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Preface

This book shows the recent advances of carbon nanotubesapplications (CNTs), in particular,
the polymer functionalized carbon nanotubes. It also includes a comprehensive description
of carbon nanotubes’ preparation, properties, and characterization. Therefore, in this book,
we have attempted to provide detailed information about the polymer-carbon nanotube
composites. With regard to the unique structure and properties of carbon nanotubes, a series
of important findings have been reported. The unique properties of carbon nanotubes, in-
cluding thermal, mechanical, and electrical properties, have been documented in detail in
this book.

This book comprises 18 chapters. The chapter of Parveen Saini and co-workers covers the
designing, development, properties, and applications of carbon nanotube-loaded polymer
composites. The chapter of Hai M. Duong et al. presents an overview of the synthesis ap-
proaches of aligned CNT composites. To enhance the load transfer within CNT fibers, poly-
mer infiltration of CNT fibers is reviewed. The chapter of Xiaohua Zhang et al. shows the
bio-inspired design and fabrication of super-strong and multifunctional carbon nanotube
composites. The chapter of T. Hosseini and N. Kouklin highlights the device properties and
photovoltaic applications of carbon nanotube-polymer composites. The chapters of Giilsen
Akin Evingiir et al. and Lixing Dai and Jun Sun show the optical, mechanical, and electrical
properties of polymer composites doped by multiwalled CNTs. The chapter of Peter Ham-
mer et al. highlights the protective coatings based on PMMA-silica nanocomposites rein-
forced with CNTs. The chapter of Steve F. A. Acquah et al. describes the use of carbon
nanotubes as additives in three-dimensional (3D) printing. The chapter of Samy Yousef dis-
cusses the use of polymer-CNT nanocomposite in the artificial joints. The chapter of S. Bas-
tani and M. K. Darani shows the use of carbon nanotube as UV-curable nanocomposite
coatings. The chapter of Javier Pozuelo et al. shows the use of the carbon nanotube-polymer
composites as electromagnetic shielding materials in the GHz range. The chapter of M. J.
Rahman and T. Mieno highlights the safer production of water dispersible carbon nanotubes
and nanotube/cotton composite materials. The chapter of Li Wang and Yuming Zhao covers
the design, reversible dispersion, and applications of stimuli-responsive carbon nanotube
composites. The chapter of Keiichi Shirasu et al. shows the application of aligned carbon
nanotube-reinforced polymer composite to electrothermal actuator. The chapter of Zekerya
Dursun et al. shows the use of carbon nanotube-conducting polymer composites as elec-
trode material in electroanalytical applications. The chapter of Yexiang Tong et al. shows the
use of CNT-polymer composites for supercapacitor. The chapter of Chuankun Jia shows the
applications of carbon nanotube-polymer composites for energy storage. The chapter of Ab-
dul Hakim Shah covers the applications of carbon nanotubes and their polymer nanocom-
posites for gas sensors.
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Chapter 1

Carbon Nanotube-Based Polymer Composites:
Synthesis, Properties and Applications

Waseem Khan, Rahul Sharma and Parveen Saini

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62497

Abstract

The present chapter covers the designing, development, properties and applications of
carbon nanotube-loaded polymer composites. The first section will provide a brief
overview of carbon nanotubes (CNTs), their synthesis, properties and functionalization
routes. The second section will shed light on the CNT/polymer composites, their types,
synthesis routes and characterization. The last section will illustrate the various
applications of CNT/polymer composites; important properties, parameters and
performanceindicesbacked by comprehensiveliteratureaccountofthesame. The chapter
concludes with the current challenges and future aspects.

Keywords: carbon nanotubes (CNTs), conducting polymer, nanocomposites, EMI
shielding and supercapacitors, theroelectrics and photovoltaics

1. Introduction

Since their discovery in 1991 by Prof. lijima [1], carbon nanotubes (CNTs) have been a subject
of global research focus, owing to their remarkable properties and related fascinating applica-
tions [2-14]. It is worth mentioning here that except in few cases, CNTs cannot be used in its
bulk form (i.e. powder, aligned stacks, films/papers, etc.) due to the poor translation of
outstanding inherent properties of individual CNTs into its macroscopic forms. Therefore, the
most applications of CNTs involve their strategic combination with other materials in the form
of alloys, blends, composites or hybrid materials [15-23]. In particular, idea of incorporating
CNTs as filler inside various polymer-based matrices (e.g. conventional polymers such as
thermoplastics, thermosets or elastomers as well as conjugated polymers) to form CNTs/
polymer nanocomposites [13, 14] has revolutionized the materials science and technology. This

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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2 Carbon Nanotubes - Current Progress of their Polymer Composites

facilitates the synergistic combination of flexibility, low density and facile processing of
conventional polymers with outstanding mechanical, thermal and electrical propertiesof CNTs,
or even introduction of additional electrical/thermal/electromagnetic attributes, thereby
extending their field of applicability. In this context, attempts have also been made to form
CNTs-filled conjugated polymer (CP) composites, to club the specialties of CNTs with good
electroactivity, interesting doping-dependent properties and solution processability of CPs
Therefore, inspired by their scientific and technological potential, over two decades, a lot of
research work has been done on CNTs/polymer nanocomposite [19-21, 24-28] and the area is
still growing stronger.

2. Carbon nanotubes

2.1. Structure of carbon nanotubes

The electronic configuration of carbon atom is 1s* 2s? 2p?* indicating that it has two strongly
bound electrons in the 1s orbital and four relatively weakly bound electrons in 2s and 2p
orbitals known as valence electrons. The small energy difference between 2s and 2p levels
allows the carbon atom to exist in several hybridization states; sp, sp? and sp® in different
materials (Figure 1).
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Figure 1. Schematic diagrams of diamond, graphite, fullerene single-wall carbon nanotube (SWCNT) and multi-wall
carbon nanotube (MWCNT).

The hybridization flexibility enables the atomic orbitals of carbon to arrange themselves in
structures of different dimensionalities ranging from diamond (3D), graphite (2D), carbon
nanotubes (1D) and fullerene (0D). CNTs are hollow cylinders of graphene with extraordinary
electronic and mechanical properties. They exist in two varieties viz. CNTs composed of a
single graphene sheet called single-wall carbon nanotubes (SWCNTs) and an array of coaxial
nanotubes known as multiwall carbon nanotubes (MWCNTs) [29, 30].
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In the honeycomb lattice (Figure 2), the vector C, is called chiral vector, while T is called the
translational vector. The rectangle generated by the chiral vector C;, and the translational vector
T is the unit cell of the SWCNT in real space. The chiral angle is defined as the angle between
the chiral vector C;, and the unit vector a,. The chiral vector can be expressed in terms of the
unit vectors a; and a, by means of integers (n, m) (which are called chiral indices):

C,=na;+ma,

The wrapping of graphene sheet is governed by the different orientations of the chiral vector
leading to the different CNT geometries. When the chiral indices are equal (n =m), the SWCNT
is called armchair, and the chiral angle is 30°. If one of the chiral index is zero (n, 0) or (0, m),
the SWCNT is named zig-zag, and in this case, the chiral angle is 0° (achiral nanotubes). In the
other cases (n # m), the nanotube is called chiral and its chiral angle is 0° < 0 < 30°.

J (r,0) zigzag
g — i — i — i — —— o — —
¢

(r.) armchair

Figure 2. Chiral vector C, and chiral angle O definition for a nanotube on graphene sheet. a, and a, are the unit cell
vectors of the two-dimensional hexagonal graphene sheet.

The expressions for the main parameters of a tube as a function of the chiral indices (n, m) are
29, 30:

nanotube diameter D=ay (n2 +m2+ nm)
with, a= aC_Cﬁ =1.44A

Chiralangle 0, cosO= Cn +m)

24/(n2 + m? + nm)
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In addition to above structural details, important physical attributes of CNTs that decide their
properties are described below:

2.1.1. Length, diameter and aspect ratio

The actual length of CNTs is expected to influence their physical status as well as acquired
configuration inside polymer matrix. In general, long-length CNTs show a flexible fibre-like
character with tube buckling and entangled configuration. Therefore, its processing inside
polymer matrix is a bit difficult in terms of de-entanglements. The long length ensures lower
electrical percolation threshold, good mechanical properties due to the large-distance stress
transfer and crack propagation prevention ability. In contrast, the short-length CNTs display
rod-like character, provide more stiffness (compared to long-length CNTs of similar loading)
to composite, and has relatively large percolation threshold, inferior stress transfer, poor crack
countering property, low tensile/flexural strength and elongation of composites. However, it
can be easily aligned and tends to show better interfacial polarization. Like the length of CNTs,
diameters also affect the properties, for example SWCNTs, large diameter offers large inter-
facial surface area per unit length but less stiffness. Similarly, for MWCNTs, large diameter
means more number of cylindrical graphitic tubular shells (i.e. thick walls), which tends to
improve inherent mechanical properties of tubes, its stiffness, electrical properties and ability
to undergo functionalization without much harm in tube’s properties. Another important
parameter is aspect ratio (i.e. length/diameter ratio), which affects the properties via interplay
of length and diameter. However, it could be bit elusive and care has to be taken while talking
about aspect ratio because a short-length and small-diameter CNT can have same aspect ratio
as a long-length and large-diameter CNT, but their properties and translated effect on
composites may be altogether different. Nevertheless, CNTs are widely used as very small,
high aspect ratio conductive additives for plastics of all types. The high aspect ratio (up 1000
or more) gives CNTs an edge over other conductive fillers (e.g. carbon black, chopped carbon
fibre, carbon nanofibres, stainless steel fibres or whiskers) as alower loading of CNTs isneeded
to achieve the same electrical conductivity. This low loading preserves polymer resin’s
toughness, especially at low temperatures and maintains other key properties of the matrix
resin.

2.1.2. Defects

A perfect single-wall CNT is only a theoretical construction and even perfect hexagonal sp?
structure possesses different types of defects. Generally, a defective site has a high reactivity
meaning that at those points, the chemical reactions are favoured. A simple example of a defect
is the presence of non-hexagonal-shaped carbon rings such as a pentagon and heptagon pair
(also known as Stone/Wales defect or 5/7 defect) [31-34]. They are localized mainly at tube
ends and near tube bending locations. A Stone/Wales defect has very significant role to play
in the modification of density of states of nanotubes which has implications for possible
nanodevice applications [35-39]. Defects are very important because they can modify the
electronic properties of the nanotubes thereby influencing their applications. The distribution
of the 5/7 defects in the capping of the CNTs can induce the presence of new localized states
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in the valence and/or the conduction band, and so to modify the field emission properties [40,
41]. The introduction of a 5/7 defect in the hexagonal structure can induce a local deformation
of the diameter of the tube, a change of the chirality or the formation of a CNT intramolecular
junction. The defects can also be present along the sidewall, and after acid treatment, it is
possible to open nanotube ends and attach chemical functional groups facilitating the inter-
action of CNTs with other moieties. In addition to being important for the potential applica-
tions of nanotubes, defects also play a key role in the functionalization process.

2.2. Synthesis methods of carbon nanotubes

2.2.1. Arc discharge method

Carbon nanolube Rotary Feedihrough unil

He gas atmosphére
Arc discharge

Camode’\ =
— =
—7-

|

/

1\

L] L
Graphite

Arc Discharge Device

Figure 3. Schematic diagram of Arc-discharge setup.

The carbon arc-discharge method was first brought to light by Kratschmer et al. [42] who
utilized it to achieve the production of fullerenes in macroscopic quantities. As mentioned in
the introduction of this chapter, lijima discovered the catalyst-free formation of multiwall
carbon nanotubes (MWCNTs), while investigating the other carbon nanostructures formed
along with the fullerenes and more particularly, the solid carbon deposit forming onto the
cathode. Figure 3 shows the schematic diagram of the arc-discharge method. This method
creates CNTs through arc-induced vapourization of two carbon rods placed end to end,
separated by approximately 1 mm, in an enclosure usually filled with inert gas (argon or
helium) at low pressure. A direct current of 50-100 A, driven by a potential difference of
approximately 20 V, creates a high-temperature discharge between the two electrodes,
vapourizes the surface of one of the carbon electrodes, and forms a small rod-shaped deposit
on the other electrode. This technique produces a complex mixture of components including
non-tubular forms of the carbon such as nanoparticles, fullerene-like structures including C,
multiwall shells, amorphous carbon, etc. [43—45]. Therefore, this requires further purification
to separate the CNTs from the soot and the residual catalytic metals present in the crude

5
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product. In this technique, the high yield production of CNTs depends on the uniformity of
the plasma arc, and the temperature of the deposit forming on the carbon electrode.

2.2.2. Laser ablation method

Waler Coolod
Cu Colleclor

Figure 4. Schematic diagram of laser ablation setup.

The laser ablation technique was used successfully to synthesize fullerene for the first time in
1985 by Kroto et al. [46]. However, the synthesis of carbon nanotubes by this technique could
be possible only 10 years later in 1995 by Guo et al. [47].

Figure 4 shows the schematic diagram of laser ablation method. Samples are prepared by laser
vapourization of graphite rods with a 50:50 catalyst mixture of cobalt and nickel at 1200°C in
flowing argon, followed by heat treatment in a vacuum at 1000°C to remove the C, and other
fullerenes. The target is vapourized more uniformly by a second laser pulse. The use of two
successive laser pulses minimizes the amount of carbon deposited as soot. The second laser
pulse breaks up the larger particles ablated by the first one and feeds them into the growing
nanotube structure.

The material produced by this method appears as a ‘mat’ of ropes, 10-20 nm in diameter and
up to 100 um or more in length. Each rope primarily consists of a bundle of SWCNTs, aligned
along a common axis. Itis possible to vary the average nanotube diameter and size distribution
by varying the growth temperature, the catalyst composition and other process parameters.
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Both these solid carbon source-based synthesis methods have some drawbacks. One issue is
the scaling up of the process to the industrial level. Secondly, the synthesized CNTs have
impurities of metal catalyst particles and unwanted carbon forms such as fullerenes, amor-
phous carbon, multiwall shells, single-wall nanocapsule and need further purification.

2.2.3. Chemical vapour deposition method

Gas+precursor
(and or catalyst)

N

Carbon Inertgas
source  (N,orAr)
(CpHyn)

. : ==r5as outlet
Vi =RV,

=

Split furnace
(700-800°C)

Figure 5. Schematic diagram of chemical vapour deposition setup.

Chemical vapour deposition (CVD) of gaseous carbon source (hydrocarbons, CO) over a metal
catalyst is a classical method that has been used to produce various carbon materials such as
carbon fibres and filaments for a long time [48]. However, CVD technique was first reported
to produce MWCNTs by Endo and his research group [49]. Three years later, Dai in Smalley’s
group successfully adapted CO-based CVD to produce SWCNTs [50].

Figure 5 shows the schematic diagram of CVD method. In this technique, a carbon source is
taken in the gas phase and an energy source such as plasma or a resistively heated coil is
employed to transfer energy to a gaseous carbon molecule. The CVD technique uses hydro-
carbons such as methane, carbon monoxide or acetylene as carbon source. During CVD, a
substrate covered with metal catalysts (such as nickel, cobalt, iron or their combination) is
heated to approximately 700°C. The growth starts after two gases are passed through the
chamber, that is hydrocarbon gas and the other a carrier gas such as nitrogen, hydrogen or
argon. The advantages of the CVD process are low power input, low-temperature range,
relatively high purity and most importantly, the possibility to scale up the process. This
technique can produce both MWCNTs and SWCNTs depending on the temperature, wherein
production of SWCNTSs occurs at a higher temperature than MWCNTs.

7
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2.3. Properties of carbon nanotubes

2.3.1. Electrical properties

Depending on their chirality and diameter, CNTs can be either metallic or semiconducting in
their electrical behaviour [20, 27, 51, 52]. In terms of the chiral index, a CNT will be metallic if
In - m! =3q otherwise, it will be semiconducting [53]. Theoretically, metallic nanotubes can
carry an electric current density of 4 x 10° A/cm?, which is more than 1000 times greater than
those of metals such as copper [3]. Because of its nanoscale cross-section, electrons propagate
only along the tube axis. As a result, carbon nanotubes are frequently referred to as one
dimensional conductor. The maximum electrical conductance of a single-wall carbon nanotube
is 2G,, where G, = 2e?/h is the conductance of a single ballistic quantum channel [54].

2.3.2. Thermal properties

All nanotubes are expected to be very good thermal conductors along the tube axis, exhibiting
a property known as ballistic conduction, but good insulators laterally to the tube axis [55-
58]. A SWCNT has been shown to have a thermal conductivity along its axis of about 3500 Wm
K™ atroom temperature [59]. This value is almost 10 times higher than that of copper, a metal
well known for its good thermal conductivity which is 385 Wm™ K. A SWCNT has a room-
temperature thermal conductivity in the radial direction of about 1.52 W/m/K? which matches
very well with the thermal conductivity of soil. The temperature stability of CNTs is estimated
to be upto 2800°C in vacuum and about 750°C in air [20].

2.3.3. Mechanical properties

CNTs are the strongest and the stiffest materials yet discovered in terms of tensile strength
and elastic modulus, respectively [20, 27, 60-62]. This strength is a direct consequence of
covalent sp? bonds formed between the individual carbon atoms. It has been shown that CNTs
are very strong in the axial direction. Young’s modulus of the order of 270-950 GPa and tensile
strength of 11-63 GPa were obtained [63].

On the other hand, there was evidence that in the radial direction, they are rather soft. The first
transmission electron microscope observation of radial elasticity suggested that even the van
der Waals forces can deform two adjacent nanotubes [64]. Later, nanoindentations with atomic
force microscope were performed by several groups to quantitatively measure radial elasticity
of MWCNTs [65, 66] and tapping/contact mode atomic force microscopy was also performed
on SWCNTs [65]. The results show that MWCNTs are radially deformable to a large extent
notwithstanding their axial rigidness and strength under tensile load.

2.3.4. Magnetic properties

Although pure CNTs are non-magnetic in nature, but the most synthesized CNTs (both
SWCNTs and MWCNTs) are known to possess magnetic properties that can be attributed to
the presence of entrapped catalyst nanoparticles in their inner cavity. Such catalytic particles
are formed either in situ during the growth of CNTs (e.g. from ferrocene during MWCNTs
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synthesis by CVD) or from previously added metallic catalyst particles (e.g. from Fe-, Co- or
Ni-filled electrodes during MWCNTs/SWCNTs synthesis via arc discharge). In general,
SWCNTs tend to have very high amount of catalytic residues and posses stronger magnetic
character than MWCNTs. As the magnetism is due to the metallic impurities, CNTs tend to
lose magnetic character upon treatment under harsh conditions, for example acidic treatment
such as functionalization [27, 67] or high-temperature annealing [68].
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Figure 6. (a) M versus H curves for Fe,O, nanoparticles and Fe;CeMWCNT (B indicates magnetic field, lines the nano-

tubes, and arrow the direction of the magnetic field). (b) EPR spectrum of Fe;C@MWCNT. Reproduced from [69] with
permission from Wiley.

Nevertheless, the CNTs display ferromagnetic behaviour (Figure 6a) marked by the presence
of hysteresis loop (i.e. nonzero corecivity and retentivity values) [69]. The ferromagnetic nature
of CNTs is also supported by the electron paramagnetic resonance (EPR) spectra (Figure 6b),
showing the presence of a high density of delocalized 7t electrons corresponding to g values
of 2.1365 and 2.2132 for the first and second peaks, respectively. The obtained g values are very
near to the characteristic g values of ferromagnetic materials. It is suggested that presence of
iron catalyst inside CNTs may be helpful in their magnetic manipulation, for example for
magnetic alignment of CNTs in composites [20, 70] or for targeted drug delivery [69]. Further,
the magnetic properties also contribute towards electromagnetic energy absorption and play
a role in improving its contribution towards total microwave shielding effectiveness [21, 71].

2.3.5. Surface properties/wettability characteristics

The pure CNTs are made up of graphitic cylindrical walls made up of carbon atoms. Therefore,
being of non-polar in nature, the surfaces of CNTs (especially MWCNTs) are highly hydro-
phobic in nature with good affinity towards non-polar materials such as hydrocarbons,
parrafins, oils or organic solvents. As CNTs also display relatively high-specific surface area,
when 3D shape architectured, due to the inherent hydrophobicity they can be useful for water

purification applications, for example for separation of non-polar pollutants such as oils,
solvents or even organic dyes.

Owing to their chemical inertness, CNTs are difficult to disperse in water and in organic media,
and they pose high resistance to wetting. Historically, unlike fullerenes, their chemistry was
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considered very poor for along time. Difficulties also arise in making composites of such inert
nanotubes with other materials which is important for many device applications. A suitable
functionalization of the nanotubes (i.e. the attachment of ‘chemical functionalities’) represents
a strategy for overcoming these barriers and has thus become an attractive field for synthetic
chemists and materials scientists.

3. Functionalization of carbon nanotubes

Functionalization enhances the solubility and processibility, and allows combining the unique
properties of nanotubes with those of other materials [20, 26, 27, 72]. It also improves the
interaction of the nanotube with other entities, such as a solvent, polymer and other organic
molecules and also with other nanotubes. A functionalized nanotube displays different
mechanical and electrical properties as compared to pristine nanotube and thus may be utilized
for several applications.

(e}

Figure 7. Different possibilities of the functionalization of SWCNTs (a) Sidewall functionalization. (b) Defect-group
functionalization. (c) Non-covalent exohedral functionalization with molecules through m-stacking. (d) Non-covalent
exohedral functionalization with polymers. (e) Endohedral functionalization, in this case C60@SWCNT. Reproduced
from [73] with permission from Springer-Verlag Berlin.

