNTs wetting with rubber, and degree of interfacial bonding between CNTs
and the rubber matrix [8, 13, 21, 38]. Surface modification of CNTs and optimiza-
tion of the ratio of CNTs to the amount of rubber seems to be the main factors
that can possibly lead to high exploitation of the properties and performances of
rubber-CNTs materials in the electronics application. The suitability of rubber-
CNTs composites for the manufacturing of electronics rubber materials is based
on that their properties meet most of the specifications for these materials, i.e.,
rubber-CNTs composites are flexible and light in weight for easy installation
and are capable of resisting prolonged vibrations, high strain/pressure and most
substances that may cause rubber fatigue and cracks, and therefore expose the
electronics to damage [6, 7, 2, 16, 45]. Additionally, rubber compounds reinforced
with CNTs can be made to be relatively cost-effective for the manufacturing and
maintenance of the CNTs reinforced electronics rubber materials [5, 39, 87]. The
performance of SWCNTs is comparable to that of MWCNTs in both the functional
and structural composites. However, rubbers like Q are typically expensive, and
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therefore their nanocomposites often constitute MWCNTSs rather than SWCNTSs
because the former is relatively much cheaper to fabricate than the latter. The
preference of conductive SWCNTs filler over MWCNTSs by some researchers is due
to that the former can result in relatively better homogeneity during the fabrica-
tion of rubber composites especially for pressure-sensitive rubber materials. For
conductive MWCNTs, it is suggested that the MWCNTs are functionalized before
they are incorporated into the rubber matrix, especially for flexible dielectric and
flexible conductive materials.

Currently, the preparation of rubber-CNTs composites seems to be dominantly
done at the laboratory scale. Therefore, when scaling up for mass production for
CNTs reinforced electronics rubber materials in the future, the main challenge
that the researchers could potentially still face is to come up with practical ways of
overcoming the parameters that typically affect the properties and performance of
CNTs in the prepared rubber-CNTs composites.
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Abstract

Carbon nanotubes (CNTs) are an extraordinary discovery in the area of science
and technology. Engineering them properly holds the promise of opening new ave-
nues for future development of many other materials for diverse applications. Carbon
nanotubes have open structure and enriched chirality, which enable improvements
the properties and performances of other materials when CNTs are incorporated in
them. Energy storage systems have been using carbon nanotubes either as an additive
to improve electronic conductivity of cathode materials or as an active anode com-
ponent depending upon structural and morphological specifications. Furthermore,
they have also been used directly as the electrode material in supercapacitors and fuel
cells. Therefore, CNTs demand a huge importance due to their underlying proper-
ties and prospective applications in the energy storage research fields. There are
different kinds of carbon nanotubes which have been successfully used in batteries,
supercapacitors, fuel cells and other energy storage systems. This chapter focuses on
the role of CNTs in the different energy storage and conversion systems and impact
of their structure and morphology on the electrochemical performances and storage
mechanisms.

Keywords: carbon nanotube, energy storage, nanocomposite, batteries, fuel cells,
supercapacitor

1. Introduction

Carbon is one of the most important elements on earth and it plays a crucial role
in living organisms and modern technological world either as complex compounds
or in its elemental form. Carbon has several allotropes (e.g. graphite, diamond,
lonsdaleite, Buckyball and amorphous carbon etc.) and different morphological
textures (nanotube, nanowire and graphene). Specific applications in devices and
other uses are highly specific to the textures and nature of the allotrope of desired
properties. Notably, ever since graphite and diamond were discovered for the first
time in 1779, their innovative applications have been growing untill the present.
Leveraging the benefits of these carbon morphologies, the journey towards inno-
vation and discovery has continued to advance at a steady pace and almost two
centuries later, Sumio Iijima discovered for the first time the existence of multi-
walled carbon nanotubes (MWCNTs) and in 1992 he observed single-walled CNTs
(SWCNTs) [1]. The synthesis and characterization of CNTs is beyond the scope of
this chapter. It should be noted that graphite and CNTs have some characteristic
properties and features, that enable them to be used in the energy storage and
conversion systems. It is worth mentioning that the carbon nanotubes (CNTs), have
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been envisioned to potentially impact different areas of science and technology due
to their unique properties and structural features [2-4]. Specifically, CNTs have
very high tensile strength of 60 GPa and high electronic conductivity reported to
be 10° Scm ™" and 10’ Scm ™ for single-walled and multi-walled carbon nanotubes,
respectively [5, 6]. Besides the potential practical applications in chemical and bio
sensors [7, 8], field emission materials [9], catalyst [10], electronic devices [11],
CNTs have been used in energy storage and conversion systems like, alkali metal ion
batteries [12], fuel cells [13], nano-electronic devices [14] supercapacitors [15], and
hydrogen storage devices [16]. The extraordinarily high electronic conductivity of
CNTs enable CNT and graphite as an additive to composite electrodes and facilitate
activation of poorly conducting electrode materials making them electrochemically
active. In this chapter, we emphasize the applications of CNTs in four different
areas: alkali metal ion (Li, Na and K) batteries, alkali metal air batteries, superca-
pacitors, and fuel cells. The underlying governing structural features and morpho-
logical impact on the electrochemical performances have been discussed and the
specific storage mechanisms are also highlighted.

2. Structure and properties of carbon nanotubes

Carbon nanotubes can be either as single-walled carbon nanotubes (SWCNTs)
or multi-walled carbon nanotubes (MWCNTs). Simply a wrapped graphene sheet
with a hallow fiber is the single-walled CNT. On the other hand, a combination and
collection of SWCNTs is the multi-walled CNTs. It should be noted that carbon
nanotubes are designated as one-dimensional (1D) structures because of the long
length-to-diameter ratio (aspect ratio) [17]. The electronic properties of CNTs are
associated with the geometrical structure of them which is uniquely specified by a
pair of indexes called chiral indexes (n, m). There are three typical types of CNTs
can be obtained: armchair (n, n), zigzag (n,0), and chiral (n, m), depending on
the orientation of the graphene lattice with respect to the tube axis they are twisted
[18-20]. The formation of a single-walled CNT is shown in Figure 1 by rolling
a single graphene sheet in different directions. It is worth to mention that the
rolling introduces strain into the carbon bonds oriented circumferentially while
the single graphene sheet is made into a tube. This strain will be greater for smaller
diameters; therefore, the armchair will be more strained than zigzag single-walled
CNTs [21].

Properties of CNTs: Importantly, the local electronic character of carbon
nanotubes is highly dependent on the carbon framework arrangements either
zigzag or armchair. Also, there is a long-range defect which is formed by displace-
ment or disorientation of standard nanocarbon structures, including hybridization
of carbons, vacancies creation, and bond rotations (Stone - Wales). These imperfec-
tions are responsible for the chemical, mechanical and optoelectronic properties of
CNTs. Noting that this imperfection can modify the electronic properties of CNTs
by creating Fermi levels variation and the resulted charge diffusion processes can be
affected [22, 23].

The resistivity of CNTs resulted from the electrical conductivity is determined
by their carbon framework (graphite) and the one-dimensional character which is
regulated by the quantum mechanical properties. The resistance of CNTs is inde-
pendent of the length of the tube and act as a good conductor in which the highest
current density can be as high as 10° A cm™. This important property of CNTs may
improve the rate capability of electrochemical devices like batteries and capaci-
tors. The helicity and diameter of CNT determines either it would be metallic or
semiconducting in nature [24]. It should be mentioned that the strong C=C double
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bonds in the carbon nanotubes makes them having high Young’s modulus in its
axial direction and highest tensile strength. Of course, the presence of imperfec-
tion/defects in the tube wall reduces the Young’s modulus and tensile strength
remarkably. However, reported experimental data are significantly smaller than
the theoretical predictions which is most probably resulted from the high flex-
ibility and aspect ratio [25, 26]. At room temperature the thermal conductivities of
individual SWCNTs is reported up to 6600 W/(m K) which is almost double than
the pure diamond [27]. Besides these, the CNTs have many others useful properties
such as electro-optic effect, saturable absorption and Kerr effect etc. [28, 29].

The favorable and beneficial electrical, mechanical and thermal properties of
carbon nanotubes are promising for various electrochemical applications like bat-
teries, supercapacitors, fuel cells and hydrogen storage. Some important properties
of SWCNTs and MWCNT: are listed in Table 1.
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Figure 1.
Lattice, two off-set triangular sublattices of graphene and graphene sheet rolling vector map. Reproduced from
Ref. [21] with permission from the Royal Society of Chemistry.

Property SWCNT MWCNT

Specific gravity 08gcm™ <18gem™

Elastic modulus ~1.4TPa ~0.3-1TPa

Resistivity 5-50 42 cm 5-50 u2 cm

Thermal conductivity 3000 Wm™ K™ 3000 Wm™ K™
Magnetic susceptibility 22x106 EMU g™ 22x106 EMU g™
Thermal expansion Negligible Negligible

Thermal stability 600-800°C (air) 2800°C (vacuum) 600-800°C (air) 2800°C (vacuum)
Strength 50-500 GPa 10-60 GPa

Reproduced from Ref. [30] with permission from the American Chemical Society.

Table 1.
Properties of single walled and multi walled nanotubes.
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The values of Young’s modulus and tensile strength of CNTs are around 1.2 TPa
and 160 GPa, respectively. These unique mechanical properties make CNTs one of
the toughest materials and play a vital role in protecting electrode integrity during
the charge—discharge cycle of alkali-metal ion batteries. Furthermore, CNT based
paper can be used as active material and current collector in supercapacitors, which
can reduce the contact resistance as well as electrode weight. The thermal stability
of CNTs is also an important property, which can help the composite electrode for
stable battery operation at high current rates. SWCNTs and DWCNTs are showing
a positive thermal expansion coefficient of 1.9 x 10° K™ and 2.1 x 10~ K™, respec-
tively, at room temperature. This negligible thermal expansion coefficient makes
CNTs feasible for high energy density battery applications.

3. Storage mechanism of carbon nanotubes in electrochemical
applications

CNTs have showed high performance as anode materials and cathode addi-
tive for alkali metal ion batteries because of their favorable properties (electrical,
mechanical, and structural). The battery electrode based on CNTs attracted
attention of many research groups around the world. Recently different modifica-
tions in the CNTs have been made for the deployment as a promising electrode
material regarding alkali metal ion intercalation, adsorption, and diffusion [31].
In Lithium ion Batteries (LIBs), it has been well established that Li* ions are stored
via two mechanisms, one is intercalation and other one is alloying [32]. The lithium
ion storage mechanism in CNTs have been investigated by many research groups.
First, let us go into detail about intercalation mechanism in pure carbon nanotubes.
Because of different morphologies, the amount of Li* ion insertion is not limited
to LiCq. The capacities (Li ion storage capacity) is highly dependent to the CNT
morphology, especially defects and diameter of the carbon nanotubes [33].

Defects (n-rings) can be occured naturally or introduced by treatment (nitric
acid treatment or ball milling) as shown Figure 2. The theoretical studies (DFT
total-energy calculations using local-density approximation (LDA) and the

(3.5) 3.3 (5,5)

Defect rree

Figure 2.
Types of defects (vings of the red dots) in a (5,5) SWCNT. Reproduced from Ref. [34] with permission from the
American Physical Society.
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generalized-gradient approximation (GGA)) were employed to investigate the
detailed energetics of lithium ion adsorption on the defective single-wall carbon
nanotubes [34]. It turned out that the presence of the holes on CNTs wall increase
their capacity which is most likely favorable diffusion of lithium ion into the inside
of the carbon nanotubes and reduces the diffusion path length [35, 36].

Another important note is that Li* ion can also penetrate the CNTs from its
ends. Meunier et al., adopted ab initio simulations for investigating the lithium ion
migration through the ends of open-ended carbon nanotubes [37]. It is obvious that
the CNTs should be short in size to allow Li* ions to freely intercalate/de-intercalate.
The theoretical studies indicated that the capacity difference between opened and
closed carbon nanotubes was almost 120 mAh g™ [38]. It is also reported that the
reversible Li storage capacity increased from LiCe in closed ended tubes to LiCs
after etching which might be due to the short and highly defective CNTs generation
[33]. Once Li* ion entered CNT either from the end of tube or through defects, it
undergoes one 1D random walk in the tube. Provided that if the tube is very large
the Li* ion will be able enter, however, it will be difficult to exit or never exit. It is
indirectly proved by Wang et al., showing that capacity of a short (300 nm) CNTs
is much higher than the longer CNTs (micro-meter) [39]. On the other hand, Yang
et al., investigated the impact of length on electrochemical properties of CNTs. It
was observed that the small size CNTs exhibit relatively less charge-transfer resis-
tance than longer CNTs. It is not clearly explained why the lithium ion diffusion
coefficients (Dy;) of both the long and short CNTs reduces as the intercalation is
on progress and voltage drops. It might be due to repulsive interactive as lithium
concentration increases in the tube. However, in short CNTs the difference between
initial and final value of diffusion was smaller than longer CNTs. Therefore, the
investigation indicates that shorter the CNTs length better will be the electrochemical
performances [36]. In addition, Wang ez al., developed solid state cutting method
to prepare the short CNTs from micro-meter long CNTS using Nickel Oxide (NiO)

0.5
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Figure 3.
The variation of Li/C ratio as a function of tube diameter [White and grey balls represent C and Li atoms].
Reproduced from Ref. [41] with permission from Elsevier.
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particle as a cutter at 900°C. They successfully obtained short CNTs around 200 nm
in length and the measured electrochemical reversible capacities increases as the
length of CNT is decreases [40]. The same research group used Iron (II) sulfide
(FeS) as a catalyst to produce the short CNTs as well as directly grown short CNTs
with length of 200-500 nm. They are able to show that the long CNTs exhibited 188
mAh g™ while short CNTs 502 mAh g™ capacity [39].

Furthermore, there is significant relationship between the ratio of lithium-carbon
(Li/C) and the diameter of tube. If the tube diameter is bigger, the intercalated
lithium atoms gravitated to form multi-shell structural feature when the system is
at the equilibrium state (Figure 3). These structures with a linear chain in the axis
will improve the lithium capacity. It was also reported that the interaction potential
at the central region is varied with the diameter of the nanotubes and diameter of
4.68 A has higher interaction energy, that made CNTs better candidate for lithium ion
battery anode material [41, 42].

Another important factor for lithium storage in CNTs is conducting nature
of CNTs. There are two different types of CNTs, as mention above, one is semi-
conducting another one is metallic CNTs based on their chirality. The experimental
measurements and modeling studies indicated that if the chiral vector is a multiple
of 3, the CNT behaves like metallic; otherwise it would be semiconducting. The
metallic CNTs is able to store approximately 5 times more lithium ions than semi-
conducting CNTs [43].

4. Electrochemical applications

4.1 Carbon nanotubes and their composites for alkali metal ion batteries
(Li, Na and K) and other batteries

As it is discussed above, the one-dimensional carbon nanotube can be obtained
as single-walled carbon nanotubes and multiwalled carbon nanotubes. Last
20 years, applications of CNTs are emerging in energy storage research on carbon
structures and nano composite materials because of their excellent electrochemical
properties including lower density, higher tensile strength, and higher rigidity [44].

Li-Ion Batteries (LIBs): Both single walled and multi walled carbon nanotubes
are highly investigated in lithium ion battery either as an anode material or as a
conductive additive in the composite electrodes. It is worth mentioning here that
the one-dimensional CNTs enable to store higher amount of lithium than the
conventional graphitic carbon (specific capacity of 372 mAh g™). The CNTs exhibits
reversible capacities range between 300 and 1250 mAh g, depending on structure
and morphology and defect concentration [44—47]. The SWCNTSs show first dis-
charge capacity around 2500 mAh g™* with a voltage plateau between 1and 2 V vs.
Li/Li". However, after first charge—discharge cycle the voltage profile varies based
on the quality of CNTs and their pre-treatment [48]. Yang et al., prepared unetched
SWCNTSs by co-pyrolysis method and the measured capacity was 170 mAh g™ and
266 mAh g™! for differently treated two samples [36] although the theoretical studies
indicates that the reversible capacities should be more than 1116 mAh g* (LiC,
stoichiometry) as it is possible for single walled CNTs [49].

Along with SWCNTs, researchers successfully demonstrated the lithium ion
intercalation into MWCNTs [50] (Figure 4). It is interesting to note that the spe-
cific capacities around 8500 mAh g™' was reported for multi-walled CNTs at slow
current rate (0.1 mA cm™2). On the Contrary, however, most of the carbon nano-
tubes show capacities typically less than 4000 mAh g™* [44]. A comparative study
has been carried out on highly conductive, binder-free, free-standing flexible films
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Figure 4.

(a) Schematic representation of the microstructure of nanotube array and energy storage mechanism and (b)
cycle performance of carbon nanotube array (CNTA) electrodes. Reproduced from Ref. [50] with permission
from Elsevier.

made from three different types of carbon nanotubes (SWCNTs, DWCNTs and
MWCNTs). They were able to show that the free standing MWCNT film was retain
its capacity after hundreds cycles, which is better than other CNTs films [51]. Lahiri
et al., prepared directly deposited MWCNTSs on cooper current collector by chemical
vapor deposition (CVD). It exhibits better specific capacity, at high current rate of
3C and good cyclic stability over 50 cycles [52].

Charaneet al., prepared aligned multiwalled carbon nanotubes (MWNTs)
on stainless-steel foil and obtained high stable specific capacity of 460 mAh g™
for 1200 cycles at 1C rate [53]. Li et al., synthesized stacked multiwall carbon
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nanotubes (MWCNTs) by floating catalyst chemical vapor deposition (FC-CVD)
method and observed a stable discharge capacity of 310 mAh g™ at 0.5 C rate for
300 cycles [54]. Brian et al., obtained highest capacity for SWCNT electrodes with
using 1 M LiPF; in Ethylene carbonate: Propylene carbonate: Dimethyl carbonate
(EC:PC:DMC) as the electrolyte and capacity retention is more than 95% after

10 cycles [55]. Researchers have using different surface functionalization and
doping (N, B) processes for getting efficient Li ion storage in CNTs [56] and highly
concentrated N doped CNTs was developed and presented reversible capacity

of 494 mAh g™ which is almost double conventional CNTs capacity [57]. On the
other hand, when flexible and free-standing pyridin-B-CNTs film was prepared
using one-step floating catalyst chemical vapor deposition method, it delivers high
specific capacity with excellent cycle stability of 548 mAh g™ after 300 cycles at
0.1Ag"[56].

Up to now discussion was concentrated on the raw CNTs utilization in lithium ion
battery as an anode material. Hereafter the discussion will be focused on the collec-
tive data for hybrid nanocomposites by incorporating CNTs into Li-storage com-
pounds as new electrode (anode & cathode) materials. In this composite electrode,
significance of n-orbital overlap in metallic type CNTs where electrons can transfer
with mean free paths along the length of the nanotube (ballistic transport). So,
when it is used as an additive, it will increase rate performance, especially combined
with the poor electronic conductive cathode materials. Furthermore, CNTs have the
mechanical and electrical properties along with a large surface area which is ben-
eficial for lithium ion battery composite electrode [48]. The CNT was employed in
silicon based anode consisting of silicon nanowire/graphene sheet (SINW@G) which
was intertwined architectures [58] where CNT can act either as conductive additive
or active component depending on the operation voltage of the cell. The molybde-
num dioxide was embedded with multiwalled carbon nanotubes (MoO,/MWCNT)
by hydrothermal process where hybrid composite consists of spherical flowerlike
MoO, nanostructures interconnected by MWCNTs and exhibits reversible lithium
storage capacity of 1143 mAh g™ at a current density of 100 mA g™'. The zinc oxide
was covered by N-doped carbon freestanding membrane electrodes for lithium ion
batteries and the hybrid material shows the high performance with a specific capac-
ity (850 mAh g 'at a current density of 100 mA g™') and excellent cycling stability
[59]. The polymer-derived silicon oxy-carbide/carbon nanotube (SiOC/CNT)
composites exhibit stable lithium anode material [60].

The application of carbon nanotubes as an additive for anode or cathode has
huge advantages compared to other carbon form like amorphous carbon, acety-
lene black tc.. As discussed above the CNTs have a high electrical conductivity
at room temperature and very small amount (0.2% w/w) of CNTs will be able to
create a percolation network for electronic conductivity [61] and therefore, could
increase orders of magnitude in electrical conductivity of composite electrodes
and form better percolation network. CNTs have been employed as an conducting
additive for LiCoO,, LiNi, 7Co, 30,, LiFePO,, LiMnPO, and LiNi, sMn; 50,
cathodes; showing better in the reversible capacity of the composite electrodes
compared to other carbon polymorphs [62-65].

Lithium Sulfur Batteries (Li-SBs): After LIBs, Lithium sulfur batteries are
drawing much attention due to the high energy density of lithium-sulfur (Li-S)
batteries (2600 Wh kg™) and is natural abundance of sulfur. Beside the potential
advantages, the major challenge is the electronically insulation behavior of sulfur.
In addition, during the cycling processes, the polysulfides are formed which are
soluble, and discharge intermediate and products migrate towards Li anode. This
impacts the columbic efficiency, accelerates battery self-discharge and cycle life.
Several research groups are using CNTs for sulfur encapsulation to overcome above
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mentioned problems [66]. The sulfur is incorporated carbon nanotubes, nano
pores and/or in between nano wires for Li-S battery cathode. The electrode delivers
discharge capacity of 669 mAh g™ after 300 cycles with a low capacity fading rate
of 0.166% per cycle at 0.1 C rate [67]. Sometimes functional groups were grafted
on the modified multi-walled carbon nanotubes which can adsorb the dissolved
polysulfides and enhance the redox reaction of lithium polysulfides and in parallel
provides the electronic conduction pathway.

Sodium Ion Batteries (SIBs): Off significance, CNTs cannot be used as anode
for Na ion batteries, like LIBs, because of large radius of Na ion (1.02 A) which
cannot be intercalated comfortably into the layer structure. The Na ion intercala-
tion into graphite is thermodynamically unstable and it cannot form primary stage
structures of NaCg or NaCg. The Pure graphite can deliver a maximum capacity
of ~31 mAh g™ by forming NaCy, [68]. The defect-rich and disordered carbon
nanotube structures have been synthesized for enhance the sodium storage as an
anode for SIBs, which exhibits reversible capacities over 130 mAh g™. Very recently,
Han et al., prepared high defective and disorder mesoporous carbon nanotubes
by ethanol flame method. The electrode displays a remarkable rate capability of
145 mAh g at1A g™, with excellent cyclability [69]. Another approach to obtain
defective CNTs is doping of heteroatoms, such as nitrogen, which can also enhance
the electrical conductivity of carbon nanotubes [70].