The process of functionalization can conveniently be divided into three major types depending
upon the chemistry involved (Figure 7) [73].

3.1. Covalent functionalization

Covalent functionalization utilizes the covalent linkage of functional entities onto the nano-
tube’s carbon scaffold. Depending upon the site of interaction, it can be of two types—covalent
sidewall functionalization and defect functionalization. Direct covalent sidewall functionali-
zation involves a change of hybridization from sp? to sp® and the loss of conjugation. Defect
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functionalization is based on the transformations of defect sites already present. Defect sites
can be the open ends and holes in the sidewalls, terminated, for example by functional groups
and Stone/Wales defects (5-7 defects) in hexagonal graphene framework. In addition to these,
oxidative purification generated oxygenated sites are also considered as defects. SWCNTs
demonstrate low dispersability, and they occur in the form of bundles. This situation warrants
the use of a highly reactive reagent for the covalent bond formation at the sidewalls. It is not
possible to tell beforehand that whether these addition reactions are more likely to take place
at defect sites or intact hexagonal regions of sidewall. Several covalent routes have been taken
for covalent functionalization such as oxidative purification [74, 75], amidation [76], esterifi-
cation [77], thiolation [78], halogenation [79-81], hydrogenation [82], cycloadditions [81, 83—
87], electrochemical functionalization [88, 89].

3.2. Non-covalent functionalization

Covalent functionalization suffers from the drawback of damaging the structure of CNTs.
Therefore, with a view to retain the structural integrity and m network of CNTs, non-covalent
functionalization is particularly attractive. The adsorption forces, such as van der Waals” and
ni-stacking interactions, are responsible for the non-covalent interaction between surface active
reagents and CNTs. Broadly, surfactants and polymers are utilized for this non-destructive
functionalization of CNTs. Surface active molecules such as sodium dodecylsulfate (SDS) or
benzylalkonium chloride have been successfully used for the formation of non-covalent
aggregates [90-92]. On the other side, polymer wrapping around CNTs can be accomplished
through the use of polymers such as poly (m-phenylene-co-2, 5-dioctoxy-p-phenylenevinylene)
(PmPV, 2) in organic solvents such as chloroform. The stable solution of the SWNT/PmPV
complex exhibits conductivity eight-times higher than that of PmPV, without any compromise
on its optical properties. The polar side-chain polymers such as polyvinylpyrrolidone (PVP)
or polystyrenesulfonate (PSS) give stable solutions of the SWNT/polymer complexes in water
[93].

The covalent and non-covalent functionalizations are essentially exohedral derivatizations.

3.3. Endohedral functionalization

The hollow inner cavity of SWCNTs serves as a capillary for the storage of nanoparticles and
fullerenes, etc. The rich endohedral chemistry of SWCNTs is amply illustrated by the incor-
poration of fullerenes and metallofullerenes in their cavity [94, 95].

4. CNTs-based polymer composites

The spectacular properties of CNTs such as their high strength and stiffness make them ideal
candidates for structural applications. At present, polymer nanocomposite is one of the biggest
application areas for CNTs. The extraordinary properties of CNTs coupled with easily
tailorable characteristics of polymers give rise to truly versatile CNT-polymer nanocomposites
[20, 21, 26, 27, 96-106]. The emergence of CNTs as filler materials has contributed in the
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realization of CNT-polymer nanocomposites as next generation advanced structural material.
Keeping in view, the ubiquitous need for the creation of materials with tailored properties for
various applications, it is hardly an exaggeration to call the present age as the ‘age of compo-
sites’.

By definition, a composite is a multiphase material formed from a combination of materials
which differ in composition or form, retain their own chemical and physical properties, and
maintain an interface between components which act in concert to provide improved specific
or synergistic characteristics not obtainable by any of the original components acting alone [20,
107, 108]. Any composite is composed of two categories of materials: the reinforcement or filler
and the matrix. The reinforcements contribute useful properties (mechanical, electrical,
thermal, optical, etc.) to enhance the matrix properties. In the past decades, we have reached
the technological design limits of optimizing composites with traditional micro-meter scale
fillers/reinforcements. The limitations of traditional micrometer-scale polymer composites
have prompted a considerable research effort to focus on polymer nanocomposites. This new
hopes-laden advancement over the traditional polymer composites is characterized by the
presence of at least one phase which is less than 100 nm in at least one dimension. Historically,
nanocomposites are not entirely new as some nanocomposites such as carbon black and fumed
silica-filled polymers [109, 110] have been used a long time ago. However, the discovery of
CNTs added an additional impetus in the polymer nanocomposite research promising hitherto
unknown potential for various applications. Table 1 shows a comparison between various
fibre reinforcements and carbon nanotubes in terms of various parameters.

Fibre Diameter (um) Density (g/cm?®) Tensile strength (GPa) Modulus (GPa)
Carbon 7 1.66 24-3.1 120-170

S-glass 7 2.50 3.4-4.6 90

Aramid 12 1.44 2.8 70-170

Boron 100-140 2.50 35 400

Quartz 9 2.2 34 70

SiC fibres 10-20 2.3 2.8 190

SiC whiskers 0.002 2.3 6.9 -

Carbon NTs 0.001-0.1 ~1.33 Up to ~50 Up to ~1000

Credit: Fisher/ Northwestern University.

Table 1. Comparison and contrast of advanced fibre reinforcements vs. carbon nanotubes in terms of diameter,
density, tensile strength and modulus.

4.1. Nanocomposite fabrication methods

A variety of synthesis techniques are in practice for incorporation of CNTs into various
polymeric host matrices [14, 20, 21, 26, 27, 97, 108, 111-114]. The main motive is to deagglom-
erate the CNTs and realize their uniform dispersion inside polymer matrix. Currently, there
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is no single technique which is universally applicable to all the situations. Depending upon
the thermal or chemical properties of matrix polymer, ease of its synthesis from suitable
monomer, desired performance indices of composites and cost constraints, with some trade-
off in properties, one can choose the suitable processing method for a particular case. This
section briefly describes the important processing techniques for synthesis of CNT-based
polymer nanocomposites.

4.1.1. Solution processing

The solution processing is the most common technique to form CNT-based polymer nano-
composites which exploits intensive agitation (e.g. refluxing, mechanical/magnetic stirring,
vigorous shaking, high shear homogenization, bath/probe sonication) aided rigorous and
thorough mixing of CNTs with polymer in a solvent, so as to facilitate nanotube de-bundling
and their dispersion inside host polymer matrix [20, 21, 27, 108, 114]. It is important to note
that this technique is limited to the polymers which are soluble in solvent(s).

Film

casting

Polymer CNTs CNTs/Polymer Nanocomposite film
solution dispersion mixture

Figure 8. Schematic representation of solution processing method.

Typical process involves dispersion of nanotubes in a suitable solvent and mixing with the
polymer solution (Figure 8), followed by film casting and solvent evaporation leaving behind
nanocomposite film/sheet. The choice of solvent is mainly governed by solubility of matrix
polymer. Further, the solvent for CNTs and polymer dispersion may be same or different, but
should be of good missibility to realize intimate mixing between phases. In many cases, CNTs
are not separately dispersed rather they are directly added to polymer solution followed by
intensive mixing before film casting. The major shortcoming associated with the usage of high-
power ultrasonication or shear mixing for a long time is that it can lead to the shortening of
tube lengths, thereby deteriorating the composite properties. Plenty of literature [14, 21, 97,
106, 114-119] is available on the formation of CNT-based nanocomposites by this method using
both organic as well as aqueous media and variety of polymer matrices [14, 21, 120-123]. To
enable better dispersion and to solve the problem of tube shortening upon high-power
agitation, some efforts have been made to use surfactants for tube dispersion or to use
physically/chemically functionalized CNTs [120, 124, 125]. However, the use of surfactant
carries the unavoidable limitation of retaining surfactant in the nanocomposites which hinders
the thermal/electrical transport properties of nanocomposites [120]. In contrast, the function-
alized CNTs often provide positive results in terms of CNTs deagglomeration, dispersion and
their improved interfacial adhesion with matrix polymer, which gets reflected in terms of
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superior electrical, thermal, mechanical and dielectric properties of resultant nanocomposites
[14, 27, 106, 114]. The boiling point of dispersion medium or solvent (s) is found to have a
profound impact on the properties of formed nanocomposites [14, 27, 114, 121]. In general,
low-boiling point (i.e. fast evaporating or drying) solvents are preferred, due to their ease of
removal from the solution-casted nanocomposites mass. In contrast, high-boiling point
solvents are difficult to be removed and tend to get trapped in the solidifying/curing mass.
Such a trapped solvent may interfere with the curing reaction (in thermosets) or can act as
softener (in thermoplastics), thereby adversely affecting electrical, thermal or mechanical
properties. In addition, efforts to remove the solvent and to prevent evaporation generated
voids formation add towards complexity and cost in terms of requirement of systems for
controlled heating, vacuum/pressure [14]. Another, limitation encountered quite often with
solution processing is that the slow evaporation of solvent provides sufficient time for CNTs
re-agglomeration and differential settling, resulting in inhomogenous CNTs dispersion in
matrix (e.g. CNTs content lowest at the casted film/sheet’s surface, shows a uniform/random
gradient across thickness and maximum at both surfaces due to the extensive tube settling)
and observation of non-uniform and inferior properties. The solvent evaporation rate-related
limitations can be resolved by gently pouring CNT/polymer nanocomposite dispersion on a
rotating substrate (spin coating) [122] or over a heated substrate (drop-casting) [126]. However,
use of spin coating is limited only to thin films (few nanometres thick) which cannot be peeled
off from the substrate, whereas drop casting has issues in terms of uniform drying across
thickness and high possibility of void formation. Another versatile method exploits coagula-
tion [114, 123, 127] of CNT/polymer dispersion by pouring into an excess of non-solvent,
thereby achieving rapid precipitation of polymer chains which immediately entrap CNTs
(without providing sufficient time for CNTs diffusion and settling). Nevertheless, solution
processing is still widely used and is one of the important steps in the processing of thermo-
setting matrices-based nanocomposites.

4.1.2. Melt processing

The melt processing is considered as viable option for making thermoplastic matrices-based
CNT/polymer composites due to its low cost and amenability towards large scale synthesis
for industrial applications. Here, elevated temperatures are exploited to melt the receptor
thermoplastic matrix polymers, which form a viscous liquid and made to flow [21, 26, 108, 114,
128]. The molten polymer flow induces high shear forces which assist in partial de-agglomer-
ation of CNTs bundles and their dispersion inside matrix. The melt mixing can be carried out
in batch or continuous operation using high shear mixer (e.g. Sigma mixer) and extruder,
respectively. Sigma mixer is often used to prepare highly concentrated nanocomposites called
masterbatches, which maybe used to synthesize desired CNTs-loading composites by their
mixing with proportionate amount of neat matrix polymer using extruder. An extruder may
consist of single or twin screws with twin screw version being more effective in terms of mixing
uniformity and properties. A typical twin screw extruder (Figure 9) consists of two co- or
counter-rotating screws inside barrel housing. The polymer granules are caught by the rotating
screws and pushed forward; they become melted inside heated melting (feed) zone due to the
externally provided heat and shearing of the material between screw and barrel. The CNTs
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are loaded into the extruder via separate hopper, such that melt-phase mixing takes place due
to the combination of shearing and kneading action, and by the time molten-mixture reaches
the homogenization zone, it has already achieved significant degree of mixing. Finally, mixture
passes to die before coming out as semisolid strands, which may be cooled (via air drying or
by passing through water bath) and chopped into granules for further use, for example for
compression moulding. The extruded output may also be diverted to injection moulding
machine to form desired shape samples.

Recirculation
—

Homopeneous meht

Figure 9. Schematic representation of twin screw extruder for melt phase mixing of CNTs with thermoplastic matrices.
Reprinted from [108] with permission from Wiley. (b) Twin screw extruder with melt recirculation provision. Reprint-
ed from [129] with permission from Elsevier.

In the past, melt mixing/blending is successfully exploited for dispersion of CNTs inside
various thermoplastic matrices, for example polystyrene [130], polypropylene [130, 131] and
acrylonitrile-butadiene-styrene (ABS) [22, 130], polyamide-6 [22], polyethylene [132]. Al-
though melt-mixing technique is simple but the issues of high shear force and elevated tem-
perature need to be properly addressed in order to avoid the deterioration of
nanocomposites. While high shear force facilitates CNT dispersion, it can also lead to the
undesirable CNT fragmentation or even polymer chain scission. Therefore, the shear force
needs to be optimized to achieve desired dispersion without compromising the structural
integrity of CNTs. Similar situation prevails with high temperature which promotes CNTs
dispersion but can degrade the intrinsic properties of polymer making the need of optimiz-
ing the temperature indispensable. Further, it is found that melt-mixing technique is not
much effective in breaking of agglomeration of CNTs compared to solution processing [131,
133]. Besides, the melt-mixing fails to realize dispersion of high loading (>5 wt%, which are
required for thermal/electrical/electromagnetic applications) inside polymeric matrices, due
to the viscosity buildup and screw rpm/reside time limitations [129]. Recently, the above is-
sues are resolved by using a twin screw extruded equipped with melt recirculation provi-
sion (Figure 9b) [128, 129], such that upto 10 wt% CNTs can be loaded inside polypropylene
copolymer (PPCP) matrix without any deleterious effect on mechanical properties.
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4.1.3. In situ polymerization

In situ polymerization [14, 21, 108] remains the only viable option for the preparation of
composites based on insoluble or thermally unstable matrix polymers, which cannot be
processed by solution or melt processing routes. However, many a times, it is used in other
cases too (where above limitations are not applicable), due to the distinguished advantages of
in situ polymerization in terms of ability to allow formation of high CNTs-loading nanocom-
posites, facilitating good CNTs dispersion within polymer matrix and ensuring excellent
intimacy between CNTs and matrix polymers.
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Figure 10. Schematic representation of in situ polymerization process.

This strategy involves dispersion of CNTs in monomer (Figure 10) followed by in situ
polymerization leading to the formation of CNT/polymer nanocomposites. Exploitation of
functionalized CNTs or use of monomer-grafted CNTs are known to improve the initial
dispersion of the nanotubes in the monomer and consequently in the formed nanocomposites.
This results in a stronger and more active interface between nanotube and polymer which is
pivotal to the nanocomposite performance for structural, electronic, electromagnetic or
electrochemical applications. This method has been used to synthesize CNTs-filled composites
with various polymers, for example thermoplastics, thermosets or conjugated polymers-based
matrices [14, 21, 26, 27, 111, 112]. In addition to composite formation, in situ polymerization is
also used for physical functionalization of CNTs (via surface polymer wrapping), for their
onward use as hybrid filler for nanocomposites.

4.1.4. Miscellaneous routes

In addition to aforementioned methods, some other less popular methods are also available
for CNT-polymer nanocomposites preparation, for example wet spinning [134], batch mixing
inside banbury mixer [129], twin screw pulverization [135], electrophoretic deposition [136]
and latex processing [137], twin screw extrusion complemented by melt-recirculation provi-
sion [129]. The issue of the synthesis of CNT-based polymer nanocomposites is still an open
arena as no single technique is entirely satisfactory on all grounds. Therefore, some efforts
have also been made to use combination of techniques, for example solution processing with
melt mixing [133]; in situ polymerization with solvent processing [23]; or in situ polymerization
with melt processing [114].
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5. Properties of CNT/polymer nanocomposites

With the advent of CNTs on technological landscape, there are now myriad possibilities for
tailoring the properties of CNT/polymer nanocomposites. The electrical, thermal, dielectric,
rheological and mechanical properties of CNTs filled nanocomposites are significantly
enhanced compared to neat polymers. However, the issue of property enhancement is a
challenging one as the improvement in one property might come at the cost of other. A number
of factors such as the nature of matrix polymer, aspect ratio or actual length/diameter of CNTs,
its pretreatment (e.g. covalent functionalization, surface coating of polymer or surfactant),
loading level, exploited processing technique and the presence of tertiary phase (e.g. compa-
tibilizer) are known to exert decisive influence on the properties of formed nanocomposites.
The next section briefly describes the important properties of CNT/polymer nanocomposites.

5.1. Electrical properties

The very high intrinsic conductivity and low aspect ratio (length/diameter ratio) of CNTs
compared to other carbon-based fillers (e.g. carbon black, graphite, carbon fibre), inspired
researchers to synthesize CNTs filled electrically conducting nanocomposites. The incorpora-
tion of CNTs leads to onset of electrical conductivity within otherwise insulating matrix. This
can be attributed to formation of 3D electrically conductive networks within host thermoset
matrix so that electrons can easily hop/tunnel between dispersed filler particles [23]. The
minimum filler loading where first continuous network of filler particles were formed within
matrix polymer is known as percolation threshold. At this point, electrical conductivity of
composites displays a sharp rise, that is several orders of magnitude (Figure 11a).
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Figure 11. (a) Schematic representation of difference between percolation behaviour of CNTs compared to carbon
black. (b) Electrical conductivity of SWNT/polycarbonate nanocomposites as a function of nanotube loading, showing
a typical percolation behaviour. Dashed lines represent the lower limits of electrical conductivity required for the
specified applications. Reproduced from [138] with permission from AIP. (c) Variation of conductivity (o,.) of PANI-
MWCNT nanofiller-loaded polystyrene solution blends. Inset shows the percolation and scaling details. Reproduced
from [23] with permission from Elsevier (d) Plot of electrical conductivity (o) versus MWCNT (vol%) for PPCP/
MWCNTSs composites. Inset shows the log-log plot of r as a function of (v.). Reproduced from [129] with permission
from Elsevier.
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Depending upon the level of achieved electrical conductivity, these conductive nanocompo-
sites may have a multitude of applications (Figure 11b) including electromagnetic interference
(EMI) shielding, transparent conductive coating, electrostatic painting and electrostatic
dissipation [138, 139]. Especially, electrically conductive CNT-polymer composites are used
in anti-static packaging applications, as well as in specialized components in the electronics,
automotive and aerospace sectors.

The critical conducting filler loading (i.e. percolation threshold) for a given matrix-filler
combination can be calculated by plotting the electrical conductivity as a function of the
reduced volume fraction of filler (Figure 11c) and performing data fitting with a power law
function [23]:

c=0c,(v-v,) 1)

where o is the electrical conductivity of the composite, 0, is characteristic conductivity, v is the
volume fraction of filler, v, is volume fraction at the percolation threshold, and t is the critical
exponent. The log (o) versus log (v — v,) plot (inset, Figure 11c) gives a straight line according
to Eq. 10. In practical situations, where the densities of polymer matrix and filled inclusion are
same (e.g. for organic fillers like ICPs, CNTs or graphene), the mass fraction, p, and volume
fraction (v) of the filler can be assumed same. The percolation threshold can also be determined
by plotting the log (o) versus log (v) plot and finding the point of intersection of lines
(Figure 11d) corresponding to different ((3) values.

The CNT/polymer composites show very low percolation threshold for electrical conductivity
[14, 27, 114]. For SWCNT/polymer composites, the percolation thresholds ranging from
0.005 vol% to several vol% have been reported [140]. On the other hand, in case of MWCNT/
polymer composites percolation threshold up to 0.002 vol% has been reported [141]. It is found
that compared to common conductive fillers, for example metallic or graphitic particles in any
shape (spherical, platelet-like or fibrous) and size, CNTs display much lower percolation
threshold (Figure 11). This can be ascribed to combination of their high inherent conductivity
and very high aspect ratio.

Itis found that the percolation threshold in CNT/polymer nanocomposites depends on several
parameters viz. dispersion [14, 20, 27, 114, 124], alignment [14, 21, 106, 123, 129, 133, 142], aspect
ratio [140, 143]. Higher aspect ratio is obtained for well-dispersed nanotubes relative to
nanotube bundles making percolation threshold decrease with better dispersion. Bryning et
al. [140] reported a smaller percolation threshold with the higher aspect ratio nanotubes for
SWCNT/epoxy composites. The percolation threshold is also significantly affected by align-
ment of the nanotubes in the polymer matrix. In the alignment condition, there are fewer
contacts between the tubes which results in a reduced electrical conductivity and a higher
percolation threshold as compared to random orientation of nanotubes. It is a common notion
that chemical functionalization reduces the electrical conductivity of nanotubes through
disruption of the extended m-conjugation of nanotubes. However, it is also reported that
functionalization can improve the electrical properties of the composites [144-147]. Valentini
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et al. [146] concluded that the amine-functionalized SWCNT in epoxy matrix allows migration
of intrinsic charges raising the conductivity of the composite. Similar result is also obtained by
Tamburri et al. [147] for the functionalization of SWCNT with hydroxyl and carboxylic groups
in 1,8-diaminophthalene. Therefore, it is established that negative effects of functionalization
for SWCNTs conductivity are often counterbalanced by the improved dispersion caused by
functionalization, with overall effect leading to positive outcome.