CNTs have been using as an additive for lower electronic conductive electrode
materials in SIBs. It was reported that porous FePO4 nanoparticles were electri-
cally connected by single-wall carbon nanotubes synthesized by hydrothermal
reaction. The fabricated composite electrode shows discharge capacity of 120 mAh
g ata 0.1 C rate with unprecedented cycling stability [71]. The CN'Ts have been
using as a promising additive for polyhedral cathode materials like NaTi,(PO,)s,
Na;V,(POy),F3, Na,FePO,F, NaVPO,F, Na,2VMn(PO,);, Na,MnCr(PO,)s, Na;V,
(PO4)3, NayFe(SO4),, Na,MnSiO4, NazV,04x(PO4),F3.55, NayCos(PO,4),P,0;
Prussian blue analogues ...etc. [72]. Our group published the impact of MWCNT
on particle growth as well as electrochemical properties of NazV,0,,(PO4),F3 o5
cathode. Among three carbon sources (Carbon, MWCNT & rGO), MWCNT is
more effective to obtain moderate particle size with enhanced electrochemical
properties (Figure 5). The prepared Na;V,0,4(PO4),F5.2.--MWCNT composite
delivers the stable capacity of 98 and 89 mAh g™ in half cell and full cell with
NaTi,(PO4);-MWCNT configurations, respectively [73]. It should be noted that
most of the alloying and conversion anode materials lose their electron conducting
path due to the pulverization during charge-discharge cycles. In this case, CNT can
be used as conductive additive as well as electrode integrity protector. The battery
research community has been encapsulated metal based (e.g. Sn) anode with the
CNTs to accommodate the volume expansion during Na insertion to avoid the
pulverization. The reported results indicate that the carbon encapsulated, Sn@N-
doped, nanotubes is beneficial to get good reversible capacity of 398 mAh g™ at
100 mA g, with capacity retention of 67% over 150 cycles [74, 75]. The ultrathin
MoS, nanosheets was developed on the surfaces of CNTs by a hydrothermal method
MoS,/CNTs, which exhibit excellent electrochemical performance as conversion
anode materials for SIBs. The MoS,/CNTs, shows a reversible capacity of 504 mAh
g ata current rate of 50 mA g™ over 100 cycles [76]. Many alloying and conversion
anode materials have used CNTs as conductive additive, examples TiO,, MoS,, CuS,
F6203, & FeO.

Potassium Ion Batteries (PIBs): Unlike sodium, potassium ion can be inter-
calated into graphite structure without requiring a special electrolyte solvent for
K-ion batteries (PIBs). It was reported that theoretical capacity of K battery is 279
mAh g™ (KCy) by stepwise potassiation through KCss and KC,, phases based on
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(a) Cyclability of Na3V202x(PO4)2F3-2x along with three different carbon materials. Charge-discharge
curves for the NazgV202x(PO4)2F3-2x with (b) carbon, (c) MWCNT, and (d) vGO. Reproduced from
Ref. [73] with permission from Springer Nature.

intercalation/deintercalation mechanism [77]. Noting that the insertion potential
of K into the graphite structure is little higher than that of Li*, which could make
more secure battery systems. However, the biggest obstacle is the poor cycle sta-
bility of graphite as the anode for PIBs. Battery community have been trying to
improve the performances of PIBs and fulfill the requirements of commercializa-
tion [78]. Liuet al., prepared N-doped bamboo-like carbon nanotubes by simple
pyrolysis method and the unique structured material shows a high reversible
capacities of 204 mAh g™ and 186 mAh g™' at 500 mA g™' and 1000 mA g, respec-
tively [79]. The science behind the better performance is not well understood yet.
The analysis of electron density difference demonstrates the interaction between
the K ion and the nitrogen doped CNTs which has strong ionic bonding, and the
electron re-distributions between N5 & N6 CNTs. It is shown, in the K ion -N5 CNT
systems (Figure 6A), the net gain of electronic charge on the pyrrolic N atom plays
more significant role than those of the other two pyridinic N atoms. The N6 CNT
(Figure 6B), the alkali metal atom associates strongly with two pyridinic N atoms,
therefore, the overlapping of the corresponding peaks in Figure 6 (bottom) is seen.
The bonding with the third pyridinic N atom is relatively weaker [80]. The theoretical
studies predicted that inner carbon of CNT is dense while outer carbon of CNT is
loosely bind. The hierarchical carbon nanotubes structures in the inner dense part act
as skeleton while the outer loose-CNT effectively accommodates the K-ion accommo-
dation, which are showing a better specific capacity of 232 mAh g™ and good cyclic
stability [81]. Like other electrode systems these carbon nanotubes are expected to act
as a conducting additive assuring the electrical percolation in the composite electrode
and to protect the integrity of electrode using their mechanical properties [82, 83].
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Figure 6.

Differential electron densities (A) K-ion on N5 CNT, (B) K-ion on N6 CNT: top, side view; middle, top view;
bottom, electron density differences in the plane. Reproduced from Ref. [80] with permission from the Royal
Society of Chemistry.

Lead acid batteries: Lead acid battery is one of the most popular electrochemical
storage systems for the last 150-years, however, it has been suffering from poor
lifecycle. The limited lifecycle is most probably originated due to the formation of
large non-conducting uncontrolled lead sulfate (PbSO,) crystals both the positive
and negative plates. The deposition of insulating PbSO, crystals lower the electrical
conductivity and accessibility of electrolytes to active material in both plates [84, 85].
Various research groups studies different amorphous carbons as a sulfation-suppress-
ing additive in negative plates, because the sulfation is more prominent in negative
plate than positive plate due to slower kinetic reaction. Recently, Prof. Aurbach and his
group used SWCNTs as a suppresser of uncontrolled sulfation processes in lead-acid
battery electrodes. The carbon nanotubes additive would be uniformly distributed
throughout the composite electrode and capable of boosting charge acceptance at low
concentrations [86, 87].
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4.2 Metal-air batteries

Lithium-Air Batteries (LABs): Recently battery community focused on the
metal-air battery due to higher theoretical density. It is just an alternative to LIBs.
The most popular and promising metal—air batteries are lithium -air and zinc-
air batteries. The energy density of rechargeable lithium-air batteries very high
energy (~1700 Wh kg™") comparable to gasoline and much higher than secondary
Li-ion batteries (~160 Wh kg™"). The reaction mechanism of lithium air battery
is appeared to be very simple, at discharge state oxygen in air reduced by lithium
ions to form lithium peroxides via 2Li* + 2¢” + O, & Li,0, and/or 4Li* + 4™ + O,

& 2Li,0, and formation of lithium and oxygen from decomposition of lithium
oxides during charge processes. The thermodynamic equilibrium cell voltage for
the discharge reaction in LABsis 2.96 V vs. Li/Li* [88]. In practical realization, the
reported cell voltage is less than 2.96 V which is due to the cell polarization resulted
from the oxygen reduction and evolution reaction during discharge and charge
processes. However, breaking the discharge products during the charge processes,

it requires much more than 2.96 V to drive the reverse electrochemical reaction.
Either pure catalyst or carbon -supported catalyst particles have been used to
accelerate the electrode reactions [89]. It should be mentioned that most of the time
CNTs have been used as conductive supporting materials for metal and metal oxide
catalyst particles in the metal-air batteries. The functionalized CNTs can also be
used as air electrodes. It was reported that the flexible multiwalled carbon nanotube
exhibited very high specific capacity of 34,600 mAh g™ at a current density of

500 mA g in the Li-O, batteries [90]. It is indicated that CNTs have huge prospec-
tuses as in the Li-air battery cathode component.

Zn-Air batteries (ZAB): Zinc—air batteries are very safe for electrical vehicles
which is fabricated by non-flammable and non-explosive materials. They can
be used for other safe applications. As mentioned above, the electrocatalysts is
required in air electrode to efficiently accelerate the kinetics of the oxygen reactions
[91] and increases the battery performances and efficiencies. It is demonstrated that
the nitrogen-doped carbon nanotubes (N-CNTs) promoted notable ORR activity in
acid and alkaline solutions. This is because of the inserted heterogeneous nitrogen
which might activates the reaction sites and can induce in breaking the O-O bonds
of O, molecules [92].

Another critical role of CNTs in batteries is the current collector. Present, flex-
ible CNTs based carbon papers can be fabricated from all CNTs and used as anode
and current collector for aqueous battery systems. Conventional current collectors,
such as carbon cloth and metal foils (stainless steel, Titanium), are low surface
area and highly corrosive in aqueous media. Also, these CNTs can be used as a pure
binder in primary thermal battery electrode fabrication. The electrode with the
CNTs binder has better thermal stability than conventional organic binders. The
traditional organic binders were decomposed before reaching the operating tem-
perature of 500°C, and its residual material can act as an insulator.

5. Fuel-cells (FCs)

The reaction mechanism in Li-air battery and fuel cells has great similarity
where oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)
are important for fuel cells efficiency. To enhance the efficiency of the fuel cell, a
catalyst is needed. Instead of using expensive Pt as a catalyst, researchers started
using a supporter, which can improve the capability of low-cost catalyst. Commonly
used catalysts supporters are porous carbon, carbon nanotubes, graphene, and
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other carbon polymorphs. It was demonstrated, at higher current density, CNT
supported FCs, exhibited better electrochemical performances than the carbon
black supported FCs [93]. Doping with heteroatoms or loading of transition metal
catalysts on CNTs substantially enhance the activity of highly efficient fuel cells.
There are few reports on encapsulation of Ag, Fe, Co, CuSe (Figure 7) & Ni based
compounds in pure CNTs, which are showing the high ORR performance in fuel
cells [94]. It is also reported that the higher oxidation state of Ni is very active for
OER and inactive to ORR. However, Ni encapsulated N doped CNTs are show-

ing very high ORR activity and less OER active. Several studies are compared the
performances of the platinum catalyst with non-noble metal catalysts with the CNT
support and they exhibit better catalytic activity and it reduces the cost of whole
cell. Furthermore, CNTs can make the fuel cell highly stable and high resistive
against corrosion during electrochemical reaction [94, 95]. CNTs not only increase
the catalytic activity; enhance the corrosion resistance. Besides, CNTs improve the
mass transmission capability of both electrodes in a fuel cell.