5.2. Thermal properties

Due to the excellent thermal conductivity of CNTs, some efforts have been made to incorpo-
rate them into various polymer matrices to improve thermal conductivity of formed compo-
sites [148-153]. It is found that, besides CNTs content, the thermal conductivity of CNT/
polymer nanocomposites also depends on state of their dispersion and alignment as well as
aspect ratio and the presence of metal impurities. Biercuk et al. [150] synthesized an epoxy
composite with 1 wt% raw laser-oven SWCNTs that showed a 125% increase in thermal con-
ductivity at room temperature. Choi et al. [154] reported a 300% increase in thermal conduc-
tivity at room temperature with 3 wt% SWCNTs in epoxy. They also obtained an additional
10% increment in case of magnetic alignment. Du et al. [155] reported an infiltration method
with an epoxy and a nanotube-rich phase showing a 220% increase in thermal conductivity
at 2.3 wt% SWCNTs loading. Among various CNTs variants (SWCNTs, MWCNTs,
DWCNTs) in epoxy composites, the MWCNTs are found to most significantly improve the
thermal conductivity of polymer composites. This is due to their relatively low interfacial
area (therefore, less phonon scattering at the interface) and the existence of shielded internal
layers which promote the conduction of phonons and minimizes the matrix coupling losses
[149]. Besides, thermal conductivity improvement, CNTs are also known to improve the
thermal stability of the polymer composites. This may be attributed to better heat dissipa-
tion characteristics. Nevertheless, these good thermal conductivity nanocomposites are con-
sidered very promising candidates for a number of applications such as thermal interface
materials, heat sinks, printed circuit boards, connectors and other high-performance thermal
management systems.

5.3. Mechanical properties

The outstanding intrinsic mechanical properties of CNTs (including ultra-high-specific
strength and modulus) make them especially lucrative as fillers in CNT-polymer nanocom-
posite materials. Due to these properties, only they were talked about as filler material for
composite cables for NASA’s fascinating project of space elevator [156]. Therefore, several
efforts have been made in the past, to translate the fraction of exceptional mechanical prop-
erties of CNTs into formed nanocomposites.

In general, the tensile modulus and strength of CNT-polymer nanocomposites increase with
nanotube loading (Figure 12a-c), dispersion, and alignment in the polymer matrix [14, 20,
21, 27, 114, 128, 129] However, unlike modulus (Figure 12c), the tensile strength (Figure 12b)
does not follow a monotonic increase [14, 20] with CNTs loading, due to CNTs re-aggrega-
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Figure 12. (a) Stress—strain profiles of SWNT-nylon-6 composite fibres at different SWCNT loadings. Reproduced from
[157] with permission from ACS. (b) Tensile strength and (c) tensile modulus of epoxy nanocomposites containing var-
ious % loadings of pure CNTs (p-CNT) and amino functionalized (CNT-NH,). Reproduced from [158] with permission
from ACS. (d) Typical stress—strain curves for (i) electrospun pure PAN terpolymer nanofibre sheets; (ii) electrospun
PAN terpolymer nanofibre sheets with 2 wt% loading of grafted MWCNTs; (iii) hot-stretched pure PAN terpolymer
nanofibre sheets; (iv-vi) hot-stretched PAN terpolymer nanofibre sheets with 1, 2 and 3 wt% loadings of grafted
MWCNTs, respectively. Reproduced from [159] with permission from ACS.

tion, viscosity buildup issues, incomplete CNTs wetting by polymer and their poor disper-
sion. Therefore, optimum CNTs loading and means to overcome above negative factors are
keys towards realizing composites with good mechanical properties. It is observed that the
theoretical predictions of mechanical properties and experimental findings often differ due
to the number of issues including the presence of voids, lack of perfect orientation, poor fill-
er dispersion and insufficient load transfer due to the lack of interfacial adhesion. Moreover,
nanotube agglomeration decreases the modulus of the nanotubes compared to that of isolat-
ed nanotubes because the nanotubes involve only weak dispersive forces between them. Ac-
cording to the molecular simulation studies and elasticity calculations done by Liao et al.
[160], when the atomic bonding between the nanotubes and the matrix is not present, there
are basically two sources of nanotube/matrix adhesion (i) electrostatic and van der Waals in-
teractions and (ii) stress/deformation resulting from the difference in the coefficients of ther-
mal expansion between the filler and matrix. The functional groups on the nanotube
sidewalls are known to improve the compatibility with the polymer matrix. This facilitates
interfacial load transfer via CNT/polymer bonding leading to improved mechanical proper-
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ties [14, 20, 158]. The stress—strain profile of these composites give a 153 and 103% increase
in Young’s modulus and tensile strength, respectively (Figure 12a). The importance of CNTs
alignment has also been highlighted [20, 114, 159], and it is shown that the aligned CNTs-
based nanocomposites (Figure 12d) display better strength and modulus in orientation di-
rection compared to those based on random CNTs alignment. In spite of so many pros and
cons, these lightweight yet structurally strong CNTs-based nanocomposites are considered
as promising material for structural applications, for example bullet proof garments or body
armours, aircraft or automobile parts, industrial components.

5.4. Dielectric properties

It has been demonstrated that the incorporation of CNTs within insulating or conducting
polymer matrices leads to improvement of dielectric properties [21, 23]. This can be attribut-
ed to the localization of charges at the CNTs/polymer interfaces, resulting in Maxwell-Wag-
ner interfacial polarization. As a result, both real and imaginary permittivity of the polymer
composites scales with CNTs loading (Figure 13).
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Figure 13. Complex permittivity spectra of the composites using “long-SWCNTs” with loading from 0.01 to 15 wt%.
Reproduced from [161] with permission from Elsevier.

The parameter ¢ ’ (real permittivity) represents the charge storage (or dielectric constant),
whereas ¢ ” (imaginary permittivity) is a measure of dielectric dissipation or losses. It is found
that dielectric properties are dependent on the CNTs’ aspect ratio, actual length, functionali-
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zation/doping status and loading level as well as nature of polymeric matrix and employed
processing technique [21, 161]. Such properties are best interpreted in terms of effective
medium theory and have direct influence on electromagnetic wave-blocking characteristics of
the CNTs/polymer nanocomposites.

5.5. Rheological properties

The rheological properties of CNT/polymer nanocomposites have significance for composite
processing as well as a probe of the composite dynamics and microstructure. At high frequen-
cies, the response is almost independent of the filler concentration, indicating that the short-
range polymer dynamics are not influenced by the nanotubes. The glass transition
temperatures of the composites remain constant in the absence of strong interfacial bonds and
for low nanotube loadings. At low frequencies, with the increase of nanotube concentration,
the rheological behaviour gradually shifts from a liquid-like behaviour to a solid-like behav-
iour. This is in accordance with earlier findings in silicate nanocomposites [162]. Applying a
power law function to the data provides a rheological percolation threshold associated with
the onset of solid-like response. As observed with respect to electrical percolation, the
rheological percolation also depends on aspect ratio, nanotube dispersion and alignment. In
a study by Mitchell et al. [163], the effect of dispersion was demonstrated by functionalizing
SWCNT such that the rheological percolation threshold decreased from 3 wt% when using
pristine SWCNT to 1.5 wt% in functionalized SWCNT/polystyrene composites.

Potschke et al. [164] also showed the temperature dependence of the rheological percolation
threshold. In SWCNT/ PC composite, the percolation threshold decreases from ~5 to ~0.5 wt
% MWCNT when the temperature rises from 170 to 280°C. Besides, elucidating structural
information, rheological properties also provide useful information about the processability
of the nanocomposites.

6. Application of CNT/polymer nanocomposites

As already discussed, incorporation of CNTs inside various polymer matrices enables the
formation of advanced nanocomposites with improved or even novel set of electrical, thermal,
mechanical, electrochemical or electromagnetic properties. Accordingly, they are known to
display a number of dependent applications, which are described in details in the following
section.

6.1. Electromagnetic interference (EMI) shielding

The excellent electrical conductivity and high aspect ratio of CNTs compared to other carbon-
based fillers (e.g. carbon black, graphite, carbon fibre) and their excellent corrosion resistance,
low density along with ultra-high-specific strength compared to metals, inspired the designing
of CNTs-based polymer composites. Both SWCNTs- and MWCNTs-based composites have
been prepared by their incorporation in various polymer matrices (e.g. insulating thermo-
plastic or thermosetting polymers, conjugated polymers), and their EMI SE performance was
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measured [14, 21,23, 97,106,128, 129, 165, 166]. The introduction of CNTs inside host polymeric
matrices leads to improvement of electrical conductivity as well as real- and imaginary-
permittivity values [14, 21]. These are direct manifestations of increase in number of conduct-
ing links and interfacial polarization phenomenon and lead to improvement in SE

(Figure 14).
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Figure 14. EMI shielding effectiveness (plots labelled A-D) for SWNT-polymer materials (wt% 3-15) studied in this
work (10 MHz-1.5 GHz). Plots labelled (E-H) are higher-frequency data on MWNT-based material presented for com-
parison: (E) MWCNTs in PS; (F) MWCNTSs in PMMA; (G) MWCNTs in epoxy resin and the value of the y axis for G is
the reflection loss; (H) MWNTs in silica. Impact of wall integrity and aspect ratio on the EMI shielding effectiveness of
the composites containing 10 wt% SWCNTs. Reprinted from [166] with permission from ACS.

The SE value also depends upon the nature of polymer matrix (Figure 14a), CNT-loading level
and state of CNTs de-agglomeration/dispersion. Besides, CNT aspect ratio and wall defects
(Figure 14b) also play crucial role in deterring shielding performance [14, 166]. In general,
composites based on higher aspect ratio CNTs tend to display higher conductivities and better
real and imaginary permittivity values compared to low aspect ratio CNTs, which gets
reflected in terms of better shielding performance of the former. Further, annealed CNTs
(containing very low defects)-based composites display superior shielding performance
compared to unannealed CNT-filled composites.
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Figure 15. (a) Variation of reflection (SE) and absorption (SE,) losses with MWCNT loading and magnified SEM im-
age (inset) showing dispersed CNTs and voids, (b) Schematic representation of radiation shield interaction and in-
volved multiple internal reflection (MIR) phenomenon. Reprinted from [106] with permission from Springer.

It has also been demonstrated that increased interfacial polarization and improvement of CNT
dispersion via surface coating of conducting polymers [23, 106] lead to improvement of
shielding response in the composites. It is suggested that CNTs networks inside composites
trigger multiple reflections (Figure 15b), which are considered beneficial for improvement of
absorption and overall shielding (Figure 15a). As the high CNT loading is required (where
mechanical properties often degrade due to agglomeration and inhomogeneous filler disper-
sion issues) for achieving high shielding performance, some efforts have also been made to
prepare high CNT loading (>10 wt%) yet mechanically strong composites via melt recirculation
aided extrusive mixing [128, 129]. These composites display good shielding effectiveness.
Recently, it is shown that at relatively low CNTs loading (<4 wt%), high aspect ratio and long-
length CNTs-based composites display better shielding performance, whereas at higher (>4 wt
%) CNTs loading, low aspect ratio and low-length CNTs-based composite show superior SE,
probably due to the complex interplay between, impedance matching, interfacial polarization
and multiple reflection phenomenon [128].

6.2. Supercapacitor electrodes

CNTs, due to their superior electrical properties, good mechanical and thermal stability,
readily accessible surface area and unique pore structure are an attractive candidate for
supercapacitor electrode applications [167, 168]. The composite formation strategy, involving
incorporation of CNTs into various conjugated polymers (e.g. PANI, PPY) matrix, is consid-
ered an effective solution for improving the mechanical and electrochemical properties of
electrodes [102, 103, 168-171]. For example, the sulfonated multiwall carbon nanotube
(MWCNTs) in the composites [102] can greatly improve the cycle stability of PANI (Fig-
ure 16, left image), only showing 5.4% loss from their initial specific capacitance even after
1000 cycles. This was attributed to the use of MWCNTSs with exceptional mechanical properties
as a support and the formation of the charge-transfer complex, which could reduce the cycle
degradation problems of PANI caused by volume changes or mechanical problems [102, 168].
Similarly, sulfonated-MWCNT/polypyrrole nanocomposite (MWCNTs/C-SO,H/PPy) [170]
exhibited good rate ability, high-specific capacitance (357 F/g), and high-specific capacitance
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retention rate (specific capacitance loss was only 3% even after the 1000 cycles). Apart from
preserving the conducting polymer active material from mechanical changes (such as shrink-
age and breaking) during long cycling, CNTs also improved the charge transfer characteristics,
thereby facilitating the realization of high charge/discharge rates [103, 171].

It has also been realized that due to their excellent electrical and mechanical properties and
open tubular mesoporous network structure, CNTs can as act good support materials for
pseuocapacitive materials like conjugated polymers [167, 168]. Zhang and co-workers [167]
have reported the use of a carbon nanotube array directly connected to the current collector
(Ta foil) as the support to make composite electrodes with hierarchical porous structures. The
electrochemical studies have shown that these PANI/CNT composite electrode (Figure 16,
right image) with nanosize hierarchical porous structure, large surface area, and superior
conductivity had high-specific capacitance (1030 F/g), superior rate capability (95% capacity
retention at current density of 118 A/g), and high stability (i.e. only 5.5% capacity loss after
5000 cycles) between potential window of 0.2 to +0.7 V (vs. SCE) in 1.0 M H,SO, electrolyte.
These results are considered as manifestations of efficient charge transport (in the composite
electrode); high-specific capacity (due to the efficient utilization of electrode materials);
improved ionic conductivity; and countering of mechanical stability problems or volume
changes by CNTs. Some efforts have also been made to deposit conjugated polymer over
CNTs-based membranes to be directly used in supercapacitor with metal backing. For
example, pulsed electrochemically deposited PPy over MWCNT membrane-based electrode
[172] displayed remarkable specific capacitance of 427 F/g. Similarly, attempts have also been
made to combine composite and paper electrode strategy, for example Oh et al. [173] prepared
the highly porous sheets comprised of SWCNT/PPy composite by vacuum filtration of
SWCNT/PPy methanol dispersions. The nanotube network provided mechanical strength and
improved electrochemical performance of the nanocomposites. The highest specific capaci-
tance of 131 F/g was obtained for nanocomposite with 1:1 SWCNT: PPy ratio.

6.3. Photovoltaics

The excellent electron transport properties of carbon nanotubes (CNTs) and their larger
electron affinity compared to available polymer-based light-harvesting donors prompted to
use them in bulk heterojunction (BHJ)-type hybrid solar cells. Their acceptor characteristics
have been demonstrated by their ability to rapidly quench (at very low CNTs loading) the
photoluminescence (PL) of polymer-based donor [100, 101, 174-176] which is a direct evidence
of charge transfer from polymer (donor) to CNTs (acceptor). Further, CNTs also act as good
transporter for exciton dissociation generated electrons. The initial effort in the direction [39]
demonstrated that incorporation of 1% SWCNTs inside poly(3-octylthiophene) (P30T) donor
lead to efficient exciton dissociation and improved open-circuit voltage (V). Another study
has highlighted the influence of SWCNTs on the crystallinity enhancement and morphology
improvement (continuous interpenetrating network formation) in poly(3-hexylthiophene)
(P3HT)-based solar cells [176]. It is also outlined that workfunction of P3HT-modified
SWCNTs increases due to the shifting of Fermi level towards vacuum level, leading to the
improvement of Vc. Another work [174] showed that the solar cells BH] active layer based
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Figure 16 Cycle stability of (a) PANI nanorods, (b) PANI/sMWCNT-2, and (c) PANI/sMWCNT-4 electrodes in the volt-
age range of —0.2 to 0.75 V at a current density of 1 A/g (left image). Reproduced from [102] with permission from
Elsevier. Schematic representation of the microstructure and energy storage characteristics of a polyaniline/carbon
nanotube (PANI/CNT) composite electrode (right image). Reproduced from [168] with permission from RSC.

on semiconducting SWCNTS (s-SWCNTs)/P3HT blend (Figure 17a) form nanofilaments
(Figure 17b) which helps in preventing bundling of s-SWCNT via formation of core shell
structures (Figure 17c and inset).
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Figure 17. (a) Device structure of SWCNT/P3HT nanofilament BHJ layer-based solar cells. (b) AFM phase image of
P3HT/s-SWCNT nanofilaments in a sample with 3 wt% SWCNT showing the worm-like morphology of the active lay-
er. (c) Bright field TEM image of P3HT/s-SWCNTs blend having 3% s-SWCNT and schematic (inset) of P3HT coating
over SWCNTs. (d) Band diagram for P3HT/s-SWCNTs interfaces and Voc. (e) Dependence of Jsc and Voc on the load-
ing concentration of SWCNTs. Reproduced from [175] and [174] with permission from AIP and ACS respectively.

Such ordered configuration containing synergistic combination of s-SWCNTs and P3HT lead
to improvement of charge separation, Voc improvement (Figure 17d) and efficient carrier
transport, which collectively contribute towards light-to-electricity conversion efficiency
enhancement (Figure 17e). The role of CNT content has also been investigated, and it was
pointed that short-circuit current (Jsc) and Voc of devices critically rely on the SWCNT loading
(Figure 17e). For example, in the present system, both the Jsc and Voc display proportionate
increases up to 3 wt% (V.. of 1.04 V and Jsc of 1.99 mA/cm? CNT content and decreases
afterwards. Duly supported by morphological and electrical studies that was ascribed to the
formation of optimal co-continuous interpenetrating-type morphology only around 3 wt% s-
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SWCNT loading. Above this value, phase segregation takes place, thereby decreasing the
exciton breaking and charge transport efficiencies. It has also been shown that P3HT/s-SWCNT
BH]Js can generate photocurrent from photons absorbed both in the P3HT and in the s-SWCNT
and can achieve an IQE of 26% in the near-infrared region. Another work demonstrated that
incorporation of MWCNTs into the P3HT/C60 BH]J layer increased the fill factor by 20% with
a corresponding improvement of efficiency compared to the polythiophene/Cy, bilayer device
containing no MWCNTs [175].

6.4. Thermoelectrics

Recently, several attempts have been made to combine the excellent electrical conductivity,
tunability of Seebeck coefficient, outstanding mechanical properties and good thermal stability
of CNTs with the solution processabilty, low thermal conductivity, cost advantages and facile
and scalable synthesis of conducting polymers. In particular, nanoscale heterostructuring is
considered as good approach to regulate thermopower and electrical/thermal conductivity. In
early attempts, conducting polymer/CNTs nanocomposites [105, 177, 178] (e.g. PANI/CNTs
and PEDOT/CNTs) were synthesized by in situ polymerization (Figure 18a) to introduce
heterojunctions and to see the effects of constituents on thermoelectric properties.
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Figure 18. (a) Schematic representation of the formation of CNT/conjugated polymer by in situ polymerization leading
to coating of nanotubes by polymer and formation of heat/electricity flow regulating nanojunctions. (b) Electrical con-
ductivities and thermopower (i.e. seebeck coefficient) and (c) Power factor for the CNT/PEDOT-PSS composites. Re-
produced from [179] with permission from ACS.

The presence of the heterojunctions is expected to improve the thermoelectric transport
properties, that is obstructing the heat flow and favouring the electronic conduction. Indeed,
it has been observed that poly(3,4-ethylenedioxy-thiophene)-poly(styrenesulfonate) (PE-
DOT:PSS)/CNTs composites display improved electrical conductivity without significantly
altering or decreasing thermopower (i.e. seebeck coefficient) (Figure 18b), ultimately resulting
in improved power factor (PF) (Figure 18c¢). This behaviour results from thermally discon-
nected, but electrically connected junctions in the nanotube network, which makes it feasible
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to tune the properties in favour of a higher thermoelectric figure of merit [178, 180]. Similarly,
when bundle of CNTs were coated and bounded by PANI, the thermally insulating PANI
interfacial layer can act as energy filters, which allow the high-energy carriers to pass and
scatter the low-energy carriers, thereby increasing the Seebeck coefficient [177]. Furthermore,
the growth of PANI over CNTs forms an ordered chain structure [105] which reduced the
-1 conjugation defects along the PANI backbone causing increase in carrier mobility (i.e.
increased electrical conductivity). As a result, the composite possesses similar thermal
conductivity as that of pure PANI (though orders of magnitude lower than pure CNTs) but
significantly improved PF compared to pure PANI or CNTs (Figure 19)
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Figure 19. Seebeck coefficient and electrical conductivity (a), power factor and thermal conductivity (b) of SWCNT/
PANI composites with different SWCNT content. The dashed line is the calculated electrical conductivity and thermal
conductivity based on the particle mixture rule. Reprinted from [105] with permission from ACS.

Besides ordering-induced improvement in carrier mobility, such systems also show aniso-
tropic thermoelectric properties [181] with more than a doubled improvement of power factor
in the orientation direction. This provides a novel and effective way of improving the ther-
moelectric properties of conducting polymers.

In addition to conducting polymers, efforts have also been made to combine CNTs with
conventional insulating polymers to improve thermoelectric PF. For example, in polyvinyli-
dene fluoride (PVDF)/SWCNT composite [182] thin films-based systems, due to the decrease
in CNTs content (from 100 to 5 wt%), the beneficial effects of increasing Seebeck coefficient
and decreasing thermal conductivity were outweighed by negative effect of decreasing
electrical conductivity, resulting in an increase in a thermoelectric figure of merit (ZT).
Similarly, CNT/poly(vinyl acetate) (PVAc) composites [104] show highest thermoelectric
performance at 20 wt% CNTs loading, with an electrical conductivity of 48 S/cm, thermal
conductivity of 0.34 W/mK and room temperature ZT value larger than 6 x 107 Besides, in
addition to improvement in thermoelectric properties, due to their exceptional mechanical
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Figure 20. Effect of MWCNTs contents on the stress—strain curves for PA membranes. Reprinted from [183] with per-
mission from Elsevier.

properties CNTs are also expected to improve the mechanical properties of their composite-
based thermoelectric materials (both bulk materials and thin films).