5.1 Supercapacitors

The morphology of electrode materials and fabrication process plays an
important role for the performance of a supercapacitor. The capacitance value of
a supercapacitor is highly dependent on electrode surface-area and porosity. The
basic principle of a capacitor is to store energy by separation of charge at the elec-
trode and electrolyte interface (i.e., double layer capacitance). The ions transfer
between the two electrodes is mediated by diffusion across the electrolyte [96].
Supercapacitors exhibits better reversibility, higher power density, and longer
cycle life which made it attentive and promising for energy-storage devices. It is
worth to mention that supercapacitors exhibit the highest known power capability
(2-5kW kg™"), but they suffer from a moderate energy density (3-6 Wh kg™).
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Figure 7.
Carbon nanotubes decorated with copper selenide (CuSe) nanoparticles for microbial fuel cells. Reproduced
from Ref. [94] with permission from Elsevier.
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Carbon nanotubes (CNTs) are very promising as supercapacitor electrode mate-
rials because of their excellent electrical properties and one-dimensional nano-
structures. Noting that defect free or less defect CNTs has smaller surface area
and micropore content than conventional activated carbon (AC), which made
them insufficient capacitance in CNT-based electrodes. However, it is reported
that the formation of defects on surface and open ends by alkaline solution acti-
vation increases the surface area of CNTS [97] and exhibits better capacitance
value. The SWCNTs show enhanced specific capacitance than those of MWCNTSs
which results from large surface area of SWCNTs. However, that MWCNTs
could generate capacitance twice as high in comparison to SWCNTs which is
attributed to the presence of mesopores and entangled tube structure, facilitating
the transport of the ions [98]. The flexible aligned SWCNTSs with high surface
area and better electrical conductivity is beneficial for capacitors applications
[99]. It should be mentioned that contact resistance reduces the performance of
supercapacitor and therefore, polished metal foils is used as current collectors to
grow the carbon nanotubes for lowering contact resistance. The better discharge
efficiency can be obtained through the electrodynamics and can result high
power density [100]. The cell resistance can be lower either by fabricating carbon
nanotubes as thin film electrodes which has coherent structures with highly
concentrated colloidal suspension or fabricating CNT based thin film electrodes
using an electrophoretic deposition (EPD) method. It is reported that these
flexible CNTs films are binder free and forms network with negligible electrode
resistance [101]. As we mentioned in above applications, N doped CNTs may
contribute to improving the power characteristics of supercapacitors their own
way. The doped nitrogen modifies the conduction band and the modified elec-
tronic structure which helps to enhance the quantum capacitance and electrical
conductivity of CNTs [102]. Recently researchers have started the fabrication of
a high-performance wire-type supercapacitor with CNTs to get the high voltage
and high energy density (Figure 8). It should be noted that the carbon nanotube
sheets were wrapped to make a fiber shaped supercapacitors on elastic polymeric
fibers with moderate stretch ability [103, 104].
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Figure 8.

(a) Schematic representation of the wire-type supercapacitor, (b) galvanostatic charge/discharge curves and
(c) Comparison plots of areal capacitance versus current density for CF electrodes coated with CNT, CNT-IL,
Ppy/CNT-Ionic Liquid, and Ppy/CNT-Ionic Liquid/AuNP. Reproduced from Ref. [104] with permission from
Elsevier.
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Graphitization and pore size distribution of CNT are also significant factors for
supercapacitor application. While heating, the specific surface area increases, but
the capacitance decreased due to the average pore diameter decreases and saturated
at high temperature. Furthermore, chemically activated of CNTs also shows tubular
morphology with defects on the surface that gave a significant increase in pore
volume. Aligned CNTs can also significantly improve the capacitance and power
density of supercapacitors. It is also reported that the highly packed and aligned
CNTs showed higher capacitance and less capacitance drop when compared to other
thick CNT based electrodes.

6. Conclusions

One-dimensional carbon nanotubes (CNTs) have been considered as potential
candidates for the development of energy storage materials based on their unique
chemical and physical properties. The architecture and quality of the CNTs plays
a vital role on the electrochemical performances exhibited by both batteries and
supercapacitors. It is observed that a slight modification (defects creation, hetero-
atoms doping & controlling the distribution of pore sizes) in the CNT structure
brings out complementary properties that translate to excellent electrochemical
performances. Anchored and directly grown aligned structure of CNTs trends
to have high stability and fast ion transportation. The composite electrode with
incorporated CNTs is being benefited from the high surface area, excellent conduc-
tivity, enhanced specific capacity, better cyclability and rate capability. CNTs can
be used as an electrochemically active and inactive electrode component in energy
storage systems. It turns out that all types of CNTs can serve as flexible supporting
materials and can also enable next generation flexible energy storage devices. The
future of advanced energy storage systems (either batteries or supercapacitor)
can certainly be benefited from the incorporation of CNTs. The extraordinarily
high electronic conductivity also enables CNTs and graphite as an additive to the
composite electrode and enable to activate poorly conducting electrode materials to
make them electrochemically active. Moreover, the structures and morphologies of
CNTs are beneficial for supercapacitors and as catalyst support for fuel cells.
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Abstract

With the increasing pressure of population, the energy demand is growing explo-
sively. By 2050, it is expected that the world population may reach to about 9 billion
which may result in the increase of energy requirement to about 12.5 trillion watts.
Due to increasing pressures of population, industries and technology, concerns to
find possibilities to cope with increasing demand of energy resources, arise. Although
the renewable energy resources including fossil fuels, wind, water and solar energy
have been used for a long time to fulfill the energy requirements, but they need
efficient conversions and storage techniques and are responsible for causing envi-
ronmental pollution due to greenhouse gases as well. It is thus noteworthy to develop
methods for the generation and storage of renewable energy devices that can replace
the conventional energy resources to meet the requirement of energy consumption.
Due to high energy demands, the sustainable energy storage devices have remained
the subject of interest for scientists in the history, however, the traditional methods
are not efficient enough to fulfill the energy requirements. In the present era, among
other variety of advanced treatments, nano-sciences have attracted the attention
of the scientists. While talking about nano-science, one cannot move on without
admiring the extraordinary features of carbon nanotubes (CNTs) and other carbon
based materials. CNTs are on the cutting edge of nano science research and finding
enormous applications in energy storage devices. Excellent adsorption capabilities,
high surface area, better electrical conductivity, high mechanical strength, corrosion
resistance, high aspect ratio and good chemical and physical properties of CNTs have
grabbed tremendous attention worldwide. Their charge transfer properties make
them favorable for energy conversion applications. The limitation to the laboratory
research on CNTs for energy storage techniques due to low specific capacitance and
limited electrochemical performance can be overcome by surface functionalization
using surface functional groups that can enhance their electrical and dispersion
properties. In this chapter, ways CNTs employed to boost the abilities of the existing
material used to store and transfer of energy have been discussed critically. Moreover,
how anisotropic properties of CNTs play important role in increasing the energy
storage capabilities of functional materials. It will also be discussed how various kinds
of materials can be combined along CNTs to get better results.

Keywords: Energy storage, CNTs, Capacitors, Batteries
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1. Introduction

With the increasing pressure of population, the energy demand is growing
explosively. By 2050, it is expected that the world population may reach to about 9
billion which may result in the increase of energy requirement to about 12.5 tril-
lion watts. Due to increasing pressures of population, industries and technology,
concerns to find possibilities to cope with increasing demand of energy resources
arises. Although the renewable energy resources including fossil fuels, wind, water
and solar energy have been used for long time to fulfill the energy requirements, but
they need efficient conversions and storage techniques and are responsible for caus-
ing environmental pollution due to greenhouse gasses as well. It is thus noteworthy
to develop methods for generation and storage of renewable energy devices that
can replace the conventional energy resources to meet the requirement of energy
consumption.

In this chapter, we want to grab attention of the readers towards the applications
of CNTs in energy storage devices. The basic principle of energy storage devices is
briefly explained. Also role of carbon nanotubes as cathode and anode in different
types of energy storage are discussed in this chapter.

There are two fundamental ways of storing electrochemical energy. One is the
energy storage via faradic process while the other one is a non-faradic process. In
the non-faradic devices, electricity is stored in electrostatic way while the faradic
devices store energy electrochemically by redox reactions of active reagents.
Pseudocapacitors and batteries are the examples of faradic devices while superca-
pacitors are the non-faradic energy storage devices.

2. Basic principle

In general, electrochemical energy storage devices involve three main steps:

* Electro sorption of ions

* Redox reaction at electrode/electrolyte interface

* Insertion of ions in to the electrodes

The energy storage devices usually store energy at the electrode/electrolyte
interface in the form of accumulation of charge at the positive and negative elec-
trodes as ions [1]. The ability of energy storage of devices is greatly affected by the
electrochemical reaction that occurs at electrode electrolyte interface [1, 2].

2.1 Charging-discharging mechanism

The basic mechanism of charging and discharging of batteries as well as
capacitors are discussed below.

2.1.1 Battery
Battery is composed of three main components; (i) an anode (ii) a cathode and

(iii) an ionic conductor acting as an electrolyte. In order to avoid short circuit, a
rigid separating medium is placed between the two electrodes (anode and cathode)
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[3]. In a charged cell, movement of ions takes place from cathode to anode and
reduction occurs due to ionic conduction. This electrons transportation occurs
through an external circuit [4]. When a cell is discharged, oxidation occurs at anode
which results in the formation of ionic species. Than these ions travel through the
electrolyte and recombine at the cathode. The work is done in the process of ions
transport as the ionic species produced at anode are unable to travel through the

insulating electrolyte, thus they are conducted through an external circuit towards
the cathode [5].

2.1.2 Capacitor

Electrochemical capacitors are divided into two main categories which are
(i) electric double layer capacitor (EDLC) and (ii) pseudocapacitors. Similar to the
battery, all electrochemical capacitors have a pair of electrodes which stores electri-
cal energy [6]. An aqueous solution of acid or alkali such as that of sulfuric acid or
potassium hydroxide or any other ionic liquid acts as an electrolyte [7].

There is a dielectric medium present between the electrodes of pseudocapaci-
tors. The applied voltage produces dipoles in which electrical charges are stored.
On other hand, in EDLC, electrical charges are arranged at the electrodes/
electrolyte boundaries as ‘electric double layer’ also known as helmholtz plan [8].
The energy is delivered quickly in EDLC because of quick response of materials
to the potential change and physical reactions. It is different from the behavior
of battery because, the electrode potential is a continuous function of degree of
charge, which is different from thermodynamic behavior of reactants of battery.
It is more advantageous over battery due to its environmental friendly materi-
als, long life span and rapid charge/discharge ability [9]. Charging-discharging
pattern of the super capacitor with the time is shown in Figure 1. The EDLC
stores charge without chemical reaction thus no heat is generated leading to
high efficiency and long life. The energy stored due to fast redox reactions
results in faster charging and discharging of capacitor than that of the battery.
Nevertheless, due to the confined electrode surface of EDLC, the amount of
energy stored in it is limited and much lower as compared to that of pseudoca-
pacitors and batteries [10].

0.45 PC off
<

Discharging

0 100 200 300 400
Time (s)

Figure 1.
Chavging-discharging curve of supercapcitor.
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The electric double layer can be shown in the form of equation as:
C=Q\V=¢g¢ A\d 1)

Where,

C = capacitance of electrode

Q = charge transferred at potential V

€, = dielectric constant of electrolyte

€, = dielectric constant of vacuum

d = distance between electrodes

A = surface area of electrode

There are three main parameters that affect all the electrochemical energy storage
devices. These include (i) specific capacitance, (ii) power, and (iii) energy density.

The total amount of electric charge that can be stored in capacitor is called
the capacitance whereas the maximum amount of power that can be supplied per
unit mass is called power density. The energy density can be defined as amount of
energy stored per unit mass. EDLC possess lower energy densities as compared to
batteries but have many advantages like high power density, faster charging and
discharging, long life cycle and no change in chemical structure during charging
and discharging [11].

3. CNTs for energy storage devices

Over the past many years, several advancements have been introduced in the
primary conception and modification of electrode materials used for energy storage
devices. Carbon-based materials, such as activated carbons (ACs), carbon nano-
tubes (CNTs) and graphenes have proved to be good electrode materials for energy
storage devices [12, 13].

CNTs are on the cutting edge of nano science research and finding enormous
applications in energy storage devices. Excellent adsorption capabilities, high
surface area, better electrical conductivity, high mechanical strength, corrosion
resistance, high aspect ratio and good chemical and physical properties of CNTs
have grabbed tremendous attention worldwide [14, 15]. Their charge transfer
properties make them favorable for energy conversion applications. The limitation
to the laboratory research on CNTs for energy storage techniques due to low specific
capacitance and poor electrochemical performance can be overcome by surface
functionalization using surface functional groups that can enhance their electrical
and dispersion properties [16]. Also the use of CNTs for energy storage devices is
cheap due to easily available precursor carbon material for synthesis of CNTs. The
researches on various energy storage applications of CNTs include Li-ion batteries,
hydrogen storage, fuel cells and energy conversions etc.

4, Li-Ion batteries

Li-ion batteries show high energy density as compare to other rechargeable
batteries. They have grabbed attention for various applications extending from elec-
tronic portable devices to electronic vehicles [17]. Among many other rechargeable
batteries, LIBs have low cost, are safe for use and have least side reactions. They can
offer maximum energy, high voltage, good capacity and density [18].
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During the charging process, Lithium ions move from cathode to anode through
an aqueous electrolyte present between the electrodes. The required driving force
for this process is the chemical potential difference of Li between the electrodes.
During discharging, reduction occurs at the cathode by intercalating Li-ions, while
oxidation occurs at the anode simultaneously. In this way, electric current flows
through external circuit to perform the required work [19, 20].

The properties of LIB such as energy density, cycle durability, rate of charging
and discharging and flexibility is greatly affected by selection of suitable materials
for the anode, cathode and the electrolyte [21]. The use of nanostructured materi-
als adds many advantages over the conventional materials, such as larger contact
area with electrolyte, short transport pathway for Li ions insertion and reversible
Li intercalation. CNTs have been proved to be most suitable additive materials for
Electrodes in LIBs and role of CNTs in LIBs is explained in the Figure 2. As com-
pared to conventional LIBs, the maximum energy storing capacity of CNTs based
Li-ion batteries is 1000 mAh/g (three times higher than conventional) [22].

4.1 CNTs based anode

An anode can be made of pure CNTs or composite metals, which acts as the
negative electrode of the LIB during charging while cathode is composed of Li metal
oxides or transition metals oxides that acts as the positive electrode of LIB in dis-
charging. The electrochemical performance of Li ion batteries depends largely on the
effective cyclic intercalation of Li ions between the electrodes. The ideal characteris-
tics of the battery include fast charging, higher ionic storage and slow discharge [23].

Normally the metallic Lithium used as an anode in Li ion batteries causes safety
issues and they have short lifetime and high cost. Carbon based materials and
Li-based alloys can replace metallic Li as anode. Use of these materials reduces the
activity of Li as compared to lithium metal thus results in decreasing reactivity with
electrolyte, reducing the voltage of cell and improving safety. The unique structure
of CNTs allows the rapid movement of Li ions through insertion and de-insertion
[24, 25]. LIB anodes can be replaces by single wall carbon nanotubes as well as
multiwall carbon nanotubes either by simply their deposition on a current collector
or by their direct growth on a catalytically modified current collector. SWCNTs and

I CNTs in LIBs

Anode Cathode

CNTs as CNTs as CNTs as
conductive

additives

conductive
additives

anode
materia

s | Layered | LiFeP0O,/ LiMn,0,/
PE‘;?;‘" D“:’ﬁ.‘;f;" LiMO,/CNT CNT CNT
composite composite composite

Figure 2.
Incorporation of CNTs in LIBs.
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MW(CNTs possess higher theoretical electrical conductivities (approximately 106
and 105S/m, respectively) and a good elastic strength (»60GPa) [26, 27].

The factors which affect the kinetics of lithium inside CNTs include radius,
length, chirality and structure defects. These factors can be optimized to obtain
maximum capacity results. The Li insertion capacity of carbon nanotubes in LIBs
depends on chirality. The metallic CNTs show higher insertion capacities as com-
pared to semiconductor CNTs [28].

The intercalation capacity of Li in CNT based Li-batteries is directly associated with
the morphology of CNTs. Any structural defect in the morphology of CNTs affects its
capacity. If there are holes in the side wall of CNTs due to defect, Li ions diffuse into
them easily as compared to defect free CNTs. Li ions move randomly inside the nano-
tubes such that longer the length of nanotubes, slower the effective diffusion [29].

A limitation in the use of CNT anodes in LIBs is the non-reversible loss of charge
after first cycle because of formation of a layer of solid electrolyte inter-phase on
the CNTs. This issue can be resolved by using CNTs as conducting additives. The
CNT composites with Li material have been proved to be very efficient as they resist
the agglomeration as well as increase the conductivity of anode [30].

4.2 CNTs based cathode

In Li-ion batteries the active cathode material play key role in determining their
performance. A variety of materials are discovered as the suitable materials for
cathode of LIBs, comprising LiCoO,, LiNiO,, LiMnO,, spinel LiMn,04, LiFePOy,,
LiMPO, and elemental sulfur [31-33].

The selection of appropriate cathode material greatly affect the performance
of the Li-ion batteries [34]. Carbon nanotubes have been proved to be the most
efficient cathode composite materials as they can reduce resistance thus increase
the electrochemical performance of composite cathode. The high aspect ratio and
geometry of MWCNTs provide continuous conductive network allowing efficient
electron transport through material [35]. The large surface are of CNTs provides
close contact with active material.

CNTs as additives for cathode materials have been reported by many researchers.
Among them most widely used is the nanostructured LiFePO, with carbon nano-
composites containing monodispersed nanofibers of LiFePO, electrode [36].

For CNT based cathode, nanoparticles should have firm chemical bonds with the
active materials so that CNTs act as the current-collectors for faster transport, bet-
ter strength and larger surface area. CNTs can be introduced into the active material
in a number of ways, including simply adding to the forerunner at the early stage of
processing of active materials or by their growth in the active electrode material.

5. Super capacitors

Electrochemical capacitors, also recognized as super capacitors, are the recharge-
able energy storage devices that store charge of thousands of Farads in the electrode-
electrolyte interface. In contrast with other energy storage devices, super capacitors
provide high power, low weight and high rate of charging-discharging [37].

Super capacitors are divided into three main types:

* Symmetric
* Asymmetric

* Hybrid
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In all types of SCs, carbon is the most commonly used electrode material
because they are easily available, less costly, have larger surface area and possess
excellent electrical, electrochemical and mechanical properties [38].

Super capacitors are also differentiated into different types depending upon the
charge storage mechanism.

* Electric double layer capacitor (Non-faradic)
* Pseudocapacitor (faradic)

The electrochemical double layer capacitor (EDLC) stores energy in a
double layer of ions of electrolyte (helmholtz layer) formed on the surface
of electrodes surface. The Helmholtz layer stores the charge physically.
Pseudocapacitors contain electrodes of active material that store charge by
faradic mechanism. Pseudocapacitors possess double the energy density as
compared to EDLCs because it includes the bulk as well as the surface of the
electrodes [37].

The performance of supercapacitors can be upgraded by increasing the electrode
surface area or using appropriate material for electrodes. Comparison of the differ-
ent features of EDLC and pseudocapictors is given in Table 1.

5.1 Electrode material for supercapacitors

Electrode materials play fundamental role to determine the efficiency of a
supercapacitor. CNTs can be used as active materials for electrodes as well as
incorporated with other additive materials. Many forms of carbon materials are
proved to be effective electrode material for electrochemical capacitors. They help
the ions to diffuse at the surface and also help to increase change in volume during
charging-discharging.

The mostly used CNT based electrodes for supercapacitors include: [39].

* Bare CNT electrode

* Polymer/CNT composite electrode

* Metal oxide/CNT hybrid electrode
5.2 Bare CNT electrode

CNTs are frequently used as electrode material for EC capacitors due to high
surface area. The capacitance of electrochemical capacitors is significantly higher

Electric double layer capacitor (EDLC) Pseudocapacitor
Non-faradic Faradic
Highly reversible charge—discharge Quite reversible charge—discharge
Higher power density Lower power density
Lower energy density Higher energy density
20-50 mF cm™ 200-500 mF cm™
Table 1.

Comparison of EDLC and pseudocapacitor.
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than other capacitors; SWCNT electrodes show a capacitance of 180.0 F/g, a power
density of 20.0 kW/kg and energy density of 7.0 Wh/kg [40].

CNTs can be modified for fabrication to electrode material by attachment of
chemical groups through covalent bond or by wrapping the functional groups non-
covalently [41]. To improve the power densities and energy, dopants are also used
such as N-CNTs [42]. Furthermore, larger surface area can be obtained by oxida-
tion. However it is difficult for bare CNTs, to obtain high energy density and power
density simultaneously because of dependence of storage mechanism on physical
process.

5.3 Polymer\CNT composites electrodes

Conducting polymers are grabbing the attention as supercapacitors electrode
materials owing to higher specific capacitance, high conductivity in charged state,
thus reduced equivalent resistance and improved power density. The randomly
arranged carbon nanotubes with polymer matrix have a synergistic effect on the
capacitance [43].

Among the conducting polymers, CNT composites are the most commonly used
polymer composites including polyaniline [PAni] [44, 45] and polypyrrole [PPy]
[46] and polythiophene (PTh) composites. We have reported in our work, electrical
and thermal properties of polymethyl methacrylate CNTs composites with polyan-
iline-multiwalled carbon nanotubes (PANI-CNTs) as filler. Theoretically calculated
percolation threshold was found to be 1.3 wt% [47]. We have also found from
research that PANI had lower thermal stability than its composites with MWCNTs
and Ag-MWCNTs [48].

These polymer composites exhibit several advantages like flexibility, stability,
and lower cost, good electrical conductivity, more stable capacitance, and large
scale production. The modification of composite due to added constituents depends
upon the factors such as conductivity, accessibility and diffusion distance in
electrode [49].

In one of our reported studies, Polystyrene adsorbed multi-walled carbon
nanotubes incorporated polymethylmethacrylate composites have been synthesized
with alleviated electrical properties. The calculated value of percolation threshold
was 0.1 wt% [50].

5.4 Metal oxide\CNT composites electrodes

Metal oxides are frequently used as electrodes for electrochemical capacitors due
to high densities and high strength [51]. Transition metals are more effectively used
because they exhibit more than one oxidation states that results in high capacitance
[52]. The faradic behavior of metal oxides depends upon the hydration properties
and crystalline structure. CNTs are introduced to metal oxides so that when the
composite is added to the electrode, it restricts the volume change. Among many
metal oxide/CNT composites, the most widely used as electrode material is MnO,.
MnO, possess high theoretical capacitance, found abundantly in nature, and is
environmental friendly, easily affordable and easily processed [53, 54]. Ramezani
etal. reported the specific capacitance of MnO,-CNT composites at a high scan
rate of 20 mV/s, to be 180 F/g and possessed a high rate capacity [55]. Reddy et al.
also reported Au doped MnQ,-CNT hybrid coaxial composites having capacitance
of 68.0 F/g, energy density (4.5 Wh/kg), power density to be 33.0 kW/kg, and the
cycle stability up to 1000 cycles. Effect of CNTs based metal oxide composite on the
efficiency of the electrode is best explained in Figure 3 and Table 2 [59].
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Figure 3.
Areal capacitance of CNTS fibers electrodes with different MnO, coating.