6.5. Water purification

In recent past, membrane-based filtration techniques have emerged as potential alternatives
for waste water purification applications. Owing to their cost-effective facile synthesis, good
thermal stability, high mechanical strength and biocompatibility, polymers such as polysul-
fone, polyamides, cellulose nitrate, polyethersulfone, membranes are the most promising/
preferred. However, due to very small pore size, bacteriological contamination and pore
blockings by adsorption of inorganic/organic impurities; low throughput and fouling are the
common limitations of these membranes. In this context, CNTs owing to their strong antimi-
crobial activity, tunable surface chemistry and high mechanical strength have emerged as
promising filler candidate for making composite membranes with improved antifouling
characteristics and mechanical strength. Shawky et. al. [183] has synthesized a MWCNT/
polyamide nanocomposite membrane which exhibited excellent mechanical strength
(Figure 20) and very good salt rejection ability with high permeability (Table 2).

The continuous network formation between structurally compact aromatic polyamide matrix
and CNTs is solely responsible for high mechanical strength, good salt rejection ability though
at the expense of slightly lower permeability.
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MWCNTs loading (mg/g) Permeability (L/m?*h bar) Flux (L/m?h) Salt rejection (%)
0 0.76 +0.08 32+07 24+1.1
2.5 0.75+0.09 32+04 28+1.0
5 0.73 +0.07 31+1.1 35+0.7
10 0.72+0.10 30+£09 69+09
15 0.71+0.11 28+0.8 76+1.1

Reprinted from [183] with permission from Elsevier.

Table 2. Membrane performance as a function of different MWCNTs loading at constant PA concentration (10%).

However, these membranes suffer from fouling tendency as the incorporation of hydrophobic
CNTs in polyamide membranes leads to facile irreversible adsorption of organic/inorganic/
biological impurities. It is shown that the fouling problems can be circumvented by altering
the surface morphology of the membrane. Since CNTs can be easily transformed from
hydrophobic to hydrophilic by acid treatment; therefore, incorporation of CNTs functionalized
with hydrophilic/amphiphilic groups is considered very advantageous for long-term uninter-
rupted performance of theses membranes [184-188]. In this direction, Choi et. al. [187] have
fabricated a polysulfone/MWCNT hybrid membrane by phase inversion process. The surface-
modified MWCNTs provide hydrophilicity and conductivity to the membrane. The authors
reported that the pore size of the membrane increased with increase in CNT loading up to
1.5 wt% but further loading of CNTs increased viscosity of blend solution which led to decrease
in pore size. The membrane with 4 wt% of MWCNT has pore size just smaller than pure
polysulfone membranes and exhibited higher flux and good salt rejection ability. Nevertheless,
the CNTs reinforced polymeric membranes are still a new concept and more efforts in the
direction are necessary to further improve their performance and address the negative
influence on permeability.

6.6. Gas and chemical vapour sensors

The major drawbacks such as high operating temperature, elevated costs and complex
fabrication protocols associated with the conventional metal oxide-based sensors have
prompted researchers to look for new avenues to come up with new materials not plagued by
these shortcomings. This insatiable quest has unfolded the arena of CNTs-based polymer
nanocomposites. The synergistic combination of the remarkable electrical transport and
mechanical properties of CNTs and easily tailorable electroactive nature of conducting
polymers has the potential to give one of the best-sensing platforms for the efficient gas/
chemical vapour detection [99, 189]. Therefore, dedicated efforts have been made to combine
CNTs with various conducting polymers such as polyaniline [190-192], poly(3,4-ethylene-
dioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS)[193], polypyrrole (PPy) [194], hexa-
fluoroisopropanol substituted polythiophene (HFIP-PT), poly(3-hexylthiophene) (P3HT)
[195], poly 3-methyl thiophene [98], to fabricate portable, more stable, highly sensitive, cost-
effective and energy efficient chemiresistors especially for the detection of extremely minute



Carbon Nanotube-Based Polymer Composites: Synthesis, Properties and Applications
http://dx.doi.org/10.5772/62497

quantities of environmentally hazardous analytes. In general, incorporation of CNTs tends to
improve the mechanical strength, charge transport properties, porosity and specific interac-
tions (due to high-specific surface area available for physico-chemical adsorption) with
analytes (gas or chemical vapour), whereas conducting polymer contributes towards electro-
activity and improved CNTs dispersion (thus better film formability compared to pristine
CNTs). Therefore, the CNTs/conducting polymer nanocomposites often display improved
sensitivity, response or selectivity.

The chemical functionalization of CNTs can also help to improve the affinity for one specific
analyte species over another during the sensing of analyte mixture. For example, chemically
polymerized 3-methylthiophene in the presence of COOH-functionalized MWCNTs, mixed
with polyethylene oxide (used as a binder) deposited between two palladium electrodes was
sensitive to chloromethanes (CH,Cl, CH,Cl,, CHCl,;, CCl,, CH,) with fast response times [98].
However, it was not sensitive to acetone, acetaldehyde, benzaldehyde, tetrahydrofuran,
methanol, and ethanol vapours providing high selectivity. The functionalized carbon nano-
tubes (CNT) with acidic groups (e.g.~COOH) have capability to doped PANI and can improve
the sensing performances, for example good selectivity towards chloroform vapour over the
other chlorinated methane vapour [192]. The targeted functionalization of CNTs by conducting
polymer via electrochemical route is demonstrated to facilitate creation of high-density
individually addressable nanosensor arrays, with improved sensitivity, detection limit and
reproducibility [191].

It is also shown that oxygen plasma treatment of CNTs and their alignment in the nanocom-
posites film can improve the sensing performance in terms of sensitivity, selectivity, rapidity
of response, good reversibility and stability [193]. Such effects are considered as manifestations
of improved morphology and charge transport properties of thin film. For example, oxygen
plasma functionalized and dielectrophoretically aligned CNTs-loaded PEDOT film-based
sensors display (Figure 21) excellent responses for detection of 2-300 ppm NH; and 6-1000 ppb
trimethylamine gases at room temperature. The presence of CNTs is conjugated polymer
matrix is also known to improve sensitivity due to increase in degree of interactions during
adsorption or desorption of the analyte [194]. For example, the sensitivity for NO, gas of
polypyrrole —single-walled CNT nanocomposite is about ten times higher than that of pristine
polypyrrole due to increase in the specific surface area by uniform polypyrrole coating on the
single-wall CNTs. Nevertheless, though CNTs/polymer composites demonstrated to display
improved sensing performance, the detailed sensing mechanism is still unclear, the cross-
selectivity is poor and delayed recovery, stability and performance drift are the major issues
to be resolved.

7. Conclusion and future directions

In conclusion, it is notable that CNTs-based polymer nanocomposites present an array of
possibilities for their use in various technology developments. The electrical properties and
dependent applications of CNTs-based nanocomposites (e.g. EMI shielding, antistatic) are
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Figure 21. Selective response of the drop coated and AC-DEP assembled PEDOT/PSS-SWCNTSs nanocomposite films to
various vapours of 10 ppm. Reproduced from [193], with permission from Elsevier.

already satisfactory, though the scope for improvement cannot be ruled out especially in terms
of cost reduction. In the context of thermal properties, CNTs-polymer nanocomposites with
good thermal stability and appreciable thermal conductivity have already been exploited for
heat sink and thermal-interfacing applications. However, for mechanical properties in
particular, some key challenges need to be addressed and resolved so that the full potential of
CNTs can be realized. Out of these challenges, the ability to acquire homogeneous dispersion
of CNTs and their alignment in the polymer matrix remain major bottlenecks. The limitations
faced due to this adversely affect the available filler surface area and thus the load transfer
between the filler and the matrix leading to a compromise in terms of mechanical properties.
With the increased understanding of functionalization chemistry in the recent years, the issue
of dispersion has been partly circumvented. However, to compete with the existing carbon
fibre-based nanocomposites, further efforts are needed in this direction. Novel functionaliza-
tion routes are needed which enable maximum possible homogeneity in CNTs dispersion with
least sacrifice on the part of mechanical properties of nanocomposites. Due to the large costs
involved in the synthesis and processing of these nanocomposites, their commercial viability
also needs mention in terms of key challenges. Furthermore, the high thermal conductivity of
CNTs can be capitalized only when the high interfacial thermal resistance of nanotube
networks can be minimized. In a nutshell, the future of CNTs-based polymer nanocomposites
decisively hinges on the success achieved in the address of these key challenges.
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Abstract

Aligned carbon nanotube (CNT) composites have attracted a lot of interest due to their
superb mechanical and physical properties. This article presents a brief overview of the
synthesisapproachesofaligned CNT composites. The three majormethods for fabricating
aligned CNT fibers are first reviewed, including wet-spinning, dry-spinning and floating
catalysts. The obtained CNT fibers, however, have limited mechanical and physical
properties due to their porous structure and poor CNT alignment within the fibers.
Appropriate treatments are required to densify the fibers to enhance their properties. The
mainapproachesforthe densification of CNTfibersare thendiscussed. Tofurtherenhance
load transfer within CNT fibers, polymer infiltration is always used. Typical studies on
polymer infiltration of CNT fibers are reviewed, and the properties of the obtained
composites indicate the superiority of this composite fabrication method over the
conventional dispersion method. Since aligned CNT composites are usually obtained in
structures of long fiber or thin film, it is difficult to measure the thermal conductivity of
these composites. An off-lattice Monte Carlo model is developed to accurately predict the
thermal conductivity of aligned CNT composites.

Keywords: Aligned CNT composite, CNT fiber, fiber densification, polymer infiltra-
tion, Monte Carlo model

1. Introduction

Both single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs), which possess
remarkable multifunctional properties such as high Young’s modulus of 1 TPa [1], ultrahigh
thermal conductivity of 2000-3500 W/mK [2,3], and outstanding electrical conductivity of 3x10*
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S/cm [4], have attracted much attention over the past decades [5]. Carbon nanotubes (CNTs)
have been considered promising effective additives for developing high-performance compo-
sites. Currently, in the widely-used approaches for fabrication of CNT-based composites, CNTs
arerandomly dispersed into the matrix. This approach, however, typically resultsinlow volume
fraction, poor dispersion and random orientation of CNTs in matrices, inducing very limited
enhancementsand muchlower propertiesthanexpected. Toovercome theselimitations, various
CNT Structures such as buckypapers [6], CNT arrays [7-9], and CNT yarns [10] have been
developed to pre-arrange the CNTs prior to fabricating composites.

Among those CNT post-treatments, assembling CNTs into CNT fibers has attracted tremen-
dous attention. In general, there are three major methods for production of CNT fibers: (1) wet-
spinning from CNT/acid or polymer solutions [11-13]; (2) dry-spinning from vertically aligned
CNT arrays [10,14-17]; and (3) direct-assembling from CNT aerogels formed in chemical vapor
deposition (CVD) [5,18-24]. The first method is also known as the wet-spinning method, while
the others are known as dry-spinning methods.

The obtained CNT fibers commonly possess satisfactory mechanical and electrical properties
[5], and even higher strength and better flexibility than commercial carbon fibers and polymer
fibers [25]. In order to further improve their properties (mechanical strength in particular),
polymer infiltration is usually performed on the CNT fibers to obtain CNT fiber/polymer
composites. The polymer can greatly enhance the inter-tube load transfer, inducing high
mechanical strength of the composites.

2. Methods for assembling CNTs into CNT fibers

2.1. Spinning from CNT Solution

In 2000, Vigolo et al. [11] first fabricated CNT ribbons and fibers via the coagulation spinning
approach that was widely used to synthesize polymer fibers. Figure 1(a) shows the schematic
of the experimental setup used to make nanotube ribbons. In this method, SWNTs are
homogeneously dispersed in a solution of sodium dodecyl sulfate (SDS), which helps prevent
CNTs from agglomeration. The CNT dispersion is then injected into the co-flowing stream of
a polymer solution that contains 5.0 wt.% of polyvinylalcohol (PVA) to form CNT ribbons, as
shown in Figure 1(b). Figure 1(e) shows a typical SEM image of the as-obtained CNT ribbon,
revealing a preferential orientation of the nanotubes along the ribbon’s main axis. After the
ribbons are washed and dried, most of the surfactants and polymers are removed. The ribbons
are collapsed into fibers due to capillary force, as shown in Figure 1(c). These fibers are more
flexible than traditional carbon fibers, as shown in Figure 1(d). The diameter of CNT fibers
varies from 10 to 100 um depending on fabrication conditions. The tensile strength, modulus
and electrical conductivity of the obtained fibers are 300 MPa, 40 GPa and 10 S/cm, respectively.
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Figure 1. (a) Schematic of the experimental setup used to make nanotube ribbons. (b—d) Optical micrographs of nano-
tube ribbons and fibers. (b) A single folded ribbon between horizontal and vertical crossed polarizers (scale bar = 1.5
mm); (c) A freestanding nanotube fiber between two glass substrates (scale bar = 1 mm); and (d) Tying knots reveals
the high flexibility and resistance to torsion of the nanotube microfibers. (e) Scanning electron micrograph shows
SWNT bundles are preferentially oriented along the main axis of the ribbon (scale bar = 667 nm) [11].

Vigolo’s technique is remarkable for further studies on fabricating continuous CNT fibers on
a large scale, although this technique has some disadvantages. For example, the drawing of
these as-spun gel fibers is slow (~1 cm/min), and the solid fibers are short (~10 cm) [26]. In
addition, the fibers' mechanical properties are low compared with those of component
individual nanotubes. Moreover, mechanical performance is improved, mostly because PVA
chains in a CNT fiber enhance load transfer efficiency between CNTs. However, the existence
of the non-conductive PVA leads to lower electrical and thermal conductivity of the obtained
CNT fibers than pure CNT sheets [27]. Thus, fibers composed solely of CNTs are desirable. In
2004, Ericson et al. [12] developed a method to fabricate well-aligned macroscopic fibers
composed solely of SWNTs. In this method, purified SWNTs are dispersed in 102% sulfuric
acid, which charges SWNTs and promotes their ordering into an aligned phase of individual
mobile SWNTs surrounded by acid anions. This ordered dispersion is extruded into continu-
ous lengths of macroscopic neat SWNT fibers. The obtained fibers possess a Young’s modulus
of 120 10 GPa and a tensile strength of 116 +10 MPa. Because these pure CNT fibers do not
contain polymers, they demonstrate better electrical and thermal properties than fibers
containing polymers, with an electrical conductivity of 500 S/cm and thermal conductivity of
~21 W/m K. In another method proposed by Behabtu et al. [13], high-quality CNTs are
dissolved in chlorosulfonic acid and extruded into a coagulant (acetone or water) to remove
the acid. The forming filament is further stretched and tensioned to ensure high CNT alignment
in the structure. The resulting fibers possess a Young’s modulus of 120 + 50 GPa and strength
of 1.0 + 0.2 GPa. The tensile strength shows a tenfold improvement over wet-spun fibers
fabricated using the method developed by Ericson et al. [12]. At the same time, they display
outstanding electrical conductivity (~29000 + 3000 S/cm) and thermal conductivity (~380 + 15
W/mK).

2.2. Spinning from vertically aligned CNT arrays

Just like drawing a thread from a silk cocoon, CNT fibers can be synthesized from a vertically
aligned CNT array. In 2002, Jiang et al. [10] spun a 30-cm-long CNT fiber from a CNT array
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(~100 um in height). In 2004, Zhang et al. [14] modified this technique by introducing twist
during spinning. In this method, the nanotube arrays (~30 pum in height) are grown on an iron
catalyst—coated substrate by CVD. Afterward, yarns are drawn from the array and twisted
with a variable-speed motor. Figure 2(a) and (b) clearly show the SEM images of the structures
formed during the spinning process. The obtained fibers have a tensile strength of ~460 MPa,
modulus of ~30 GPa and electrical conductivity of 300 S/cm.

Since then, many efforts have been made to optimize spinning processes and to improve the
performance of CNT fibers. Spinning fibers from higher CNT arrays can effectively improve
fiber performance. For example, Zhang et al. [15] reported the spinning of CNT fibers from
relatively long CNT arrays (0.65 mm), which resulted in the strength and Young’s modulus of
the CNT fibers reaching 1.91 GPa and 330 GPa, respectively. Furthermore, Li et al. [16] spun
CNT fibers from 1 mm CNT arrays. Their tensile strength reached up to 3.3 GPa, which is much
higher than that of CNT fibers from the 0.65 mm array. In aiming to achieve the goal of
providing a continuous process for the solid-state fabrication of CNT yarns from CNT forests,
Lepro et al. [17] spun fibers from CNT forests grown on both sides of highly flexible stainless
steel sheets, instead of the conventionally used silicon wafers, as shown in Figure 2(c), (d) and
(e). They reported that the catalyst layer is shown to be re-usable, decreasing the need for
catalyst renewal during a proposed continuous process.

Figure 2. (a) and (b) SEM images of a carbon nanotube yarn in the process of being simultaneously drawn and twisted
during spinning from a nanotube forest outside the SEM [14]; (c—e) Spinnable CNT forest grown on flexible stainless
steel substrate [28].

Studies have found that not all CNT arrays can be spun into fibers, and the degree of spinna-
bility of CNTs is closely related to the morphology of CNT arrays [29,30]. Several research
groups have made efforts to study the mechanism of spinning fibers from CNT arrays.
Kuznetsov et al. [28] developed a structural model for the drawing of sheets and fibers from
CNT arrays. Huynh et al. [30] studied the roles of catalyst, substrate, temperature, gas flow
rates, reaction time with acetylene, etc. to identify and understand the key parameters and
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develop a robust, scalable process. More recently, Zhu et al. [31] pointed out that the entangled
structures at the ends of CNT bundles are critical for the continuous drawing process. Further
fundamental studies of this mechanism are critical for fabricating spinnable CNT arrays and
improving the properties of CNT fibers.

2.3. Spinning from CNT aerogels

In both of the above-mentioned methods, individual CNTs are first produced in the form of
CNT powders or arrays. In this method, fibers are achieved through the post-process of
spinning. Unlike the in-direct methods, CNT fibers can be assembled directly in a CVD process
in which individual CNTs are synthesized. In 2000, Zhu et al. [18] first reported the direct
synthesis of 20cm long ordered SWNTs with a diameter of approximately 0.3mm using a
floating catalyst CVD method in a vertical furnace. In 2004, Li et al. [19] reported a method for
the direct spinning of long CNT fibers from aerogels formed during CVD. Figure 3(a) is a
schematic of this direct spinning process. In this method, reaction precursors are mixed and
introduced into a tube furnace operated at 1200°C. In a reducing hydrogen atmosphere, the

Ethanol s er
“— pray

CNT aerogel
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Figure 3. (a) Schematic diagram of the direct spinning process for CNT fibers [21]; (b) and (c)SEM micrographs of a
fiber that consists of well-aligned MWNTs [19]; (d) Schematic diagram of the CNT fiber-spinning process using a hori-
zontal furnace [24].

CNT fiber
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nanotubes form an aerogel in the hot zone of the furnace and are stretched into cylindrical
hollow socks which are then pulled and collected continuously out of the furnace as fibers.
Figure 3(b) and (c) show SEM images of the aligned CNT fibers after condensation by acetone
vapor. CNT fibers, spun directly and continuously from aerogels, demonstrate both high
strength (up to 357 GPa) and high stiffness (8.8 GPa), which are comparable to those of
commercial fibers [20].

3. Methods for enhancing CNT alignment

The as-spun CNT fibers fabricated using the above methods usually have a porous structure,
and the CNTs within the fibers have poor alignment [14,19,32]. Hence, the CNT fibers should
be further densified to obtain a more closely-packed structure and better alignment of the
CNTs. Since the van der Waals interaction strongly depends on the contact area between CNTs,
much space and many pores between CNT bundles could lower the degree of this interaction.
By applying the densification process, the densified CNT fibers can have reduced interspace
between CNTs and an improved contact area, leading to an increased van der Waals interac-
tion. As a result, these highly dense structures have a stronger van der Waals interaction
between CNT bundles, hence improving fiber performance [32-34].

3.1. Enhancing CNT alignment for fibers spun from the wet-spinning technique

While classical composite fibers consist of CNTs embedded in a polymeric matrix, fibers
fabricated by the wet-spinning technique consist of an interconnected network of polymers
and CNTs. The spinning conditions, such as the flow velocity of the polymer solution and the
injection rate of the CNT solution, has no measurable effect on the CNT orientation in the
resulting fibers. However, when the fibers are immersed in an appropriate solvent or heated,
the network of polymers and CNTs can be loosened and stretched, resulting in a significant
improvement in CNT alignment. For example, Vigolo et al. [35] enhanced the CNT alignment
of their SWNT/PVA fibers by re-wetting, swelling and re-drying the fibers vertically under a
tensile load with a weight attached to the end of the fiber. The solvent used in the study was
comprised of water, acetone and acetonitrile. Once re-wetted and swollen by the solvent, the
fibers could be stretched up to 160% with significantly improved alignment, as shown in
Figure 4. This indicates that the networks of CNTs and absorbed polymers form cross linked
assemblies that can be elastically deformed. As a result, their strength and stiffness increased
from 10 GPa and 125 MPa, to 40 GPa and 230 MPa, respectively, after the stretching.

Separately, Miaudet et al. [36] reported an increase in tensile strength of CNT/PVA fibers from
1.4 GPa to 1.8 GPa after the hot-stretched treatment. The reduction of PVA chain alignment
from +27° to as low as 4.3°, and the nanotube alignment to as low as 9°, suggested that better
alignment of the CNT and PVA chains was the main reason for the improved mechanical
performance of the hot-stretched fibers.
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23 um

Figure 4. SEM images of an as-spun fiber (a), and (b) a stretched CNT fiber [35].