Sr. no. Electrode Specific capacitance (F/g) Scan rate Reference

1 MnO,/CNT 150 20 [55]

2 MnO,/CNT 3255 [56]

3 Mn,O3/CNT 508 [57]

4 Ni(OH)2/CNF 2523 5 [58]
Table 2.

Data od CNT5 based metal oxide composites as electrodes and their efficiency.

6. CNTs as flexible and separate electrodes

The energy storage devices including LIBs and super-capacitors are weighty,
bulky and rigid. Therefore, they are now being replaced by the flexible storage
devices due to their distinctive advantages such as less weight, flexibility and
diversity of shapes etc. Therefore the flexible energy storage devices are most
wanted [60].

The CNTs play an important role due to their manipulating capabilities in mak-
ing flexible electrodes for flexible storage devices. CNTs play a dual role as current
collector as well as active material. The CNTs thin films reduce the electrodes size
and also increase flexibility and stability [61].

For the fabrication of CNTs as flexible electrodes, few aspects must be taken
in account, such as young modulus of the thin film, to make sure that it may not
degrade during bending or expanding. Secondly, during the charging discharging
process, heat is released which may cause expansion of the material, effecting the
working of the device. Thus it is also important to confirm the thermal stability of
the active material [62].

6.1 CNT paper for energy storage
CNT papers having improved energy storage capabilities, have grabbed the
attention for useful applications. CNT thin films are proved to possess excellent

electrochemical performance due to having good conductivity, flexibility and
fast heat dissipation capability [63]. With the improving technologies, CNT
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electrodes are being modified into CNT paper for the energy storage [64]. A
number of CNT papers have been reported as electrodes for storage devices. In
2004, Morris et al. reported a free standing single walled CNTs paper electrode
and its application in LIBs as initiative. This SWCNT paper is capable of show-
ing energy of 600.0 Wh/kg and power density of nearly 3.0 kW/kg [65]. A CNT
bucky-paper was invented by filtration of DWCNTs which was mechanically
stable and flexible [66]. Another free flexible SWCNT paper was made by the
chemical vapour deposition method, having the specific capacitance (35.0 F/g)
and power density (197.3 kW/kg) [67].

The performance of energy storage of CNT paper can be enhanced by adding
pseudocapacitance [68]. Xiao et al. utilized vacuum filtration method to prepare
a flexible free-standing carbon nanotubes films and also used electro-chemical
method in order to join redox functional groups to the CNT films [69]. The active
groups containing CNT films revealed high capacitance of 150.0 mF/cm. Yang’s
group introduced oxygen functional groups to CNTs thin film through an acid
treatment. The film showed elevated volumetric energy of approximately 200 Wh/
kg and power of approximately 10 kW/kg [70].

6.2 CNT fibers

The typical weaving technology is used for making fiber shaped CNT elec-
trodes. The fiber shaped electrodes are highly stretchable and flexible with good
integration capability [71, 72]. The prime properties of electrode such as con-
ductance, heat resistance and stability etc. are determined by the core material
of the fiber. Thus, it is very important to select an appropriate material for the
fiber [73].

Novel approach reported by Lu, Zan, et al. included development of super
elastic hybrid CNT/graphene fiber accompanied by electro deposition of polyani-
line to obtain high performing fiber supercapacitor. It was observed that the specific
capacitance of prepared fiber was increased to 39% [12].

Chen, Tao, et al. invented a CNTs-based wire shaped electrode for batteries and
supercapacitors and found excellent electro-chemical performance of prepared
wire shaped devices with outstanding mechanical and electric properties of core
CNTs [74].

6.3 CNT and polymers composites

All polymer based energy storing devices are more useful than batteries and
supercapacitors due to their environmental friendly nature, flexible, low cost and
versatility. In the novel approaches of flexible energy storage devices, many dif-
ferent ways have been used in which the electrode materials include conducting
polymers [75-77] or polymers/CNTs composites [78-81].

The significance of using these polymer composite electrodes is the excellent
mechanical properties and structural strength along with high tensile strength of
electrode. In addition the densities of polymer-based electrodes are equivalent to
that of composite electrodes [82].

Many polymer composite materials have been reported having higher electro-
chemical performance like Poly-pyrrole (PPY) on CoO nanowires [83], Poly-aniline
(PANTI) hybrid electrode [82], PPY on free CNTs bucky-paper [84] etc. Adding
polymers to CNTs to form flexible composites electrode is a promising approach to
obtain better electrochemical performance along with flexibility for flexible energy
storage devices.
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7. Flexible energy storage devices

There is a great demand of elastic energy storage devices owing to their flex-
ibility, portability and less weight. Figure 4 shows the importance of such flexible
energy storage devices. These energy storage devices are used as wearable devices,
soft electronic devices and roll up display [85, 86]. In order to achieve flexible
energy storage devices, the main challenge is to select appropriate material having
high capacity and conductivity. There are two main types of elastic energy storage
devices:

¢ Flexible LIBs
* Flexible supercapacitors
7.1 Flexible Li-ion batteries

In order to design portable electronics such as smart cards, wireless sensor,
wearable devices, roll up displays etc. flexible Li ion batteries are required which
have high energy density and excellent rate capabilities [87]. Flexible batteries have
been developed by many routes including cellulose based batteries [88], polymer
batteries [89], soft packing batteries [90], and paper based batteries [91, 92].

The performance of flexible batteries highly depends upon the type of electrode
material thus a soft flexible nanostructured material is highly recommended to
construct a flexible battery. Carbon nanotubes, owing to their unique properties
like extremely flexible and highly conductive, take their top priority to be used as
electrode material for flexible batteries [93].

Flexible
> electronics -

r
AL

/ \

Elastic
Integrated energy Printable
system storage electronics
devices

Wearable
electronics

Figure 4.
Applications of flexible energy storage devices.
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Ajayan et al. reported porous cellulose paper having CNTs embedded on it used
as electrode. The paper was capable of bending, twisting and rolling to any degree
[63]. Ren Jingn et al. used MWCNT/LiO, as electrodes to form a malleable wire-
shaped Li-ion battery. The battery showed the power-density of 880 W/kg and
energy-density of 27 Wh/kg. The prepared wire-shaped batteries were fabricated
into low weight, flexible and malleable battery textile to check their application [94].

Fang et al. developed a lithium sulfur battery by twisting a fibrous cathode fabri-
cated by aligned CNTs coated with sulfur and an anode of Li wire. The composite
cathode displayed capacity of 1051 mAh/g versus sulfur which retained 600 mAh/g
after 100 running cycles, showing good cycling performance [95].

7.2 Flexible supercapaitors

In the modern era, transportable electronic devices including mobiles, wearable
electronics and light weight elastic electronic devices are of great demand. While
talking about portable energy storage devices, one cannot ignore supercapacitors.
Supercapacitors are having applications in every electronic device because of higher
specific capacitance and power density [96-98]. Therefore, flexible supercapacitors
are always preferred for elastic electronic devices. CNTs are proved to be excellent
electrode material for flexible supercapacitors owing to their high aspect ratio, high
conductance and porosity [99, 100].

Wang, Q. et al. reported synthesis of strong flexible CNT-MnO, nanosheets
with excellent capacitance for flexible supercapacitor [101]. In another approach,
reduced graphene-oxide and carbon nanotubes were developed as electrodes for
flexible supercapacitors. The addition of CNTs provided a dense structure hav-
ing mesopores in hybrid fiber. The electrode exhibits high tensile strength, high
conductance and capacitance of 354.9 F/cm® [102]. CuO/MWCNTs nanocomposites
were synthesized which showed the specific-capacitance of 452.8 F/g and the scan
ate of 10 mV/s [103].

Niu et al. prepared stretchable buckled SWCNT films combined with
polydimethylsiloxane (PDMS) and used them as electrode fo flexible supercapaci-
tor [104] it showed maximum flexibility and strechability.

8. Conclusion

CNTs are on the cutting edge of nano science research and finding enormous
applications in energy storage devices. Excellent adsorption capabilities, high
surface area, better electrical conductivity, high mechanical strength, corrosion
resistance, high aspect ratio and good chemical and physical properties of CNTs
have grabbed tremendous attention worldwide. Among energy storage devices,
Liion batteries, electric double layer capacitors and pseudocapacitors are more
commonly used. In Li-ion batteries CNTs are use as cathodes as well as anodes. It
is observed that as compared to conventional LIBs, the maximum energy storing
capacity of CNTs based Li-ion batteries is 1000 mAh/g i.e. three times higher than
conventional. In case of supercapacitors, CNTs based electrodes include bare CNTs,
polymer/CNTs electrodes and metal oxide/CNTs electrodes. Carbon nanotubes
based flexible electrodes have become popular due to their distinctive advantages
such as less weight, flexibility and diversity of shapes etc. Flexible energy storage
devices such as flexible lithium ion batteries and flexible super capacitors are used
as wearable devices, soft electronic devices and roll up display. In order to achieve
flexible energy storage devices, the main challenge of selecting appropriate material
having high capacity and conductivity can be achieved by using carbon nanotubes.
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Chapter 8

Fault Tolerance in Carbon
Nanotube Transistors Based Multi
Valued Logic

Gopalakrishnan Sundararajan

Abstract

This Chapter presents a solution for fault-tolerance in Multi-Valued Logic
(MVL) circuits comprised of Carbon Nano-Tube Field Effect Transistors
(CNTFET). This chapter reviews basic primitives of MVL and describes ternary
implementations of CNTFET circuits. Finally, this chapter describes a method for
error correction called Restorative Feedback (RFB). The RFB method is a variant of
Triple-Modular Redundancy (TMR) that utilizes the fault masking capabilities of
the Muller C element to provide added protection against noisy transient faults.
Fault tolerant properties of Muller C element is discussed and error correction
capability of RFB method is demonstrated in detail.

Keywords: CNTFET, Multi-Valued Logic, Fault Tolerance, TMR

1. Introduction

Moore’s law along with the Dennard scaling has been the key driving factor that
has enabled steady progress in the semiconductor industry over the last three
decades. However, continuous scaling of Complementary Metal Oxide Semicon-
ductor (CMOS) transistor into the sub-nanometer regime faces severe challenges
due to short channel effects, exponentially rising leakage currents and increased
variations in manufacturing process. To combat these challenges, numerous
approaches have been explored. One of the promising approaches is to look for
alternatives transistor structures that could potentially overcome these challenges.
In this regard, Quantum-dot Cellular Automata (QCA), Carbon Nano-Tube Field
Effect Transistor (CNTFET) and Single Electron Transistor (SET) are proposed to
replace or supplement CMOS technology [1, 2].

From circuits and systems design perspective, several approaches are explored
to reduce die area and lower energy consumption. One of the approaches is to use
Multi-Valued Logic (MVL) design. MVL circuit design has been explored in CMOS
technology for last few decades using circuit styles like voltage-mode CMOS logic
(VMCL), I’L logic and current-mode CMOS logic (CMCL) [3, 4]. Binary logic packs
two logic values between available voltage levels, whereas MVL packs more than
two logic values between the available voltage levels. Ternary logic is simplest form
of MVL. Due to reduced noise margins, MVL logic design is less reliable and more
prone to defects. Significant efforts have been directed towards defect and fault
tolerance for binary logic and less effort has been directed towards defect and fault
tolerant techniques for MVL.
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In digital design, transistor is used as switch that transitions between logic
states. The switch that controls this transition is the threshold voltage of the
transistor. Threshold voltage is a manufacturing process parameter that is set to a
unique value during manufacturing. To realize CMOS MVL circuits, multi-
threshold transistors are deployed. In CMOS, multi-threshold transistors are
realized by applying body bias voltages that exploit body effect to alter threshold
voltages [5]. However, CNTFETs are fundamentally different that they allow
realization of multi-threshold transistors by tuning a few process parameters. This
property has been effectively exploited to realize various forms of ternary logic
circuits using CNTFET [6, 7].

Despite several advantages, there are significant issues with the reliable realiza-
tion of CNTFET circuits. There are fundamental limitations that are specific to
Carbon Nanotubes (CNT) that pose major challenges [8]. CNTs are graphene sheets
rolled into tubes [9]. Multiple CNTs are deployed in the channel region to provide
the required drive currents needed for reliable operation [10]. These CNTs can be
either metallic or semiconducting depending on the arrangement of the carbon
atoms in the tube. Metallic tubes can result in circuit malfunctioning due to source-
drain shorts [8]. It is also not possible to guarantee perfect positioning and align-
ment of these CNTs in large CNTFET circuits [8]. To harness the potential benefits
of CNTFET technology, variation aware defect and fault tolerant techniques are
needed for reliable operation of CNTFET MVL circuits.

In this chapter, we present MVL realization of CNTFET circuits and discuss
techniques for defect and fault tolerance in MVL CNTFET circuits. The rest of this
chapter is organized as follows: Section 2 discusses basic logic primitives that are
needed for understanding MVL. Section 3 describes the CNTFET transistor and its
operation. Section 4 provides a detail description of various circuit styles that have
been proposed to realize MVL CNTFET circuits. Section 5 describes variation in
CNTFET devices. Section 6 describes a technique for fault tolerance in MVL
CNTFET circuits.

2. MVL basics

Raychowdhury et al. detail and discuss the logic primitives that are needed
for understanding MVL [6]. Let us consider an r-valued #-variable function
f(X), where X = x1,x2,x3, ...x, and each x; can take up values from
R=0,1,2, ...,r -1

The mapping of f(X) isf : R” — >R. There are 7" different functions that are
possible in set f. Ternary logic gates that implement each of these functions would
be called primitive gates. There are three main primitives that are useful for under-
standing MVL: complement, min and tsum. Complement operator is equivalent to a
ternary inverter. Min operator is equivalent to a ternary and gate. The complement
of the min operator is equivalent to ternary nand gate. Tsum operator is equivalent
to a ternary or gate and the complement of tsum operator is a ternary nor gate.
Complement of a logic value [ is defined as:

l=(@r—-1)-1L (1)

Consider » = 3. The complement set is given by Table 1 [9]. A min operator is
defined as

min (a1,d2,d3, ...dy) =d1-d2 A3 - ...dy (2)
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Input! Output ]

0 2

1 1

2 0
Table 1.

Truth table for complement operator [9].

Input a Input b Output ¢,4,q Output ¢,
0 0 2 2
1 0 2 1
2 0 2 0
0 1 2 1
1 1 1 1
2 1 1 0
0 2 2 0
1 2 1 0
2 2 0 0
Table 2.

Ternary gates truth table [7].

Ternary nand operator can be defined as

Coand = MIN (A1,a2,03, ...dy) =31 A2 A3 - = Oy 3)
Here is an example of min operator: min (1,2, 3) = 1. A tsum operator is defined as

tsum(as, a2, a3, ...a,) = a1 @ a, Das...a, 4)

tsum(aq,dz, a3, ...d,) = min(ay+a, +az+ - +a,,r—1) (5)

Ternary nor operator can be defined as:

Cnor = tsum(as, ay,a3, ...a,) = min(a;+a;+az+ - +a,,r—1) (6)

where belongs to the set R. Consider » = 3, tsum(1,1,0) = min (1+1+0,2) =2.
Table 2 describes the truth table for ternary nand and ternary nor [7].

3. CNTFET transistor

Figure 1 shows the cross-section of a CNTFET transistor. Similar to MOSFETS,
CNTFETs have four terminals: drain, gate, source and substrate [11]. CNTFET
transistors are constructed by replacing the silicon channel in CMOS with carbon
nanotubes (CNT). CNTs are sheets of Graphene rolled into tubes. Depending on the
direction in which the sheets are rolled in the channel, CNTs can be either metallic
or semi-conducting. This property of CNT being metallic or non-metallic depending
on their rolled direction is termed as chirality [7]. In CMOS transistors, drive
current depends on the channel width [5]. However, in the case of CNTFET the
drive currents during conduction state depends on the number of CNTs in the
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Figure 1.
Side view of a CNTFET transistor.

channel along with gate length, chirality and pitch distance [12]. The V};, of the
intrinsic CNT channel is given by

Eg 3 aVm

Z - TEDCNT (7)

Vth ~

wherea = 2.49 x 107°, m is the carbon to carbon atom distance, V, = 3.033 ev is
the carbon 7 — 7 bond energy in the tight bonding model, e is the unit electron charge
and D¢pr is the tube diameter [13]. D is calculated using the following Equation [13].

Denr = ELD Vn?+m?+nm (8)
T

where a9 = 0.142 nm is the inter-atomic distance between each carbon atom and
its neighbor and (n,m) is called the chirality vector that describes the structure of a
carbon nanotube, # is the number of non-metallic tubes and  is the number of
metallic tubes present in the channel. The diameter Dgyr used in the Stanford
CNTFET model is 1.487nm [10]. The model assumes that the CNT synthesis process
yields zero metallic tubes. The value of # from equation (8) amounts to 19. This
corresponds to a chirality vector of (19, 0) and threshold voltage of 0.293V based on
equation (7). Combination of equations (7) and (8), provides the following insight:
Threshold voltage of the CNTFET can be modified by changing the number of non-
metallic tubes assuming that CNT synthesis process yields zero metallic tubes. The
ratio of threshold voltages of two CNTFETs is inversely proportional to the number
of non-metallic tubes present in the CNTFET.

Vine _ Denra _m2 9)
Vino Dcnmi 71

This property has been effectively exploited to design MVL circuits using
CNTFET. In practice, multi-diameter CNTFET is realized by CNT synthesis tech-
niques that can fabricate CNTs with desired chirality [14]. Also, post-processing
techniques for adjusting the threshold voltage of multiple tube CNTFET have also
been demonstrated [15].

4. Circuit realizations of ternary logic gates

This section discusses two circuit implementations of CNTFET ternary inverters
along with a circuit implementation of a CNTFET ternary Muller C element. First
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circuit is a resistor based ternary inverter that was proposed by Raychowdhury et al.
[9]. Second circuit is a ternary inverter using static complementary circuit style that
was proposed by Lin et al. [7]. We will also discuss the circuit implementation and
operation of a ternary Muller C element proposed by Sundararajan et al. [16].

4.1 Resistive load ternary inverter

Figure 2 shows the circuit diagram of a resistive load ternary inverter. The
circuit consists of two N-channel transistors and two resistors. CNTFET with two
different diameters are deployed in this circuit. Transistor Ty is a low threshold
CNTFET and has a diameter of (19, 0) and transistor Ty, is high threshold
CNTFET and has a diameter of (10, 0). Tn1 and Tyn, have threshold voltages of
0.29 V and 0.59 V respectively. The resistors used in this circuit are both 100 KQ.
The circuit is operated at voltage of Vpp = 0.9V. Table 3 details the chirality
vector, diameter and the threshold voltage of all transistors in Figure 2. If the input
signal a is below 300 mV, none of the transistors are on and the value at output 4 is

VD D
L ]
Ry
a
L J
Ry
TN Tan2
a 4| 4— a 4| 4—
Figure 2.
Resistive CNTFET ternary inverter [6]. Value of R, is 100 KQ.
Transistor Chirality Vector (n,m) Diameter(nm) Vau (V)
TNt (19,0) 1.487 0.29
Tunn (10,0) 0.783 0.56

Table 3.
CNTFET chirality, Vy, and threshold voltages for resistive ternary inverter [7].
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0.9 V. If a is operated between 300 mV and 600 mV transistor Ty nq turns on, Trn;
is off and the circuit operates as a voltage divider and a is exactly at half of Vpp
which is 0.45 V. When a is operated above 600 mV, then the pull down network
consisting of both the N channel CNTFETs is on and voltage at 4 is 0 V.

4.2 Static complementary ternary inverter

The problem with the resistive load ternary inverter is that resistors are large,
bulky and are prone to noise. Also, static resistors draw leakage currents from the
supply and are not suitable for implementation in large scale CNTFET circuits. As
an alternative to resistive load ternary inverter, Lin et al. proposed a static comple-
mentary version of ternary inverter that employs P-channel and N-channel
CNTFETs as shown in Figure 3. The resistor in pull up network of the circuit in
Figure 2 is replaced with the two P-Channel CNTFET with varying diameters and
the voltage divider resistor is replaced with two diode connected complementary
CNTFET. The diode connected transistors have a nominal threshold voltage (V)

VDD
Tip1 Tups

| |
a H»— a—||—>—
|_

D

Ty no Tuns
| -

a |4— a —| 4—
|—

Figure 3.
Static complementary CNTFET ternary inverter [7].
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Transistor Chirality Vector (n,m) Diameter(nm) Va(V)

Tnn1s Tea (13,0) 1.018 0.43

Tin2s T (19,0) 1.487 0.29

Tun3, Tups (10,0) 0.783 0.56
Table 4.

CNTFET chirality, Vy, and threshold voltages for static ternary inverter [7].

of 0.43 V. Table 4 describes the chirality values, diameter and threshold voltages of
all the transistors in Figure 3. If the input signal a is operated below 300 mV, Ty p
and Typ; are on and transistors T2 and T3 are off. The voltage ata is 0.9 V.
When input signal a is operated between 300 mV and 600 mV, Typs is off and
diode connected transistors (Tnp; and Tnn1) are turned on along with Typ; and
T'1.n2. This circuit configuration operates as a voltage divider and produces a voltage
drop of 0.45 V at a. When input signal a is operated above 600 mV, pullup network
consisting of all the P-channel transistors is off and all the N-channel transistors are
on pulling down voltage ata to 0 V.

4.3 Ternary Muller C element

In this section, we will review the circuit implementation of ternary Muller C
element described by Sundararajan et al. [16]. Muller C element is a common logic
gate that is deployed in asynchronous logic [17, 18]. Figure 4 shows a circuit
schematic and a logic representation of the Muller C element [19]. The basic oper-
ation of the C element can be described as follows: When the logic values of inputs a
and b are the same, the output ¢ is transparent and input value is latched. Otherwise,
output ¢ will retain its previous value. The logic equation describing the behavior of
the Muller C element is described as follows [20].

c=cC¢-(a+b)+a-b (10)

where a, b are the two inputs and ¢ denotes the previous state of the outputc. C
element consists of two parts: C-not and S-gates [21]. The C-not part consists of two
pmos and two nmos transistors connected in series. The S-gates consists of two
cross coupled inverters employing weak feedback and is a widely used implemen-
tation proposed by Martin et al. [18]. The ternary Muller C element is similar to its
binary counterpart except that the inputs and the output could take three logic
values. Table 5 shows the truth table of ternary Muller C element. Figure 5 shows
the circuit schematic of ternary Muller C element. The C-not portion of the Muller
C consists of five P-CNTFETs and five N-CNTFETs. In this design, three kinds of
CNTFET transistors having three different chirality vectors are used to realize three
different threshold voltages. The chirality vectors used, their corresponding diame-
ters and the resulting threshold voltages are the same as static complementary
ternary inverter. The values are listed in Table 4. “S” gates consist of the ternary
inverters connected in a feedback. To enable correct operation, feedback inverter is
a weak inverter with less number of tubes. To realize weak feedback, the number of
tubes in all CNTFET transistors in the C-not part and in the strong inverter I1 is 12.
The number of tubes in weak inverter I2 is 3. The inverters are based on a static
complementary style discussed in Section 4.2. The operation of the circuit is as
follows: When the inputs @ and b are below 300 mV P-CNTFET transistors Trp1,
T'1p2, Trpa and Typs are on as shown in Figure 5. The node C,, is pulled to logic 2
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VL" 1Bl

e

coul c

Figure 4.
Binary CMOS Muller C element: Circuit schematic and its logic repvesentation. It has two inputs a, b and an
output c. the C element consists of “C-not” and “S” gates [16].