3.2. Enhancing CNT alignment for fibers spun from dry-spinning and floating catalyst
techniques

CNT fibers spun from dry-spinning and floating catalyst techniques can be densified by
applying a mechanical force in their lateral direction. The densification methods can be
classified into two categories: indirect approaches (such as liquid densification, twisting [32],
drawing through dies [37], or an aligning and tension system [38]); and direct approaches (such
as rubbing/false twisting [39] and mechanical compression [40]).

3.2.1. Indirect approaches

3.2.1.1. Liquid densification

The alignment and mechanical performance of as-spun CNT fibers can be improved through
liquid densification. In this method, a liquid such as acetone or ethanol is absorbed into the
fibers and subsequently evaporated, resulting in a dense CNT structure. The fibers are
densified due to the surface tension of the solvent and the fiber diameter is reduced accord-
ingly. The densification process slightly improves nanotube alignment (Figure 5) and enhances
load transfer between nanotubes, ensuring that most of them are fully load-bearing. Liu et al.
[41] studied the mechanical properties of twisted fibers with and without acetone densification.
The diameter of the yarn changed from 11.5 to 9.7 um after shrinking. Although the maximum
strain of the yarn remained unchanged (~2.3%), the Young’s modulus (~56 GPa) of the shrunk
fiber was slightly greater than before shrinking (~48 GPa). Liu et al. [41] also reported a change
in diameter and maximum load of twisted fibers before and after shrinking. After acetone
shrinking, the diameter reduction ranged from 15% to 24%, and the load increase ranged from
15 to 40%, indicating that tensile strength was enhanced. Among common solvents (water,
ethanol and acetone) used to shrink CNT yarns, acetone showed the best shrinking effect.
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Figure 5. (a) SEM images of a twisted fiber before, and after shrinking (b) [41].

3.2.1.2. Twisting

The as-spun fiber is relatively loose with noticeable spaces between CNT bundles. Increasing
the twist angle is an effective method for densifying CNT fibers. Since it brings CNTs into
closer contact with each other, twisting improves the friction coefficient yu between CNTs,
therefore contributing positively to fiber strength [15]. Zhang et al. [15] compared the tensile
behaviors of twisted and untwisted CNT fibers spun from the same 650 mm height array. After
twisting, the diameter of the fiber decreased from 4 to 3 um (Figure 6), while tensile strength
increased from 0.85 GPa to 1.9 GPa [15].

Figure 6. SEM images of as-spun CNT fiber (a), and the same fiber after post-spin twisting (b) [15].

3.2.1.3. Drawing through dies

The as-spun CNT fibers can be densified by being drawn through dies of different diameters.
The average measured fiber diameter was determined by die size. Sugano et al. [37] densified
CNT fibers spun from CNT arrays by drawing them through densifying dies with different
diameters (d = 30, 35, 55, 75 um) (Figure 7(a)). The fibers were deformed elastically after
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drawing CNTs through the die, and their density increased with decreasing die diameter. As
CNT fibers are held together by van der Waals forces between MWNTs, these forces increased
due to higher apparent density with decreasing distance between MWNTs, as shown in
Figure 7(b). As a result, their strength was significantly enhanced after treatment.
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Figure 7. (a) Schematic view of untwisted CNT yarn in the process of being drawn from the aligned MWNT array and
past the sheet through a die; (b) SEM image of surface morphologies of the resulting CNT fiber.

3.2.1.4. Aligning and tension system

The aligning and tension system is one of the most effective methods of enhancing CNT
alignment and performance of CNT fibers. Tran et al. [38] first modified the traditional dry-
spinning process to improve CNT alignment of their CNT fibers (Figure 8(a)). In this modified
system, a capstan effect rod system (CERS) is added to a dry-spinning system to regulate
tension and torque to the fibers. As the fibers pass through a CERS, the increased tension
extends and aligns the bundles (Figure 8(b) and 8(c)). This process has two effects: (i) aligning
CNTs in the fibers during the initial tensioning; and (ii) condensing the CNT bundles. The first
effect increases contact length between bundles, and the second effect reduces the distance
between CNTs. The significant increase in fiber strength from 0.45 to 1.2 GPa after the treatment
is due to better alignment of the fiber bundles and higher fiber compaction.
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Figure 8. (a) The schematic of modified CNT yarn spinning; (b) SEM images of surface morphologies of CNT fiber
spun from traditional process; and modified process (c) [38].

Generally, the drawback of the indirect approaches is their low densifying forces. The liquid
densification method, for example, employs the surface tension of volatile solvents such as
acetone or ethanol to densify the CNT fibers. Its densifying force is therefore limited by the
low surface tension of the solvents used [32]. Similarly, the compressive force produced by
drawing CNT fibers through a die results from the drawing forces and the die size used. These
drawing forces are limited by fiber strength, while a significantly smaller die could damage
the fiber structure, resulting in poor strength [37]. Therefore, CNT fibers cannot be adequately
densified with these methods, and their performance remains unsatisfactory.

3.2.2. Direct approaches

Direct approaches are considered the best solution to overcome the above limitations. As the
densifying forces are applied directly to CNT fibers, the forces can condense the fibers into a
much denser structure [40].

3.2.2.1. Rubbinglfalse twisting

CNT fibers can be densified using several traditional textile twistless methods such as rubbing.
Miao et al. [39] used a rubbing roller system (Figure 9(a)) to densify CNT web drawn from a
vertically aligned CNT forest into a compact twistless yarn. As the system used a constant rate
false twisting process, there is only a temporary twist on the incoming side of the yarn, and
the yarn on the outgoing side (and thus the final yarn) will be twistless. As can be seen in
Figure 9(b), the resulting yarn consists of a high packing density sheath with CNTs lying
straight and parallel to the yarn axis, and a low density core with many microscopic voids.
With an increased contact length between CNT bundles in the high packing density sheath,
the mechanical performance of the core-sheath structured, twistless carbon nanotube yarns
are significantly higher than that of their corresponding twist-densified yarns.
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Figure 9. (a) The schematic of the core-sheath, twistless CNT yarn fabricated by a rubbing roller system; and (b) SEM
image of the resulting yarn.

3.2.2.2. Mechanical compression

Wang et al. [40] reported that CNT fibers densified by the pressurized rolling system showed
highly packed structures with a densification factor of up to 10 (Figure 10(a)). Moreover, the
densified fibers can reach an impressive average strength of 4.34 GPa, which is the highest
extrinsic CNT fiber strength reported to date [40]. In addition, Tran et al. [24] presented a
modified densification method to produce a highly packed CNT structure. As shown in
Figure 10(b), CNT fibers were sandwiched between two sheets of A4 paper and pressed by a
stainless-steel spatula with an applied force of approximately 100 N, at 45° to the fiber axis.
The spatula was subsequently slid across the A4 paper, along the fiber axis, to compress and
mechanically densify the fibers into a ribbon shape while the compressive force was main-
tained. The CNT ribbon in this study also showed a densification factor of up to 10, while the
strength and electrical conductivity of the densified fibers approached impressive values of
2.81 GPa and 12,000 S/cm, respectively. The study showed that the mechanical densification
treatment may have increased the CNT bundle size and inter-CNT contact, and induced better
alignment (Figure 10(c) and (d)), resulting in improved properties of the densified CNT fiber.

Figure 10. The schematic of mechanical densification methods using (a) pressurized rolling system, and (b) spatula;
SEM images of the surface morphology of the (c) as-spun CNT fiber, and (d) densified CNT ribbons [24].
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4. Mechanical and physical properties of aligned CNT polymer composites

The outstanding physical and mechanical properties of aligned CNT assemblies make them
promising for the research and development of high-performance composites. The final
properties of the composites are affected by many factors, such as, morphology of individual
nanotubes and impregnating method.

4.1. Impregnating method

Pure CNT assemblies including fibers and films have an ineffective load transfer between
CNTs as the CNTs interact with each other via weak van der Waals forces. Among all methods
used to enhance load transfer between CNTs, polymer impregnation is one of the most
effective treatments in enhancing the mechanical properties of CNT assemblies. This rein-
forcement mainly stems from the enhanced inter-tube load transfer and the crystallinity of the
impregnated polymer. Several impregnating methods are used to fabricate aligned CNT
polymer composites.

4.1.1. Dip coating/soaking

Dip coating or soaking is widely used to impregnate polymer into CNT assemblies. In this
method, CNT assembles are immerged into polymer solution for sufficient infiltration and
then taken out for curing. Liu et al. [32] reports the mechanical properties of PVA impregnated
fibers spun from CNT arrays. Figure 11 shows the schematic of the CNT/polymer fiber
manufacturing process and compares the tensile properties of a CNT/PVA fiber with two types
of pure CNT fibers. As can be seen, the CNT/PVA composite fiber with 19 wt.% PVA possesses
a tensile strength of 1.95 GPa. This result is 255% higher than that of simply twisting the CNT
fiber and 103% higher than that of a CNT fiber subjected to twisting and shrinking by acetone.
The greater strength of the CNT/PVA fiber stems from the decrease in fiber diameter due to
the high wettability between dimethyl sulfoxide (DMSO) and CNTs, and the increase in tensile
load due to improved load transfer efficiency between CNTs after PVA impregnation
(Figure 11(b)).
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Figure 11. (a) Schematic of the CNT/polymer fiber manufacturing process; and (b) stress-strain curves of a typical
SWNT/PVA yarn and two types of pure SWNT yarns. [32]
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Similarly, Tran et al. [24] reported an outstanding enhancement of the electrical and mechanical
performances of MWNT fibers through the combined treatments of mechanical densification
and epoxy infiltration. Compared to the mechanical performances of CNT fibers produced by
different post-treatments, the combined post-treatments employed in their study showed
better effects, with enhancement factors of more than 13.5 for tensile strength and 63 for
stiffness. After the first mechanical treatment, their condensed CNT ribbons achieved a tensile
strength much greater than that of the best CNT fibers spun with wet-spinning and array-
spinning methods, as shown in Figure 12. When further combined with epoxy infiltration, the
CNT/epoxy ribbons reached significantly greater strength (up to 5.2 GPa) and stiffness (up to
444 GPa), which are very comparable to those of commercial PAN carbon fibers as shown in
Figure 12. Furthermore, while the strength of their CNT/epoxy ribbons was comparable to that
of the best double-walled CNT (DWNT) ribbons produced by the floating-catalyst method
[40], their stiffness was much higher. The results suggest that by using a polymer infiltration
treatment, the performance of MWNT fibers with low electrical and mechanical properties
could achieve the performance of many other high-strength fibers.
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Figure 12. Comparisons of mechanical properties of the best CNT fibers from array-spinning [15] and wet-spinning
[13], ribbons from aerogel spinning, and PAN carbon fibers [40].

Liu et al. [23] fabricated CNT/polyimide aerogel (CNT/PIA) composite fibers by dip-coating
the CNT fibers in a sol solution, and then drying them using the supercritical CO, drying
process. In the CNT/PIA composite fibers, CNT fibers are tightly wrapped by porous polyi-
mide aerogel, showing a core-shell structure. This core-shell structure resulted in the light
weight, low density and high surface area of the composite fiber. Owing to the superior
properties of the CNT fibers (stiffness of ~450 MPa, tensile strength of ~83 MPa and electrical
conductivity of ~419 S/cm), the CNT/PIA composite fibers achieve significant enhancements
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in mechanical and electrical properties (stiffness of ~68.1 MPa, strength of ~11.6 MPa and
electrical conductivity of ~418 S/cm), compared with the pure PIA and other CNT/PIA
composite [42-46]. It was also found that the mechanical and electrical properties of CNT/PIA
composite fibers decline with an increase in the diameter of CNT fibers.

4.1.2. Resin transfer molding

Resin transfer molding (RTM) is a very common and cost-effective method to fabricate
composites in industries, in which the liquid resins are first injected to the preforms and then
cured to be solid. Given its capability of making composites with large sizes and complex
shapes, RTM is expected to be appropriate for preparing CNT/epoxy composites in large scale.
Liu et al. [5] developed aligned CNT/epoxy composite films by combining layer-by-layer and
vacuum-assisted RTM (VA-RTM) method using direct chemical vapor deposition (CVD)-spun
CNT plies. The CNTs in the plies are well-condensed during the VA-RTM process (Fig-
ure 13(a)), leading to much higher mass fractions of CNTs (up to 24.4 wt.%) compared with
those obtained from the conventional dispersion methods. Due to good alignment of the
condensed CNTs in the plies, the CNT/epoxy composite with 24.4 wt.% CNTs achieves ~5 and
~10 times enhancements in their Young’s modulus and strength, respectively. A high tensile
toughness of up to 6.39 x 10° kJ/m? was also obtained in the composite films, making them
promising candidates for protective materials, as shown in Figure 13(b). The electrical
conductivity of the aligned CNT/epoxy composites reaches as high as 252.8 S/cm for the
composite with 24.4 wt.% CNTs, which is ~20 times greater than that of the CNT/epoxy
composites obtained using dispersion methods [47-49].
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Figure 13. (a) Experimental set-up of the RTM process for preparing CNT/epoxy films; and (b) The CNT weight frac-
tions and the thickness of CNT/epoxy composite films as a function of CNT plies. [5].

4.1.3. Spray winding and layer-by-layer deposition

The aforementioned methods are mostly regarded as off-line methods in which highly packed
CNT assembles are used as preforms. Because the preforms are already tightly packed,
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however, these methods often have the problem of the uniformity of infiltration. As a result,
the un-infiltrated part may become defects and limit the overall performance of the composites
[50]. In order to control the uniformity of infiltration and avoid over-infiltration, Liu et al. [50,
51] developed a one-step approach of “spray winding” to fabricate high-performance CNT
composites. In this on-line infiltration method, CNT sheets, drawn out from CNT arrays, were
continuously collected (wound) onto a rotating mandrel under the spray of a polymer solution,
as shown in Figure 14(a). The spray-wound CNT/PVA composite films, the CNT fraction is
tunable, and could be as high as 65 wt.% to reach the best mechanical properties. The best film
had the tensile strength, stiffness and toughness up to 1.8 GPa, 45 GPa, and 100]/g, respectively,
much better than the fibers made by the same CNT and PVA and many other CNT/polymer
composites. The high performance can be attributed to the long CNTs, highly-aligned tube
morphology, and good interfacial bonding between CNT and PVA, which were obtained
simultaneously. In order to control the exact layers of the composite films in large scale, Zhang
et al. [52] reported a “layer-by-layer (LBL) deposition” method to produce CNT polymer
composites, as shown in Figure 12(b). This on-line deposition method allowed PVA to infiltrate
into the CNT film efficiently, resulting in a remarkable improvement in the mechanical
property of CNT/PVA composite. The composite film possessed a tensile strength of 1.7 GPa,
which is almost one order of magnitude and 20 times higher than those of the pure CNT and
PVA films, respectively.
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Figure 14. (a) Schematic view of spray winding [50]; and (b) Schematic illustration of the LBL deposition process [52].

4.2. Effect of CNT morphology

Individual nanotube morphologies, such as length and alignment, have great influence on
mechanical and physical properties of CNT polymer composites. Wang et al. [53] reported an
ultrastrong and stiff CNT/composite using a stretch-winding process. The unstretched
composites exhibited strength of 2.0 GPa, Young’s modulus of 130 GPa and electrical conduc-
tivity of 820 S/cm. After stretching the strength, Young’s modulus and electrical conductivity
were increased to as high as 3.8GPa, 293 GPa and 1230 S/cm, respectively. These remarkable
improvements can be ascribed to the enhancement of CNT alignment and decreasing of
waviness. The alignment of the CNTs was characterized by polarized Raman. Specifically, the
shift of the intensity ratio (IG||/IGL) of G band peaks was measured. Following the stretch-
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winding process, the intensity ratio for the 12%-stretched sheet is increased to 7.6 from 1.6,
indicating that alignment of the CNTs in the nanocomposites was significantly improve via
the stretching process. Therefore, the improved CNT alignment is correlated with the observed
improvements in mechanical and electrical properties of the composites.

Park et al. [54] studied the effects of nanotube length and alignment on thermal conductivity
of MWNT/epoxy composites. It was found that the long-MWCNT composites exhibited higher
thermal conductivity than the short-MWCNT composites with the same weight percentages.
Atroom temperature, 10 wt.% short-MWCNT/epoxy composite showed thermal conductivity
of 0.35 W/mK, while the long-MWCNT composites showed 2.6 W/mK even at lower concen-
tration of 6.38 wt.%. To improve the in-plane thermal conductivity, CNT sheets (60 wt.%) were
stretched mechanically. The thermal conductivity increased up to 83 W/mK (25% stretched)
and 103 W/mK (40% stretched) along the alignment direction compared to 55 W/mK of the
random sample.

5. Mesoscopic modeling of thermal conduction in aligned CNT composites

Due to the unique morphology of aligned CNT composites, it is difficult to directly measure
their thermal conductivity, especially for composites in thin film and long fiber structures.
Proper computational modeling is required to accurately predict the thermal conductivity of
aligned CNT composites. The widely-used effective medium theories (EMTs) can well predict
the thermal conductivity of CNT composites obtained using dispersion methods. However,
the EMTs generally fail to predict the thermal conductivity of aligned CNT composites, since
they cannot take into account the complex morphology of CNTs and the thermal boundary
resistances (TBRs) at both CNT-CNT and CNT-matrix interfaces [55]. The TBRs are the
resistances to the heat flow at interfaces, which have been regarded as the bottleneck of thermal
conduction in CNT composites [56].

5.1. Thermal conduction model for two-phase aligned CNT composites

In order to accurately predict the thermal conductivity of aligned CNT composites, Duong et
al. [57] developed an off-lattice Monte Carlo (MC) approach by quantifying thermal energy
through a large quantity of random thermal walkers. Thermal walkers have a random
Brownian motion in the polymer matrix, which is described by the position changes of thermal
walkers in each direction. The position changes take values from a normal distribution with a
zero mean and a standard deviation, as expressed as below:

o =\2D, At (1)

where D, is the thermal diffusivity of polymer matrices, and At is the time increment of the
simulation [58]. When a walker jumps to the CNT-polymer matrix interface, it may jump into
the CNT with a probability f,, cyr, Or remain within the polymer matrix with a probability (1-
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fuonr)- The probability is a function of the TBR between polymer and CNT, R, cny, obtained
using the acoustic mismatch theory (AMT) [59]:

f;n—CNT =4/ (pCPVRm-CNT) (2)

where p is the density of polymer, C,,is the specific heat of polymer, and v is the sound velocity
in the polymer matrix. Due to the ballistic phonon transport and ultrahigh thermal conduc-
tivity in the CNT [60], thermal walkers are assumed to travel at an infinite speed inside the
SWNT [61]. The walker is allowed to exit from a CNT to the matrix by using another probability
fent-me Which is related to £, cnr in @ way that satisfies the second thermodynamic theorem [62,
63]:

VentJoxtom = Cf—CNTGmACNTfm—CNT 3)

wherein Vi and Aqyr are the volume and surface area of a CNT, and o, is the standard
deviation of Brownian motion in the polymer matrix. C.cyr is the thermal equilibrium factor
at the polymer-CNT interface, which is dependent on the geometry of the CNTs, and the
interfacial area between the CNT and the matrix.

By using the developed MC approach, Duong et al modeled SWNT-epoxy and SWNT-
polymethyl methacrylate (PMMA) composites [64]. The thermal conductivity of SWNT-epoxy
and SWNT-PMMA composites were accurately predicted. The effects of the SWNT orientation,
weight fraction and TBRs on the thermal conductivity of composites were quantified. The
quantitative findings showed that in SWNT-PMMA composites with 1.0wt.% of SWNT
loading, aligned SWNTs achieved enhanced thermal conductivity 15 times higher than that of
PMMA, whereas, the randomly dispersed SWNTs only resulted in thermal conductivity ~5
times higher than that of PMMA [64]. This indicated the superiority of aligned CNT compo-
sites.

Since CNTs are normally grown into forests or spun into fibers, the contacts between CNTs
may play a significant role to modify the thermal conductivity of composites. Duong et al. then
modified their model to study the effect of CNT-CNT contacts on the thermal conductivity of
both SWNT-epoxy and MWNT-epoxy composites [65,66]. A representative volume element
(RVE) was built based on the real CNT-epoxy composites, as shown in Figure 15. In MWNT-
epoxy composites with 20 vol % of MWNT loading, aligned MWNTs without contacts
achieved a thermal conductivity nearly 40 times higher than that of epoxy, while, aligned
MWNTs with contacts induced a thermal conductivity only 20 times higher than that of epoxy.
This indicated that CNT-CNT contacts in aligned CNTs may reduce the thermal conductivity
of composites. The anisotropic thermal conductivity of aligned CNT composites was also
quantified. In both SWNT-epoxy and MWNT-epoxy composites, the thermal conductivity
parallel to the aligned CNTs was much higher than that perpendicular to the aligned CNTs.
The SWNT-epoxy composites had more significantly anisotropic thermal conduction than
MWNT-epoxy composites.
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Figure 15. Schematic drawing of CNT reinforced composites, and aligned CNTs in a polymer as a representative vol-
ume element [65].

Bui et al. modified Duong’s approach to investigate the thermal behavior of the SWNT-
polystyrene (PS) composites at different volume fractions and at various temperature [67]. It
was found that the thermal conductivity of SWNT-PS composites increased with the temper-
ature rise. By validating with experimental data [68], the TBRs at both SWNT-PS and SWNT-
SWNT interfaces were estimated by using the MC approach. The calculations at various
temperature showed that the TBR between SWNT and PS increased with the rise of tempera-
ture. A TBR value of SWNT-SWNT was estimated to be 12.15x10® m?K/W at 300K, which was
higher than that between SWNT and PS (2.21x10® m?K/W). Bui et al. also conducted the
comparable study between graphene-polymer composites and SWNT-polymer composites
[69]. The quantitative results showed that graphene nanosheets were more effective than
SWNTs to enhance the thermal conduction in polymer composites.

5.2. Thermal conduction model for multi-phase aligned CNT composites

Recently, multiphase polymer composites, which contain more than one type of additive in
the matrix, have attracted much attention [70,71]. The multiphase composites can combine the
merits of all the components, inducing advanced multifunctional properties. Diverse multi-
phase polymer composites have been developed, such as CNT/nanoparticle/polymer compo-
sites [70,71], CNT/graphene/polymer composites [72,73], CNT/fiber/polymer composites
[74,75] and CNT-stabilized polymer blends [76]. Since there is no effective approach to study
thermal properties of CNT multiphase composites, Gong et al. [77] extended Duong’s MC
approach to investigate heat transfer phenomena in CNT multiphase composites. In Gong's
model, a three-phase poly(ether ether ketone) (PEEK) composite containing SWNTs and
tungsten disulfide (WS,) nanoparticles was chosen as a case study, as shown in Figure 16(a)
[78]. The TBRs at all interfaces (i.e. SWNT-PEEK, WS,-PEEK and SWNT-SWNT) were taken
into account in their model. The results showed that the thermal conductivity of multiphase
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composites increased when the CNT concentration increased, and when the TBRs of CNT-
PEEK and WS,-PEEK interfaces decreased. The thermal conductivity of composites with CNTs
aligned parallel to the heat flux was enhanced ~2.7 times relative to that of composites with
randomly-dispersed CNTs.

The model could also quantitatively study the effect of the complex morphology and disper-
sion of SWNTs, (e.g., individual and bundled SWNTs, the number of SWNT bundles, and the
number of SWNTs per bundle), on the thermal conductivity of multiphase composites. It was
found that the TBR at the SWNT-SWNT interface played a significant role in the thermal
conduction of the composite with SWNT bundles. As presented in Figure 16(b), the thermal
conductivity of the three-phase composite decreased with the rise of SWNT-SWNT TBR. A
critical SWNT-SWNT TBR was found to be 0.155x10% m?K/W, which dominated the heat
transfer mechanism in the three-phase composite. Proper treatment may be used to reduce the
SWNT-SWNT TBR, such as the condensation of SWNT fibers, to enhance the thermal con-
ductivity of multiphase composites with aligned SWNTs [78]. Besides the CNT multiphase
composites, Gong et al. also modified the MC model to study the thermal conduction mecha-
nisms in graphene composites [79] and CNT aerogels [80], as well as the multiphase biological
systems containing CNTs [77,81,82], which indicated that the MC approach may be applicable
for modeling heat transfer in diverse aligned CNT composite systems.
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Figure 16. (a) Schematic plot of the computational model of the SWNT/WS,/PEEK composites with SWNT bundles; (b)
Effect of the SWNT-SWNT TBR on the thermal conductivity of the SWNT/WS,/PEEK composites [78].

6. Conclusions and outlook

Both the CNT fibers and their polymer composites fabricated using the methods outlined in
this article attain superior mechanical, electrical and thermal properties compared with CNT
composites fabricated using the conventional methods. Their advanced properties make them
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promising candidates for diverse applications, such as protective materials in airplanes and
electrode materials in energy storage devices. For the diverse industrial applications of the
aligned CNT composites, more studies should be carried out to fabricate the composites on a
large scale and at low cost. New synthesis approaches can be developed to control the diameter
of composite fibers and the size of composite films. To enhance their mechanical properties,
cross linking should be created within CNT fibers through proper post-treatments. Chemical
compositions and fabrication conditions require optimization for better polymer infiltration
into the aligned CNT fibers, to achieve enhanced properties of the aligned CNT composites.
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Abstract

Carbon nanotubes (CNTs) are ideal scaffolds to design and architect high-perform-
ance composites at high CNT volume fractions. In these composites, the CNT align-
ment determines the level of aggregation and the structure morphology, and thus the
load transfer efficiency between neighboring CNTs. Here, we discuss two major
solutions to produce high-volume fraction CNT composites, namely the layer-by-
layer stacking of aligned CNT sheets and the stretching of entangled CNT webs
(networks). As inspired by the growth procedure of natural composites, the aggrega-
tion of CNTs can be well controlled during the assembling process. As a result, the CNTs
can be highly packed, aligned, and importantly unaggregated, with the impregnated
polymers acting as interfacial adhesion or mortars to build up the composite struc-
ture. The CNT/bismaleimide composites can yield a super-high tensile strength up to
6.27-6.94 GPa and a modulus up to 315 GPa.

Keywords: carbon nanotube composite, high volume fraction, super-strong, multi-
functionality, bio-inspired

1. Introduction

Since their discovery in 1991 [1], carbon nanotubes (CNTs) have generated huge activity in most
areas of science and engineering due to their unprecedented mechanical, electrical, and thermal
properties. For example, lightweight multifunctional composites with enhanced properties can
be produced by effectively incorporating individual CNTs into polymer matrices [2, 3]. The first
polymer nanocomposites using CNTs as a filler were reported in 1994, where the CNTs were
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aligned within the epoxy matrix by the shear forces induced by cutting with a diamond knife
[4]. In the following decades, tremendous research has been done to develop CNT-reinforced
composites with a high strength and modulus. However, as compared to individual CNTs, the
composites produced by these “conventional” fabrication methods usually do not exhibit
significantlyimproved mechanical and electrical performances. Thisismainly due to thelimited
content of CNT (usually under 5 wt%). Furthermore, it is also important to introduce a uniform
CNT dispersion in polymer matrix and adhesion between different constituents in improving
the composite performances.

Recently, a new type of CNT composite material has been developed using macroscopic CNT
assemblies as raw materials, namely high-volume fraction CNT composites, where the volume
fraction of CNT is usually much larger than 50%. To obtain these composites, the macroscopic
forms of entangled or aligned CNTs, that is, fibers [5-7], forests [8-12], and membranes [13—
16] are used as scaffolds, and the polymer is impregnated into the free pores of these CNT
network. Of great importance, the super-aligned CNT sheets drawn out from spinnable CNT
forests [17] and the entangled CNT webs (networks) grown with an injection chemical vapor
deposition method [18] have superb advantages in obtaining super-strong high-volume
fraction CNT composites.

Furthermore, to design the structure for high-performance composites at high CNT fractions,
nature can offer us with scientific and technological clues from the formation process of
biological composites. The natural composite materials are usually built up by common
organic components via the naturally mild approaches [19], such as super-tough spider fibers
[20], strong hard nut skins [21], and wear-resistant molluscan shells [22]. In these composites,
the major components such as proteins, cellulose molecules, and nanometer-sized crystals of
carbonated calcium phosphates or calcium carbonates are homogeneously distributed and
orientated along with other co-existing components [20, 23]. This provides us new approaches
to obtain super-strong CNT composites [24]. For CNT composites, due to the strong tendency
to agglomerate between CNTs [25-29], it is still difficult to uniformly disperse CNTs within
polymer matrix at a high-volume fraction and thus to mimic the natural composites. Fortu-
nately, CNTs can be treated as linear macromolecules, and thus, the processing on them can
be dealt with in a biomimic way. Therefore, it becomes possible to mimic the formation process
of biological composites to design new type of CNT composites.

This chapter thus aims at the structural design of super-strong and multifunctional CNT
composites at high-volume fractions. Various processing methods are presented in the
following sections, namely the layer-by-layer stacking of aligned CNT sheets, stretching on
entangled CNT webs, and, most importantly, bio-inspired aggregation control to optimize the
composite structure.

2. Conventional composite processing
Solution processing and melt processing have been widely used to prepare composites, where

CNTs and polymer matrix can be well mixed together. For the solution treatment, CNT and
polymer are mixed in a suitable solvent before evaporating the solvent to form a composite
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film. One benefit of such method is that agitation of the CNT powder in a solvent facilitates
CNT de-aggregation and dispersion. In general, agitation of CNT or of CNT/polymer mixture
is provided by magnetic stirring, shear mixing, reflux, and, as widely used, ultrasonication.

In an early study [30], multiwalled CNTs were dispersed in chloroform by sonication. Then,
polyhydroxyaminoether (PHAE) was dissolved in the CNT/chloroform dispersion and mixed
by additional sonication. The suspension was poured into a Teflon mould and dried in ambient
conditions to obtain the CNT composites. In the following decade, various similar methods
have been reported. For example, CNTs were first chemically modified and then dispersed in
water [31]. The dispersion was blended with poly(vinyl alcohol) (PVA)/water solution to give
composite solutions which were used to prepare the composites.

As pristine CNTs cannot be well-dispersed in most solvents, surfactants such as sodium
dodecyl sulfate (SDS), sodium dodecyl sulfonate (SDSA), polyvinylpyrrolidone (PVP), and
dodecyl tri-methyl ammonium bromide (DTAB) were also used to assist the CNT dispersion
before mixing with the polymer solution [32-38]. This technique results in excellent dispersion
with no derogatory effects on film properties observed. However, the existence of surfactant
could affect the interfacial strength between CNT and polymer.

For those polymers which are insoluble in the designed solvent, melt processing has become
a common alternative. For example, amorphous polymers can be processed above their glass
transition temperature, and semi-crystalline polymers can be heated above the melt temper-
ature to induce sufficient softening [39-43]. In general, melt processing involves the melting
of polymer pellets to form a viscous liquid. CNTs can be mixed into the melt by shear mixing.
Bulk samples can then be fabricated by techniques such as compression molding, injection
molding, or extrusion. In such approach, the optimized processing conditions depend on not
only the types of CNT, but also the whole range of polymer-nanotube combinations. This is
because nanotubes can effect melt properties such as viscosity, resulting in unexpected
polymer degradation under conditions of high shear rates [39].

The dispersion and melting treatments have been widely used to obtain the composite
structure by well mixing polymer and CNTs. Besides the structure design, interfacial covalent
bonding is often applied in these methods in order to increase the composite performances.
For example, in situ polymerization enables grafting of polymer molecules onto the wall of
CNT and thus allows the preparation of composites with high nanotube loading. It is also
particularly important for the preparation of insoluble and thermally unstable polymers,
which cannot be processed by solution or melt processing. For example, due to their t-bonds,
CNTs can participate in the polymerization of poly(methyl methacrylate) (PMMA), which
resulted in a strong interface between the CNT and the PMMA matrix [44—46]. Poly(p-
phenylene benzobisoxazole) (PBO)/CNT composites were also obtained with in situ polymer-
ization by introducing CNTs in poly(phosphoric acid) (PPA) [47]. For CNT composites using
polyamide, in situ polymerization can be realized between carboxylated CNTs and e-capro-
lactam monomer [48].

In situ polymerization has been applied for the preparation of composites with CNT and
various types of polymer. In this approach, covalent functionalization of CNT surface plays a

75
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special role for CNT processing and applications [49-55]. “Grafting from” and “grafting to”
are the two main strategies to introduce covalent bonding between polymers and CNTs [2].
In the former approach, the initiators are immobilized onto CNT surfaces and then, the
monomers are in situ polymerized with the formation of covalent bonding between polymer
and CNT. The latter approach is based on attachment of already preformed end-functionalized
polymer molecules to functional groups on CNT surface via different chemical reactions. There
have been many reports on the grafting techniques, where the grafted polymers include
PMMA [56-60], polyethylene (PE) [61-64], polystyrene [65-67], chitosan [68, 69], and so on.

There have been tremendous development on CNT composites using these conventional
processing methods over the past 20 years. However, the dispersion of long CNTs is still
hindered by their entanglement and aggregation, and the CNTs are limited to a low fraction
and randomly orientated. Consequently, the final composite strength is usually below 400 MPa
[70, 71]. Further, in situ polymerization or hot stretching is also not very effective in improving
the mechanical properties [2, 28, 72]. Therefore, further development is still of great necessity,
especially on the design of composite structure.

3. Layer-by-layer stacking of aligned CNTs

The large mass scale production of CNT has pushed the rapid development of CNT in various
applications [73, 74]. However, the random orientation and entanglement hinder the structure
design of high-volume fraction and aligned CNT composites. The development on spinnable
CNT forests opened a new way towards such composite structure. CNT forests (also called
CNT carpets) superficially resemble bamboo forests, except that the CNT “trees” in these
forests can be over 50,000 times longer than their diameter, and this very high aspect ratio is
useful for optimizing the mechanical and electrical properties. As a unique type of CNT forests,
known as spinnable forests, one can continuously transform the vertically aligned CNTs into
a horizontally aligned CNT sheet by a simple dry drawing or spinning method [17, 75-79].
Thus, the spinnability (or processability/drawability) is defined by the stable width and
continuous length of the spun-out CNT sheets and the available spinning rates [80].

3.1. CNT/polymer composite films

The spinnable CNT forests have been successfully used to fabricate high-performance
composite films. At first, the spun-out aligned CNTs were stacked together at different
orientations to make a CNT preform [81]. After a resin transfer molding process, homogene-
ously dispersed CNT/epoxy composites with a CNT loading up to 16.5 wt% were obtained.
The Young’s modulus and tensile strength of the composites reached 20.4 and 231.5 MPa,
corresponding to 716 and 160% improvement compared to pure epoxy.

To further improve the CNT volume fraction, the CNT sheets were stacked in a continuous
winding way with the aid of solution spraying [12]. Figure 1A shows the schematic of spray
winding, where a CNT sheet is continuously wound onto a rotating mandrel on which
micrometer-sized polymer solutions are deposited. With the long-chain polymer PVA, the
aligned composite film exhibited a tensile strength up to 1.8 GPa at a CNT content of 65 wt%
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[12]. Due to the alignment, the composite film was also stiff (modulus of 40-96 GPa), tough
(energy absorbed before fracturing of 38-100 ] g™'), and electrically conductive (conductivity
of 780 S cm™). By following this method, high-performance CNT composites with epoxy,
polyimide (PI), and bismaleimide (BMI) were produced [82-85].
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Figure 1. (A) Schematic view of spray winding. A CNT sheet is drawn out from a spinnable forest and continuously
wound onto a rotating mandrel on which micrometer-sized droplets of polymer solution are deposited [12]. (B) Nor-
malized intensity of G’-band peak as a function of the angle between the sample’s longitudinal direction and the polar-
ization axis of the incident laser beam. (C) Typical stress—strain curves of pristine CNT sheet, unstretched and
stretched composites, demonstrating a significant improvement on mechanical properties through aligning and
straightening of CNTs [82]. (D) Schematic presentation of heat conduction mechanism in high-volume fraction CNT
composites [83].

The layer-by-layer stacking allowed a high level of CNT alignment in the final composites. The
alignment can be quantitatively measured with polarized Raman spectroscopy [8, 86].
Figure 1B shows the normalized intensity of Raman G’-band peak as a function of the angle
between the sample’s longitudinal direction and the polarization axis of the incident laser
beam; according to the results, we have reported previously [12]. The normalized G’ peak was
strongest at 0° (along the CNT orientation) and monotonically decreased from 1 to 0.493 at 90°
(perpendicular to the orientation).

To further improve the CNT alignment, a pair of stationary rods was placed between the CNT
forest and the rotating mandrel. Due to the surface friction, the rods induced a certain shear
stretching on the CNT sheet [82]. As a result, the mechanical, thermal, and electrical properties
of the composites were simultaneously improved; the film exhibited a strength of 3.8 GPa,
Young's modulus of 293 GPa, electrical conductivity of 1230 S cm™, and thermal conductivity
of 41 Wm™ K. Figure 1C shows the stress—strain curves of pristine CNT sheet without matrix
and CNT composite sheets stretched to various stretch ratios, where the effect of CNT
alignment and straightness can be clearly seen.

77



78 Carbon Nanotubes - Current Progress of their Polymer Composites

In these composite films, the longer the CNTs the higher the thermal and electrical conduc-
tivities are. However, the mechanical properties including the strength and modulus exhibited
no CNT length dependency [83]. (A) Setup for layer-by-layer stacking of aligned CNT sheets.
(B) As-prepared CNT film on a mandrel. (C) Flexible CNT film strip. (D,E) Photographs of a
shining CNT strip and a strip coated with a 12 nm gold layer. Inset in (D) is the shape of a
water droplet on the strip. (F) SEM image of a woven fabric consisting of CNT strips. Fig-
ure 1D shows a schematic of thermal (electrical) conducting mechanism for the high-volume
fraction CNT composites. Due to the long tube length, thermal conduction across the interfaces
is as not dominant as that along the CNTs. On the contrary, the thermally insulating polymer
restricts the phonon mobility at the interface in short-CNT-reinforced composites. This means
that the high interfacial thermal resistance can strongly limit the total thermal conductivity.
However, with increasing the tube length, several issues might affect the mechanical perform-
ance. First, the average tube diameter and wall number increased with the tube length, leaving
the aspect ratio remaining nearly unchanged. Second, the increased tube length usually causes
more aggregation between the CNTs. These two issues both hinder the efficiency of interfacial
stress transfer.

3.2. Super-strong CNT assembly film

As inspired by the forest-based fiber spinning where macroscopic one-dimensional assembly
fiber with pure (neat) CNTs can be produced [75, 76], the layer-by-layer stacking can be also
used to fabricate pure CNT films with high mechanical performances. Although no polymer
molecules are impregnated, various solvents such as ethanol, acetone, and N,N-dimethylme-
thanamide (DMF) are used to densify the CNTs. The solvent can be either sprayed onto the
mandrel during the winding process or dip onto the CNT film after the winding [87]. Figure 2

Figure 2. Pure CNT assembly films can be produced by layer-by-layer stacking of as-drawn CNT sheets with the aid of
solvent densification [87] (A) Setup for layer-by-layer stacking of aligned CNT sheets. (B) As-prepared CNT film on a
mandrel. (C) Flexible CNT film strip. (D,E) Photographs of a shining CNT strip and a strip coated with a 12 nm gold
layer. Inset in (D) is the shape of a water droplet on the strip. (F) SEM image of a woven fabric consisting of CNT
strips.
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shows the CNT films obtained using 2-3-walled 4-6-nm-diameter CNTs. The CNT film had a
smooth and shinning surface, was flexible, and exhibited tensile strengths of 1.1-1.9 GPa and
Young’s modulus of 40-90 GPa. Obviously, the alignment allowed a high degree of utilization
of the intrinsic properties of CNT.

The CNT alignment was further improved when a stretch-dip-drying approach [88] was
applied to the as-spun CNT films (Figure 3A). After such treatment, the CNT film was observed
to significantly shrink in width by 22-39%, corresponding to an increased packing density. As
compared to the simple solvent densification, the mass density of the film increased from 0.5-
0.85 t0 1.21-1.35 g cm™. Therefore, with the improved CNT alignment, the obtained CNT films
exhibited significantly improved strength, up to 2.58-3.19 GPa.

e, . ] - -
Array Mlandrel

E i
Npur; r-;l-i 19
<.
ttirTe
Heating
B H 0 ethanal = 1:1
\
Micro-combing \
CNT arroy -
Substrate | \\\ .
oo f
CNT sheet i Needle /
Blades)

Figure 3. Two solutions to further improve the CNT alignment. (A) CNT alignment can be remarkably improved by
the stretch-dip-drying method [88]. (B) Schematic view of the microcombing process which can mitigate the CNT wav-
iness [89].

In another study, the as-drawn CNT sheets were “combed” to become straighter and aligned
before being layer-by-layer stacked [89]. Figure 3B shows the schematic view of such micro-
combing. As the microcombing mitigates the CNT waviness and thus reduces the sheet defects,
the final CNT film exhibited very high Young’s modulus of 172 GPa and the similar tensile
strength of 3.2 GPa. Surprisingly, the electrical conductivity was as high as 1800 S cm™, higher
than other CNT films fabricated using the aligned CNT sheets.

All these studies show clearly that the CNT alignment plays the most important role in
determining the mechanical and electrical properties. Nevertheless, solvents still have
interesting influences on the microstructure of aggregated CNTs. For example, the acetone-
densified pure CNT films usually had a higher strain at break than the ethanol-densified CNT
films [89]. Such phenomenon is due to the different volatility of solvent [90]. When a high-
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volatile solvent was used, the CNT films exhibited a certain level of networking, which can
absorb additional energy during the tensile stretching. As a result, the film’s plasticity and
toughness can be improved. This means that, even for the aligned CNT films, it is still possible
to tune the internal microstructure of the highly packed CNTs, and thus to influence the film’s
mechanical and electrical properties.

4. Stretching on entangled CNT webs

As the CNT length can only reach several hundred micrometers for the forest-based spinning,
the aspect ratio of the CNTs is thus limited to be in the range of 10*. On solution to increase
the aspect ratio is the decrease in diameter, like the spinnable few-walled CNT forests [87,
91]. A different way is to grow super-long CNTs, up to millimeter-long. For example, the
millimeter-long and small-diameter (~3-8 nm) 2-5-walled CNTs provided a aspect ratio up to
10° [92]. These CNTs substantially entangled with each other due to the floating catalyst
synthesis and aero-gel condense method [18]. The films with entangled CNTs (CNT webs) can
reach up to a meter long and are commercially available, which makes them practical for
manufacturing bulk composites [93].