Input a Input b Output ¢
0 0 0
0 1 S
0 2 S
1 0 S
1 1 1
1 2 N
2 0 N
2 1 S
2 2 2
Table 5.

Ternary Muller C-element truth table. S indicates previous state.

and node ¢ is pulled to a low value (logic 0). When the input voltages are raised
above 300 mV, transistors Typs, Trps, Truns and Thys are off as shown in Figure 6.
Combination of transistors Trp1, Trp2, Tin2, Tins along with the diode connected
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Vip = 0.9V
Trpa [ TRE
a H— a H—
Tz p2 | THP5|
b — b o—
T'nps I2 |
! ]
TNt Clout I 71 c
|-—

Trve Tgna

b —— b —| --—
'—

Trrs TunNs

a -— a —| j-—

Figure 5.
Schematic for all inputs at logic o.

Iz |
I_l |

TLN2| TaNa
b F— b F—
— -
TLNSI Tuns
a a— a —| .—

Figure 6.
Schematic for all inputs at logic 1.

transistors T'yp3 and Tny1, produces a voltage drop of 0.45 V (logic 1) at node C,y;.
This intermediate logic value is fed to the inverter latch, producing a voltage drop of
0.45 V or logic 1 at the output c. As the input voltages are raised above 600 mV,
transistors Typs and Typ4 are off and transistors Tyy4 and Tyys are on as shown in
Figure 7 which pull the node C,,; to a logic low value and drive node ¢ to a high
value (logic 2). The ternary C element was built and evaluated using Synopsys
HSPICE circuit simulator. The design was simulated using CNTFET parameter
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Vip = 0.9V
Trpr1 Trrpa
a — a H-—
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TLPQ THP5
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Figure 7.
Schematic for all inputs at logic 2.

models provided by Stanford Nano-electronics Group in the 32 nm technology node
[22]. The operating supply voltage was 0.9 V and the temperature was 27°C.
Figure 8 shows the transient simulation result [16]. In this simulation, input a is
held at a steady state and input b is swept from logic low to a high value. The output
changes state when the two inputs are at the same level of logic. When inputs 4 and
b are at a different logic level, the output holds the previously latched logic value.
The inputs are swept from logic low to logic high and then changed to logic low in
constant steps and output is observed for a full low to high and a high to low
transition. The propagation delay is the average of four terms: the delay from logic 0
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Figure 8.

Transient vesults of static complementary Muller C [16].
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to logic 1 (1), the delay from logic 1 to logic 2 (t2), the delay from logic 2 to logic 1
(¢3), and the delay from logic 1 to logic 0 (¢4).

5. Variations in CNTFET devices

This section describes the process variation in CNTFET technology. Process vari-
ation (PV), an artifact of aggressive technology scaling, causes uncertainty in inte-
grated circuit characteristics. Imperfect lithography, doping fluctuations and
imperfect planarization are some of the causes of variation that strongly affect the
channel length, oxide thickness, width and eventually the threshold voltage of CMOS
transistors. Such variation leads to unpredictable circuit behavior. Due to the random
nature of manufacturing process, various effects such as ion implantation, diffusion
and thermal annealing have induced significant fluctuations of the electrical charac-
teristics in nanoscale CMOS [23]. CNTFETs are also affected by manufacturing
variation caused by imperfect fabrication. CNTFETSs not only suffer from traditional
process variations, which are in common with the CMOS technologies but they also
have their unique source of variations. Paul et al. showed that the CNTFET devices
are significantly less sensitive to stochastic variations such as process-induced varia-
tions due to their inherent device structures and geometric properties [24]. In addi-
tion, CNTFETS are subject to CNT specific variation sources including: CNT type
variations, CNT density variations, CNT diameter variations, CNT alignment varia-
tions and CNT doping variations [25]. Figure 9 shows the contributions of each of the
aforementioned sources of variations to the on-state current I, in 32 nm technology.
To provide sufficient drive current comparable to CMOS, multiple CNTs are
deployed in the channel of a single CNTFET. Due to statistical averaging, the impact
of the CNT diameter, doping and alignment variations on the on current is signifi-
cantly reduced for CNTFET with multiple CNTs in the channel [26]. Hence, signifi-
cant on state current variations are caused by metallic CNT induced count variations
and CNT density variations. To overcome the effects of count variations due to
metallic CNTs a technique called VLSI-compatible Metallic CNT Removal (VMR) has
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Figure 9.
Contributions of various CNT specific variation sources [25].
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Figure 10.
Percentage of t,q variation for the ternary Muller C element.

been proposed that combines new CNTFET circuit design techniques with the
processing [27]. Asymmetrically-Correlated CNTs (ACCNT) is another imperfection
immune design technique to tolerate the metallic CNTs [28]. Therefore, CNT density
variation is the dominant source of variation in CNTFETs.

5.1 Analysis of process variations

As discussed in Section 5, CNT density is the critical parameter that needs to be
accounted for variation aware design. CNT density variation manifests itself as
varying amounts of CNT under the gate of every CNTFET transistor. CNT density
variation follows a normal distribution with mean x = N and the variance ¢ =
v/ (IN/2) where N is the expected number of CNTs under the gate of each CNTFET
[29]. To assess the impact of CNT density variation on the transient delay, 1000
sample Monte Carlo simulations were performed on the proposed ternary C ele-
ment. Figure 10 shows the percentage variation of transient delay with the varia-
tion in the number of CNTs per CNTFET.

The C element was driving a capacitance of 25 fF. From the plot, we see that
when number of CNT in CNTFET is lower, the delay variation is higher and as we
increase the number of CNT in the CNTFET, the delay variation goes down. The
variation percentage is 0.6 when the number of tubes in a single CNTFET is 10
and it drops 30X lower to 0.02 when number of tubes in a single CNTFET is
increased to 200.

6. Defect and fault tolerance in CNTFET MVL logic

This section will review a method for fault tolerance in CNTFET Multi-valued
logic that was proposed by Sundararajan et al. [16]. The method called Restorative
FeedBack (RFB), provides fault resilience against Single Event Upset (SEU) [19].
Triple Modular Redundancy (TMR) is one of the mostly commonly used method

162



Fault Tolevance in Carbon Nanotube Transistors Based Multi Valued Logic
DOI: http://dx.doi.org/10.5772/intechopen.95361

Copy |

Copy 2 Majority Voter Corrected
Valug

Copy 3

Figure 11.
Triple modular redundancy (TMR).

for fault tolerance in computer systems [30]. In TMR, a logic circuit is replicated
three times and a majority vote is taken on the combined outputs. Figure 11 shows
the TMR method, where three copies of a logic circuit are made and a majority vote
is taken on those combined copies to obtain a fault free logic value. TMR provides
resilience against single error faults. The main drawback of TMR is that logic
overhead is high due to replication and and a fault in majority voter can render the
technique inefficient. Also, simultaneous error in two copies of the logic value can
result in propagation of the error value in the downstream logic. From a MVL
perspective, TMR cannot be applied to MVL as it is ambiguous for MVL. As an
alternative to TMR, Winstead et al. proposed RFB method, which is an improved
version of TMR [19]. RFB method can correct single error faults and CMOS
implementations were shown for both binary and ternary logic [19]. RFB method
replaces the majority gate in TMR with Muller C elements. The idea of RFB method
is based on the inherent fault correcting capabilities of the Muller C element. RFB
method is based on two key ideas related to the Muller C element:

¢ If the C element output is connected back to one of C element’s input, then
noise in other C element’s input will be suppressed every time the C element
evaluates.

* Muller C element has inherent fault correcting properties. C element only
changes its output state when all inputs have the same logic value. This
property can be exploited for fault masking.

Figure 12 shows an example of how a noisy input signal will be rendered less
noisy, each time the signal passes through the C element. Suppose ¢, is the error
probability associated with input signal 4. Then the corresponding Log Likelihood
Ratio (LLR), I,, is defined as [21].

l,=In(1-¢,)/es. (11)

Noisy Input
(A

@ ¢ Less Noisy Output

Figure 12.
Muller C element with feedback.
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The magnitude of [, is the confidence that signal a is correct. If, at any given
time t, the error events appearing at the C-element’s inputs are independent from
each other, and also independent from the C-element’ internal state, then the
output LLR is

lc = la + lb (12)

From Eq. (12), we notice that as [, — I, I, — 0. If the C element’s output is
connected back to the C-element’s input then other input that is noisy is rendered less
noisy every time the C-element evaluates the output [19]. Figure 13 shows the
schematic implementation of the RFB method where the C -element’s output is
connected in a feedback fashion to the adjacent C element’s input. The other input to
the C element is the logic that is replicated thrice (x1, x; and x3). To fully realize the
fault correcting capabilities of the C element, the RFB circuit is operated in two
phases: setup phase and restoration phase. There are three inputs signals x4, x; and x3.
Lets asume that the signal x5 is corrupted and has an incorrect logic value of 1 while
x1 and x; are at logic 2. The RFB operation involves two phases and phase switching is
accomplished by using a 2-input multiplexer. The select signal ¢ is at logic 0 during
the setup phase. The operation in the setup phase is shown in Figure 14. During this
phase, inputs are barrel shifted to the adjacent C element’s output. The error value in
x3 is shifted to y,. Figure 15 shows the operation in restoration phase. During this
phase, ¢ is at logic 1. The feedback is deactivated and C-not gate’s output is trans-
ferred to the actual output. The first C element has its inputs held at logic 2 and that
causes y, to change its state from logic 1 to logic 2. The transient simulation results are
shown in Figure 16 for all possible combinations of error values [16]. The signal of
interest is y,. The setup and the restoration phases corresponding to y, are clearly
marked and annotated in Figure 16. From the plot, we observe that in the setup
phase, the error value in x3 is transferred to signal y, and is then corrected in
restoration phase, thereby showing the effectiveness of the RFB technique.

Figure 13.
The RFB circuit based on Muller C-element gates. The S gate is a storage element [21].
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Figure 14.

RFB setup phase.
a2 2
g 2 — 9
3 Yy =2

Figure 15.

RFB restoration phase.

7. Conclusion

This chapter discussed a technique for fault tolerance in MVL CNTFET logic.
The described technique leverages the error suppression capability of Muller C
element to correct single bit error in CNFTET MVL. To realize the technique, a
ternary Muller C element is needed. This chapter also discussed the basics of MVL,
provided an overview of CNTFET and also discussed the process variation in
CNTFET.
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Transient vesults of ternary CNTFET RFB method. The input sequence includes the six possible single error
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and is covrected in the restoration phase [16].
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