4.1. Direct stretching

A simple mechanical-stretch method can be used to align the CNTs in the entangled webs [93].
For example, for a 40%-stretched CNT film (i.e., the post-stretch film was 40% longer than the
pre-stretch one), the degree of CNT alignment can be dramatically improved (Figure 4A).
Polarized Raman scattering tests were conducted to calculate the alignment degree [94]. From
the trend of the best fitting, it was predicted that the near-perfect alignment (more than 95%
CNTs aligned along stretch direction) at an approximate 50% stretch ratio [93]. This means
that it is still necessary to further improve the plasticity of the CNT webs.
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Figure 4. Direct stretching on entangled CNT webs resulted in the remarkably improved mechanical performances
[93]. (A) Schematic illustration of mechanical stretching to align CNTs in the entangled webs. (B) Typical tensile stress—
strain curves of produced CNT/BMI composites at different stretch ratios.
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The mechanical properties of the pure CNT webs were improved with the stretch ratio. The
film’s tensile strength and Young’s modulus were just about 205 MPa and 1.10 GPa for the
unstretched films. After the stretching, the CNT packing density also increased with the
alignment. For the 30, 35, and 40% stretch ratios, the strength increased up to 390, 508, and 668
MPa, respectively, and the modulus along the alignment direction showed even more dramatic
improvements, up to 11.93, 18.21, and 25.45 GPa, respectively.

When BMI was introduced into the CNT webs, either as-produced or stretched, there were
further improvements on the mechanical properties. The tensile strength of the randomly
dispersed CN'T/BMI composite (CNT loading of about 60 wt%) was approximately 620 MPa,
and the Young’'s modulus was 47 GPa. After stretching by 30, 35, and 40%, the strength and
modulus became 1600 MPa and 122 GPa, 1800 MPa and 150 GPa, and 2088 MPPa and 169 GPa,
respectively (Figure 4B).

4.2. CNT functionalization

Although the improvement in CNT alignment benefited the mechanical properties, substantial
CNT pull-outs were observed at the fracture of the composites [93], corresponding to weak
interfacial bonding. To overcome this problem, a follow-up effort was performed by improving
the bonding with epoxidation functionalization [95]. To realize the interfacial reaction between
CNT and BM], the stretched CNT films were placed in peroxide acid (m-chloroperoxybenzoic
acid or m-CPBA)/dichloromethane solution for functionalization. The functionalized CNT
films were placed in a vacuum oven at 80°C for 30 min to evaporate the residual dichlorome-
thane. Then, the CNT films were impregnated with BMI resin solution to prepare prepregs
with approximately 60 wt% CNT loading. During the curing process, the reaction between the
functionalized CNTs and BMI resin formed interfacial covalent bonds, whose mechanism is
proposed as shown in Figure 5A. First, 0,0"-diallyl bisphenol A reacted with the epoxide groups
of the pre-functionalized CNTs, according to the epoxy-phenol reaction mechanism [96]. Then,
in ene and Diels—Alder reactions, three-dimensional cross-linked structures were formed
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Figure 5. CNT functionalization improved the interfacial bonding strength and thus increased the tensile properties of
the CNT/BMI composites [95]. (A) Proposed reaction mechanism of functionalized CNTs and BMI resin. (B) Typical
tensile stress—strain curves of random and stretch-aligned CNT/BMI composites with and without functionalization.
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between the derivative and the other two BMI components [97, 98]. The covalent bonding
between CNT and BMI dramatically enhanced the interfacial adhesion, and thus, the improved
load transfer was achieved by the functionalization.

Figure 5B shows typical stress-strain curves of CNT/BMI composite films along the CNT
alignment direction. As compared to the pristine random CNT/BMI composites, the tensile
strength and Young’s modulus dramatically increased with the increase of alignment. After
the functionalization to for interfacial covalent bonds, the mechanical properties of the
resultant film were further improved. The strength and modulus of functionalized random
CNT/BMI composites were 1437 MPa and 124 GPa, respectively. For the functionalized and
30%-stretched composites, the strength and modulus increased up to 2843 MPa and 198 GPa,
respectively. The 40% stretch alignment together with interfacial functionalization resulted in
the highest mechanical performances, where the strength and modulus were surprisingly as
high as 3081 MPa and 350 GPa, respectively.

5. Bio-inspired aggregation control

The high-volume fraction CNT composites have exhibited exciting advantages in achieving
high mechanical and electrical performances. However, due to the aggregation of nanometer-
sized components, there is still a severe problem in paving the way to stronger materials [99].
The aggregation control is very necessary and can be demonstrated by a comparison of the
structures of carbon fiber-reinforced polymer, aggregated and unaggregated CNTs in com-
posites, as shown in Figure 6 [24]. The large specific surface area is one important advantage
of CNT. When the aggregated CNTs were used to replace solid carbon fibers, as observed in
many reports [12, 82, 87,93, 95], larger interfacial contact area was formed, and tensile strengths
of the CNT composites range from 2.08 to 3.8 GPa [82, 93, 95]. However, in the aggregation
phase, the load transfer is not as efficient as at the interface. Thus, such aggregation phase
might become the weak parts in the composites and hinders further reinforcement. In an ideal
structure, the nanometer-sized components should be uniformly distributed in the matrix
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Figure 6. Schematics of carbon fiber-reinforced polymer, composite structure with aggregated CNTs, and ideal struc-
ture containing unaggregated CNTs, respectively [24].
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without formation of any aggregation phases. Therefore, all the interfaces can play roles in
shear load transfer.

The CNT aggregation arises from van der Waals (vdW) attraction and can be enhanced in wet
environment. The situation becomes very severe in the layer-by-layer stacking of aligned CNT
sheets with the aid of solution spray [12, 82, 87], where the CNTs (or more commonly, small-
sized CNT bundles) usually aggregate first into large-sized bundles and then are surrounded
by polymer matrix. Figure 7A and B show the aggregation phase of CNT, which were results
of the layer-by-layer stacked aligned CNTs and the highly stretched CNT webs, respectively.
Usually, the CNT aggregation was observed in a scale of hundreds of nanometer. Nevertheless,
due to the entanglement, the preformed CNT webs were found to be more optimal than the
forest-based CNT sheets in realizing the aggregation control.
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Figure 7. SEM characterization of different CNT assembly structures [24]. (A) CNT aggregation in the layer-by-layer
stacking of as-spun aligned CNT sheets. (B) CNT aggregation in the stretched dry films composed by entangled CNTs.
(C) Acetone-densified CNT webs maintained the feature of entanglement. (D) Cross section of the optimal CNT/BMI
composite structure using focused ion beam treatment, where the aggregation level of CNTs was limited within a di-
mension of 20-50 nm.

5.1. Impregnation without introducing aggregation

As-inspired by the natural composite structures, the entanglement was utilized to produce the
optimal composite structure where the CNTs and polymer matrix co-existed and uniformly
distributed among each other. This is because that the CNT webs can maintain the CNT
entanglement after liquid densification. For example, after being densified with acetone, the
pore sizes of the CNT webs decreased from >500 nm to ~100-200 nm, while the CNTs were
still unaggregated and randomly distributed (Figure 7C). This is reminiscent of the formation
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process of biological composites. During the formation, the matrix and the major components
are simultaneously grown from stem cells at the optimized fractions to maximize the interfacial
stress transfer. Therefore, we should introduce the polymer matrix into the CNT network prior
to any other treatments, just to “grow” an initial composite configuration without CNT
aggregations. Here, the BMI resins were dissolved in acetone and impregnated into the CNT
webs. After the stretching, densification, and thermal curing, the CNTs were still found to be
unaggregated (at least no larger than 50-100 nm), as shown in Figure 7D.

5.2. Multi-step stretching processes

The entangled CNTs can be re-assembled and aligned by a high level of stretching. This
requires the CNT film to possess high plasticity. The raw films can be stretched by 10-15% in
length. After the stretching, the tensile strength was improved from 180-198 to 500-600 MPa
owing to the improved alignment. For the “wet” films which were infiltrated with 1 wt% BMI
resin/acetone solutions, their strain at break were up to 20-25%, corresponding to the improved
plasticity. This means that the impregnation prior to stretching also resulted in improved
processability.

After the hot-pressing to cure BMI resins, the unstretched CNT/BMI films finally exhibited a
tensile strength of 478-501 MPa. On the contrast, by first stretching the “wet” film by 20% and
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Figure 8. Bio-inspired aggregation control showed great advantages in realizing super-strong CNT composites [24].
(A) The schematic of preparation and stretching processes of CNT/polymer films. (B) The mechanical performances of
CNT/BMI composite films under different stretching strategies. (C) A comparison of tensile strength and elastic modu-
lus for CNT/BMI and carbon fiber/epoxy composites.
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then curing the film, the strength increased up to 1.74-1.92 GPa. To further improve the
mechanical properties, the stretching method was modified to a multi-step way (Figure 8A)
and the “wet” films could be stretched by 27-34% after 8 to 10 steps. Notice that, in each step,
3% additional stretching, according to the immediate film length, was applied to the film, and
there was always 5-10 min between steps to allow sufficient structure relaxation. After 8 or 10
steps, the total stretching magnitude was 1.03%-1 =0.267 or 1.03'°-1 =0.344, respectively. In this
multi-step way, the CNTs were fully aligned and the packing density during the hot-pressing
was also improved. At this stage, the small-sized CNT bundles were well surrounded by the
BMI resin molecules and maintained unaggregated phases. After being cured, the CNT/BMI
composite films stably exhibited an extremely high tensile strength up to 4.5-6.94 GPa,
depending on the CNT-to-resin mass ratio and the total stretching magnitude. At the same
time, the elastic modulus was up to 232-315 GPa. Figure 8B shows the typical stress-strain
curves for various CNT/BMI composite films, and Figure 8C provides the comparison with
carbon fiber/epoxy composites.

5.3. Structural characterization

Based on the aggregation control and high CNT alignment, a big step has been realized towards
the ideal composite structure. The tensile strength of >6 GPa is obviously much larger than
those of carbon fiber/epoxy composites, in good agreement with their different composite
structures (Figure 6). Figure 7D shows the cross-sectional picture of the CNT/BMI composite
structure obtained by focused ion beam. Although individual CNTs were difficult to distin-
guish, CNT bundles with small size were found perpendicular to the cross section and their
surfaces were all surrounded by BMI resins. Obviously, the maximized interface contacts can
allow the most efficient interfacial stress transfer. Notice that the level of CNT aggregation was
within 20-50 nm. This means that there is still a big challenge to obtain the ideal composite
structure where individual CNTs are aligned, highly packed, and unaggregated.

5.4. Electrical properties

The ability to conduct electricity of a thin film is usually characterized by sheet resistance or
square resistance, in units of “ohms per square”. The square resistance of the as-produced CNT
web was 1.194 Q sq'. After being impregnated with BMI resins, the resistance decreased to
0.926 Q) sq!, as a result of the enhanced densification. After being stretched, the CNTs became
aligned and the connection between CNT bundles were separated by the matrix. As a result,
the resistance increased to 1.461 and 1.931 Q sq* before and safer the curing process. The
electrical conductivity of the final film was ~1700 S cm™, about 0.3 or 12% of copper’s or
stainless steel’s electrical conductivity.

6. Conclusion

High-volume fraction CNT composites have exhibited exciting mechanical and electrical
performances due to the high utilization of the CNT’s intrinsic properties. The layer-by-layer
stacking of aligned CNT sheets and the stretching of entangled CNT webs have provided two
different solutions to realize the high-strength CNT composite films. Considering the easy
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aggregation between CNTs, the bio-inspired aggregation control makes a big step to approach
the ideal composite structure where the CNTs are highly packed, aligned, and unaggregated.
The highest tensile strength of the CNT/BMI composite film can be up to 6.94 GPa, much higher
than the strength of carbon fiber-reinforced polymers. We anticipate that the present fabrica-
tion method can be generalized for developing multifunctional and smart nanocomposites.
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Abstract

This chapter provides an in-depth coverage of recent advances in the areas of the
development and characterization of electro-optically active, device-grade carbon
nanotube (CNT)-polymer blends. These new organic-inorganic multifunctional
nanocomposites share many advanced characteristics which make them ideally suited
for industrial scale, high-throughput manufacturing of lightweight, flexible electronic,
light switching and emitting as well as energy harvesting devices of extremely low cost.
The fundamental aspects and the physical mechanisms controlling light-matter
interaction, photo-conversion, and photo-generated charge-carrier transport in these
nanotube-polymer composites as well as the influence of the processing conditions on
the electronic properties and device-related performances are further reviewed and
discussed.

Keywords: Carbon nanotube, Polymer, Composite, Exciton, Photovoltaic, Solar cell,
Diode, Detector

1. Introduction

Blends of conjugated polymers and high performance carbon-based nanosemiconductors are
an emerging class of easy-to-fabricate organic-inorganic nanocomposite materials with the
potential to profoundly influence many electronic device market segments, including optoe-
lectronics. Extraordinary characteristics of carbon nanotubes (CNTs) and prevalence of
interfacial regions and the nanoscopic phase are a source of drastic change and gain in the opto-
electrical response of the polymer matrix that typically falls outside of classical scaling behav-
ior of conventional polymer composites. These novel nanocomposites and their based devices
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can be fabricated using roll-to-roll techniques that makes them ideally suited to industrial scale,
high-throughputmanufacturing of lightweight, flexible electronic, light switching and emitting
as well as energy harvesting devices at extremely low cost [1-6].

Conjugated polymers exhibit electronic and light emission properties that are similar to those
of crystalline semiconductors and have been already implemented in organic optoelectronic
devices such as organic light-emitting diodes (OLEDs), switches, and organic photovoltaic
(OPV) cells [7]. Incorporating n-type dopants in the form of metallic CNTs into p-type polymer
matrix has been shown to greatly enhance performance of such OPV cells by increasing the
rates of non-radiative dissociation of excitons as well as charge-carrier collection efficiency.
The formation of optimally loaded networks of electrically conductive nanotube network in
turn entails detailed the consideration of the influence of the process parameters on the
physical characteristics and interaction of the polymer with the nanotubes in a liquid phase.
As the absorption coefficient of photosensitive polymers remains large, light is typically
absorbed within a very thin layer, which drastically benefits the efficiency-to-cost ratio for
these cells [8, 9]. The mt-conjugation in polymers results in an energy separation of ~1-3 eV
between the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO). As a result, the light absorption—emission spectrum falls in the visible near-
infrared (NIR) spectral range that complements that of single-walled carbon nanotubes
(SWNTs), that is, the near IR-UV [2, 10-12]. An abrupt, type-II band alignment between
polymer matrix and carbon phase is required and can be realized for many nanotube—polymer
composites to achieve sufficiently fast interfacial charge separation and pronounced photo-
voltaic effect [13, 14].

Among different classes of nanomaterials including semiconductor quantum dots and
fullerenes, SWNTs have been proven particularly suitable for uses in OPV, photodetector, and
light-emitting diode applications based on conjugated polymers because of their large aspect
ratio and remarkable optoelectronic properties including bandgap tunability, strong optical
absorptivity, ballistic transport, solution-processability, and excellent chemical stability [15,
16]. Owing to their quasi-one-dimensional structure and improved transport characteristics,
a class of SWNTs has been confirmed to exhibit many favorable device functionalities which
make them attractive for application in a variety nano-electronic and mechanical devices and
systems, among which are interconnects, rectifies, field-effect transistors, analyte, and light
sensors. Compared with other nanostructures, SWNTs are also known to exhibit strong multi-
range absorption in part associated with resonance-type interband electronic transitions (e.g.,
Si, My, Sy,) as well as free carrier and plasmonic excitations. Recent experiments further
confirmed on the presence of a strong photoconduction response in the infrared (IR) which
can in turn afford many new opportunities in engineering nanophotovoltaic and optoelec-
tronic organic polymer-SWNT-based devices operating over multiple spectral ranges,
including IR [17-19].

High conversion efficiencies of ~5 and 9% were extracted in case of polymer-based OPV cells
featuring C,, molecules and CNTs, respectively. Yet, unlike to Cy, polymers incorporating
aligned CNTs demonstrate much larger intrinsic charge mobility at lower percolation thresh-
old/limit. At the same time, the increased photo-generated charge transport and in turn



Carbon Nanotube-Polymer Composites: Device Properties and Photovoltaic Applications
http://dx.doi.org/10.5772/62692

collection efficiency facilitate the development of OPV cells featuring larger light absorption
(thicker active device layer) and electrical power output, which translates into overall higher
efficiency-to-cost ratio for these cells. Combining SWNTs with electrooptically active polymers
thus provides an attractive route to creating a new generation of multifunctional device-grade
organic-inorganic electronic materials for uses as sensors, OLEDs, PV cells, electromagnetic
absorbers, and other electronic devices [20-22].

In this chapter, we review the progress while focusing on the fundamental aspects behind the
light-matter interaction, photo-conversion, and photo-carrier generation as well charge-
carrier transport in SWNT—polymer composites. The fabrication, structural-mechanical, and
transport characteristics of various nanotubes—polymer-based composites are reviewed in
Section 2. Key photo-physical processes that take place at the interface between SWNT and
polymer molecules including energy transfer, exciton dissociation, charge transfer, and related
effects are reviewed in Section 3. Section 4 discusses the electronic and optoelectronic devices
built based on SWNT/polymer composites including OPV cells, light-emitting diodes, and IR
Sensors.

2. Carbon nanotubes/polymer composites: synthesis and properties

Recent studies involving fabrication and characterization of structural and underlying device
characterizations have identified several processing-related challenges pertaining to produc-
ing polymer/nanotubes composites of high purity, structural anisotropy/alignment, and
uniform dispersion [23, 24]. Because of the m-orbitals of the sp>hybridized C atoms, CNTs
show a tendency for strong intermolecular interaction and spontaneous aggregation (van der
Waals interaction) into large diameter bundles that are not readily dispersible in organic
solvents or polymer matrix. To address the dispersion-related and mixing challenges, the use
of surfactants [25-31], performing shear mixing [32-34], sidewall chemical modification [35,
36], and in situ polymerization [37-41] were proposed. Among all these strategies, covalent
chemical functionalization and introduction of defects into SWNT surfaces have been proven
highly effective in achieving stable SWNT suspensions in polar solvents as discussed below.

2.1. Defect functionalization

In defect functionalization, nanotubes are treated by oxidative methods that also help remove
metal particles and amorphous carbon deposits, that is, raise purity. The resultant SWNTs
oftentimes gain in localized surface defect density most of which are in the form as carboxyl,
that is, -COOH attachments. Mawhinney et al. [42] studied surface defect site density of
oxidatively treated SWNTs by probing the amounts of CO,(g) and CO(g) released during
heating to up to 1273 K. The results indicated that as much as ~5% of the carbon atoms in such
SWNTs can be defect-associated. Acid-base titration method [43] yielded similar results, that
is, 1-3% of acidic sites in purified SWNTs. The density of defective sites created at the surfaces
by this method is viewed generally insufficient for good nanotubes dispersion in the polymer
matrix. However, the strategy can be used for covalent attachment of organic groups by first
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converting them into acid chlorides that can be next linked to amines to form amides. Such
modified CNTs show significantly higher solubility in organic solvents as compared with
unprocessed nanotubes [44].

2.2. Non-covalent functionalization

Non-covalent functionalization routes are of further interest because they do not compromise
the integrity of the nanotube backbone while helping improve their solubility and processa-
bility. This type of functionalization is primarily done with the aid of surfactants, bio-macro-
molecules, or non-covalent surface attachments, such as wrapping sidewalls with polymers.
Successful implementation of both cationic and anionic surfactants as well as nonionic
surfactants has been demonstrated in several studies involving non-covalent functionalization
of nanotubes via microemulsion [45-47], ultrasonication [48], sonication [49], and emulsion
polymerization [50-54]. Biological macromolecules such as protein/DNA and glucose [44, 55]
have been also linked to CNTs via dialysis [56], electro-active interaction [57], and ultrasoni-
cation [58]. Poly (4-vinyl pyridine), poly (phenyl acetylene), poly(styrene)—poly(methacrylic
acid) [59], poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) [60], and poly|[2-
methoxy-5-(20-ethylhexyloxy)21,4-phenylene vinylene] [61], have been reported to non-
covalently wrap nanotubes using sol-gel chemistry, solution mixing, and immobilization
methods, Figure 1.

(a)

-

g™ T o g

Figure 1. (a) Scheme for the formation of MEH-PPV/carbon nanotubes composites, (b) top-view SEM image of the
MEH-PPV encased nanotubes films fabricated by immobilization method. The lower inset shows a digital photo of the
suspensions of the SWNTs and MEH-PPV-SWNTs.
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2.3. Covalent functionalization

Despite the fact that sp>-hybridized C atoms form a chemically stable backbone, a number of
strategies were developed to covalently link chemical groups to CNTs [62-64]. In the case of
covalent functionalization, the translational symmetry of nanotubes is disrupted by changing
sp? carbon atoms to sp? carbon atoms that were reported to affect the electronic and transport
properties of nanotubes [65, 66]. This route is highly effective in increasing solubility as well
as dispersion of nanotubes in many organic solvents as well as polymers. Covalent function-
alization can be accomplished either by the modification of surface-bound carboxyl groups on
the nanotubes or by the direct elemental reaction with carbon atoms such as in the case of
CH,-modified nanotubes. Poly (e-caprolactone) [67, 68], poly(L-lactide) [69, 70], poly(methyl
methacrylate) [71-73], Polystyrene [74-76], poly(N-isopropyl acrylamide) [77-80], polyimide
[81, 82], polyvinyl (acetate-co-vinyl alcohol) [83], have been used to covalently attach to CNTs.

From the standpoint of device application, non-covalent functionalization remains preferred
over the covalent approach, as the latter has the propensity to induce strong structural damage
[24, 84]. The dispersion of nanotubes in polymer matrices is one of the most critical bottlenecks
in the preparation of CNTs/polymer composites. Additional strategies to enhance dispersion
of nanotubes included melt mixing and in situ polymerization, whereas Ni et al. confirmed
considerable improvement in the dispersion of multi-walled CNTs in poly(vinyl alcohol)
(PVA) matrix through gum Arabic treatment [24].

3. Photo-physical properties of carbon nanotube—polymer composites

3.1. Energy transfer in carbon nanotube—polymer composites

Absorption of a photon by aromatic polymers leads to a formation of bound electron-hole pair
known as exciton, which can dissociate radiatively by emitting a lower energy photon. The
presence of semiconducting SWNTs has been shown to strongly affect the rate of radiative
recombination by inducing the transfer of either holes or electrons to the nanotubes which
depends on the electronic band alignment between SWNTs and polymer [85]. Alternatively,
resonant energy transfer from polymers to SWNTs has been confirmed experimentally [86,
87]. In Umeyama et al. [86] study, a conjugated polymer, poly [(p-phenylene-1,2-vinylene)-co-
(p-phenylene-1,1-vinylidene)] (coPPV), was synthesized and used to study the influence of
SWNTs on the light emission characteristics of the former. UV-vis-NIR absorption and AFM
measurements revealed that SWNTs were dispersed well in organic solvents likely via m—mt
interaction. The composite solution of coPPV-SWNTs exhibited a strong NIR emission
originating from SWNT when the polymer was subject to a direct optical excitation with the
light source operating at ~400-500 nm.

The efficiency and rate of the energy transfer from polymers to SWNTs have been shown to
be strongly dependent on the polymer concentration/aggregation on SWNTs [22, 88]. Further
studies point to the polymer m-conjugation chain that governs the energy transfer in the
polymer-SWNT system to remain more extended compared with that of the pure polymer
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system [85]. Massuyeau et al. [89] studied energy transfer between the polymer and nanotubes
by examining steady state PL spectra of a series of composite films containing both metallic
and semiconducting nanotubes. The results of these studies show that there is a substantial
spectral overlap of PL and optical absorption of SWNTs, which favors the Forster energy
transfer between polymer chains and CNTs.

3.2. Charge transfer in carbon nanotube-polymer composites

Combining CNTs with polymers offers an attractive route not only to mechanically reinforcing
polymer films but also to enhancing polymers’ charge transport properties and modifying
electronic properties through a morphological modification or electronic coupling between
the two [90]. The effect of nanotube doping has been systematically investigated by embedding
nanotube powders in the emission, electron transport, and hole transport layers of OLEDs [91].
Such polymer/nanotube composites have been successfully exploited for various applications
including OPV [92-95], OLEDs [96], and organic field-effect transistors [97, 98]. Among
different transport models [99-104], percolation of the nanotube network within the polymer
matrix has been suggested to play a primary role behind improved charge mobility of up to
two orders of magnitude compared with that in the pristine polymer. This provides a techno-
logically simple pathway to improving the performance of organic electronic and optoelec-
tronic devices, while keeping their fabrication costs as low as possible [90].

The low dielectric constant of conjugated polymers results in large Coulomb interactions
between charge carriers, increasing exciton binding energy and photo-response characteristics.
The majority of OPV devices operate based on exciton dissociation at the interface formed by
two dissimilar materials with a type-Il band alignment that favors interfacial charge separation
and formation of free polarons. If the rate of bound electron-hole pair separation is low, other,
that is, radiative and non-radiative recombinations will prevail, which is a primary reason
behind efficiency loss. Internal electric fields at the polymer-metal interfaces (interface dipoles)
or dissociation centers, for instance, oxygen impurities that can act as electron traps (monop-
oles) promote fast exciton dissociation. As the electron affinity remains smaller for conjugated
polymers [105], percolated CNTs act as high mobility electron extraction paths or excitonic
antennas. Even at low doping levels, highly conductive pathways can be still established due
to a large aspect ratio and propensity of SWNT to bundling. While photo-generated electrons
will tend to transfer to SWNT, the photo-generated holes are to remain in the polymer matrix
that helps to lower the rate of internal recombinations and to mitigate charge-carrier losses [13,
106].

The first solid evidence of the charge transfer between SWCNTSs and conjugated polymers
(MEH-PPV) was provided by Yang et al. [107] by performing photoinduced absorption
spectroscopy. In their study, photoinduced charge transfer was deduced by observing a
reduction of the emission from the polymer accompanied by an increase of the polaron peak
in the MEH-PPV-SWCNT hybrids. Bindl et al. [108] examined exciton dissociation and charge
transfer at s-SWCNT heterojunction formed with archetypical polymeric photovoltaic
materials including fullerenes, poly(thiophene), and poly (phenylenevinylene) using an
exciton dissociation-sensitive photo-capacitor measurement technique that is advantageously
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insensitive to optically induced thermal photoconductive effects. It was found that fullerene
and polythiophene derivatives induce exciton dissociation resulting in electron and hole
transfer away from optically excited s-SWCNTs. Significantly weaker and almost no charge
transfer was observed for large bandgap polymers largely due to insufficient energy band
offsets.

In another study, Ham et al. [109] fabricated a planar nano-heterojunction comprising well-
isolated millimeter-long SNWTs placed underneath a poly(3-hexylthiophene) (P3HT) layer.
The resulting junctions displayed photovoltaic efficiencies per nanotube in the range of 3-4%,
which exceeded those of polymer/nanotube bulk heterojunctions by almost two orders of
magnitude. The increase was attributed to an absence of aggregates in case of the planar device
geometry. It was shown that the polymer/nanotube interface itself can be responsible for the
exciton dissociation with the best efficiency realized for ~60 nm thick P3HT layer.

Among different classes of nanomaterials, semiconducting CNTs remain the primary candi-
dates to enhance the charge separation when interfaced with conjugated polymers. The
difference in the behavior of semiconducting and metallic CNTs in polymer was studied
theoretically by Kanai et al. [110] who employed a density functional theory. Case studies
involving poly-3-hexylthiophene (P3HT) interfaced with semiconducting and metallic CNTs
were carried out. In case of semiconducting nanotubes, the theory predicts a formation of type-
II heterojunction, critical to photovoltaic applications. In contrast, in case of the metallic
nanotubes, substantial charge redistribution occurred and the built-in-potential was quite
small, whereas P3HT became electrostatically more attractive for electrons. These observations
confirm that in case of mixed single-walled nanotubes, a majority of interfaces would be made
by metallic components to compromise the device performance. Similar conclusions were
drawn by Holt et al. [111] in his study of P3HT-polymer/SWNT blends containing varying
ratios of metallic to semiconducting SWNTs.

4. Electronic and optoelectronic applications of carbon nanotube/polymer
composites

4.1. Organic photovoltaic devices

OPV devices based on m-conjugated polymers have been suggested as low-cost alternatives
to silicon-based solar cells [106, 112]. Unlike to energy conversion devices based on semicon-
ductors, in organic solar cell devices, a donor/acceptor (D/A) interface is required to break free
photo-generated excitons into free charges carries before they can be collected by the electrodes
[113, 114]. The list of the requirements for the materials for application in bulk PV devices
includes the following: (1) strong light absorption over the whole solar emission spectrum; (2)
sufficient separation between HOMO and LUMO; (3) large electron and hole mobilities within
the device active layer; and (4) low device fabrication cost [22, 115]. In addition to a detailed
consideration of intrinsic electronic aspects of the constituent components, geometric aspects
and chemical stability play equally important role. For example, the dimensions of active layer
should not exceed the exciton diffusion length, reportedly on the order of ~10 nm [22, 113].
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In CNTs/polymer photovoltaic devices, the dissociation of excitons can be accomplished
through the formation of a staggered gap donor/acceptor, type-II heterojunction formed
between the s-SWCNTs and the polymer in which the energy offsets at the hetero-interface
exceed the exciton binding energy, Ez. Recent experimental and theoretical studies by Schuett-
fort [116] and Kanai [110], respectively, demonstrate that a type-II band alignment only exists
for certain interfaces, such as between small diameter semiconducting SWNTs and P3HT. Even
for such blends, energy transfer from the polymer to SWNTSs remains one of the fastest de-
excitation channels that compete with the charge transfer processes, with the former facilitated
by larger surface area and electron affinity of the nanotubes vs. polymers [105, 117].

Kymakis et al. [118] examined both dark and photocurrent-voltage (J-V) characteristics of
poly(3-octylthiophene) (P30T)/SWNT composite photovoltaic cells as a function of SWNT
concentration. An open-circuit voltage (Vo) as high as 0.75 V was obtained for 1% doped
SWNTs/ P30T composite which served as a device active layer. An almost 500-fold increase
in the photo-response was partly attributed to a 50-fold increase in the hole mobility due to a
reduction in the density of the localized states in P30T matrix, and in part due to enhanced
exciton extraction at the polymer/nanotube junctions. Despite the improvement in the rate of
the charge separation, the power conversion efficiency was only 0.04% under 100 mW/cm?
illumination conditions. A poor dispersion of SWNT and the presence of a mixture of metallic
and semiconducting tubes were believed the primary factors behind the low efficiency
numbers. In 2011, the same group investigated the use of spin-coated SWNTs as a hole
transport layer (HTL) in organic bulk heterojunction photovoltaic devices shown
schematically in Figure 2 to raise the conversion efficiency [119]. Varying thickness SWNT
films were repetitively spin coated with dichloroethane and next evaluated as the HTL in P3HT
and 1-(3-methoxy-carbonyl)-propyl-1-phenyl-(6,6)C61 (PCBM) photovoltaic devices. It was
shown that insertion of ~12-nm-thick SWNT layer led to power conversion efficiencies as high
as 3.0%, compared with 1.2 and 2.8% for the devices without and with the traditional
PEDOT:PSS acting as the HTL. The improved efficiency was attributed to improved hole
transport in the polymer matrix due to a higher degree of crystallinity provided with SWNT.
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Figure 2. (a) Schematic drawings of the P3HT:PCBM photovoltaic cell with the SWNTs acting as the HTL. (b) Energy
level diagrams of photovoltaic device components referenced to the vacuum level.

In another study, June et al. implemented homogeneously dispersed CNTs using alkyl-amide
groups to chemically modify nanotubes to improve their dispersion in organic medium [16].
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The resultant composites and their based OPV cells exhibited gain in their optical and electrical
properties with the device efficiency approaching ~4.4%. The schematic of the fabricated solar
cell is shown in Figure 3.
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Figure 3. Schematics of the functionalization of nanotubes with the alkyl-amide group for a homogeneous dispersion
in organic solvent and the PV devices fabricated in [16].

In most OPV cells that host nanotubes, the open-circuit voltage (V,.) generally stayed below 1
V, another performance limiting factor. Rodolfo et al. [120] was able to raise V. by ~20% by
inserting continuous polymer layer between the electrode and SWNTs, which helped address
problems with electrical shorting and shunts by the metallic tubes.

Some prior studies pointed out that uncontrolled interactions at the CNT-polymer interface
can not only reduce the ability of the tubes to transport charge but also interfere with the photo-
physical processes, which act as a source of recombination centers for excitons (metallic tubes)
and energy quenchers (polymer-s-SWCNT), or by electrically shorting the circuit (long tubes).
From the standpoint of device engineering practices, a more rational design of the CNTs-
polymer interface across different length scales, thatis, nano to meso and careful consideration/
control of intermolecular level interactions via dispersion will be required [107, 121, 122].
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On this front, Arranz-Andres and Blau [122] investigated the influence of the nanotube
dimensions (length and diameter) and concentration on the performance of a CNT-polymer
device. They found that adding 5% of nanotubes by weight increased the power conversion
efficiency (PCE) by three orders of magnitude compared with that of the native polymer. The
incorporation of nanotubes into the P3HT matrix favorably affected the energy levels of the
P3HT and the morphology of the active layer. They also found that the nanotubes can act as
nucleation sites for P3HT chains, improving charge separation and electron transport.
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Figure 4. -V characteristics of series-connected inverted tandem solar cell. Tandem cell curves (red), back cell (blue),

front cell (black).

The three-component architectures based on nanotubes-fullerene-conjugated polymer
composites were proposed to achieve better photovoltaic efficiencies. Li et al. [125] suggested
using Cy, as an electron acceptor and nanotubes for the photo-generated charge transport. Two
types of chemically functionalized nanotubes were tested: carboxylated and octadecylamine
functionalized multi-walled nanotubes, in short c-MWNT and o-MWNT. All three photovol-
taic parameters, namely short-circuit current density, open-circuit voltage, and fill factor of
the P3HT:c-MWNT/C60-based cells showed improvements over those of the P3HT:0-MWNT/
C60 cell as a result of a faster electron transfer from Cg, to the nanotube backbone. Derbal-
Habak et al. [94] reported organic PV cells with power conversion efficiency of 3.6% by
incorporating functionalized SWNTs within P3HT:PCBM layer that helped improve both the
current density J,. and open-circuit voltage, V.. attributed to a partial crystallization of the
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RR-P3HT as revealed by XRD studies. Nismy [126] probed the optical and electronic response
of the composite devices comprising donor polymer and localized MWNTs also featuring
triple heterojunction architecture/scheme. A significant improvement in photoluminescence
quenching was observed for the devices with nanotubes embedded into the polymer matrix,
with the former facilitating the formation of the trap states. The triple scheme is generally
confirmed to yield a lower dark current and hence a significantly improved photovoltaic
performance with the PCE approaching ~3.8%.

Relatively high PCEs of ~7.4% were demonstrated by introducing copper-phthalocyanine
derivative (TSCuPc)/SWNT layer into the series-connected inverted tandem devices featuring
front PSBHT-ICBA and back PCBM-PCDTBT active layers, Figure 4.

As summarized in Table 1, repeated results from studies on CNTs/polymer OPV devices
reveal that the performance of nanotubes incorporated OPV cells is dependent on several
factors such as the device architecture, treatment or functionalization method of nanotubes,
type of CNTs, concentration of nanotubes as well as thickness of the nanotube-incorporated
active layer.

Type of CNT Type of polymer  Preparation method PCE (%) FF (%) References
SWNT P3HT:PCBM Spin coating of surfactant-free 3.04 50.7  [119]
CNTs as the hole

transport layer
SWNT P3HT:PCBM Homogenous dispersion by 3244 3852 [16]
alkyl-amide

functionalization of CNT

SWNT 5 wt% P3HT Dispersion in chloroform 52.3 20.3  [122]

SWNT RR-P3HT: Solution mixing 3.66 52.2 [94]
PCBM

DWNT P3HT Dispersion in chloroform 47.2 20.3 [122]

(double-walled CNT)

c-MWNT/Cy, P3HT Dispersion of carboxylated 0.8 44 [125]
nanotubes in o-dichlorobenzene

(ODCB) solutions
MWCNT P3HT Dispersion in chloroform 26.8 22 [122]

O-MWCNTs P3HT, PCBM Solution mixing 3.8 70 [126]

Table 1. Summary of organic photovoltaic devices reviewed in this chapter

To overcome problems with poor performance of bi-layer devices that stem from short exciton
diffusion length in polymers, poor exciton dissociation and absence of a percolated network
required for improved photo-generated charge transport, the devices incorporating polymer-
fullerene-based donor-acceptor (D-A) material have been reconsidered. Comparative studies
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on bulk heterojunction devices vs. those with a nanotube-incorporated active layer formed by
sequential deposition show that the latter architecture is prone to a higher recombination of
carriers due to the introduction of trap states associated with the nanotubes. Photo-generated
excitons are also quenched at the D/A material interface due to these additional energy levels
and render lower ], values. On the other hand, the heterojunction scheme yields lower dark
currents and better photovoltaic performance confirming a very critical role of the heterojunc-
tion in devices with organic/hybrid architectures. For the nanotube/polymer-based OPV cells,
the nanotube type is also to influence the performance of such devices. While there is no clear
link between the number of walls or the diameter of the nanotubes and the performance of the
OPV device, the semiconducting nanotubes were concluded to form a needed, type-II
heterojunction. In contrast, in case of metallic nanotubes, a substantial charge redistribution
is to take place at the interface. As a result, the built-in-potential is quite small and unlikely to
contribute significantly to the subsequent charge separation at this interface, leading to an
inefficient PV device. The photovoltaic characteristics of the PV cells are also to depend on the
concentration of nanotubes. In particular, the incorporation of low concentrations of nanotubes
in the photoactive layer leads to an increase of the current density J,.. The functional groups
as well as the preparation methodology are among the other factors that were found to
influence the performance of OPV cells.

4.2. Organic light-emitting diodes (OLED)

OLED:s are indispensible to flexible light displays because of their excellent properties: They
are lightweight and feature low power consumption, wide angle of view, fast response, low
operational voltage, and excellent mechanical flexibility [127, 128]. Light-emitting polymers
demonstrate excellent quantum efficiencies and can be solution processed to build electro-
luminescent devices of very low cost. OLEDs are generally considered as “dual-injected”
devices as holes and electrons are injected from the anode and cathode, respectively, into active
molecular/macromolecular medium, where they form excitons that recombine radiatively
[128, 129].

Recent progress in OLEDs stems not only from the advancement of the polymer science but
also from achieving better control over the charge transport in the electroluminescent layers
and doping of the emissive materials [22]. A proper layer sequence in OLEDs ensures that the
injected charges are properly balanced within the emissive layer to achieve high external
efficiency. SWNTs introduced into conducting polymers lower the charge injection barrier
formed at the electrode-organic interface and hence favorably affect the device performance
[130].

One of the first studies to combine SWNT with conjugated polymer-based OLEDs was
attempted by Curran et al. [131]. The observed increase in the quantum yield was attributed
to intermolecular m—7t stacking interactions that take place between the polymer and nano-
tubes. A polymer stiffening is another factor that can lead to an increase in the luminescence
output. Moreover, when SWNTs are added the strength of the polymer—polymer interaction
becomes weaker, which is a source of self-quenching effects. The concentration of SWNTs of
1% (by weight) is considered optimal/sufficient for the polymer strands to experience inter-
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action with the nanotubes. Excess concentrations of SWNTs lead to a drop in the luminescence.
Woo et al. [132] prepared double-emitting OLEDs (DE-OLEDs) based on SWNTs-PmPV. A
low bias I-Vs obtained on the devices made from the composites were quadratic, while in the
devices with pure PmPV, the dependence was significantly more nonlinear: I ~ V5; the result
was explained by the presence of structural and chemical defects in the PmPV composite that
favors continuous trap-limited charge transport.

In a recent study, Gwinner et al. [134] investigated the influence of small amounts of semi-
conducting SWNTs on characteristics of ambipolar light-emitting field-effect transistors
(LEFETs) comprising polyfluorenes such as poly (9,9-di-n-octylfluorene-alt-benzothiadiazole
(F8BT) and poly(9,9-dioctylfluorene) (F8)-conjugated polymers, Figure 5. Incorporating
SWNTs within a semiconducting layer at the concentrations below the percolation limit
significantly augments both hole and electron injections, even for a large bandgap semicon-
ductor such as F8, without invoking a significant luminescence quenching. In general, owning
to lower contact resistance and threshold voltage, larger ambipolar currents and in turn higher
output/light emissions can be realized.
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Figure 5. (A) Schematic illustration of bottom contact/top gate polymer field-effect transistor with carbon nanotubes
dispersed in the semiconducting polymers F8BT and F8. (B) Energy level diagram of a semiconducting SWNT with (7,
5) chirality, gold (injecting electrode), and HOMO/LUMO levels of both F8 and F8BT. Reprinted from [134] with per-
mission. Copyright © 2011 American Chemical Society.

Divya et al. [134] investigated the use of a diketone ligand, 4,4,5,5,5-pentafluoro-3-hydroxy-1-
(phenanthren-3-yl)pent-2-en-1-one (Hpfppd), containing a polyfluorinated alkyl group, by
covalently immobilizing it onto the multi-walled CNT host via carboxylic acid functionaliza-
tion pathway. The resultant nanocomposite displayed intense red emissions with an overall
quantum yield of 27% under a wide excitation range from UV to visible (~330-460 nm), making
it prime candidate for application in OLEDs.

Indium tin oxide (ITO) features a high transmittance at a low sheet resistance [127] and is
ubiquitously employed as an OLED anode but not without drawbacks. ITO is brittle and can
suffer from cracks that lead to electrical shorting; it can serve as a source of oxygen that diffuses
into emissive layers, while it has insufficiently high work function of ~4.7 eV [129, 135].
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On this front, SWNT sheets have been considered as viable alternative and were studied for
possible use as anodes in OLEDs, Figure 6 [136]. Some recent prototypes exhibited brightness
of ~2800 cd m™ that was comparable to that of OLED featuring ITO anodes.
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Figure 6. (a) Schematic of the SWNT OLED device and (b) corresponding cross-sectional scanning electron microscopy
image at a broken edge taken at a 20° angle from the surface normal. Reprinted from [136] with permission. Copyright
© 2006 American Institute of Physics.

Zhang et al. [137] showed arc-discharge nanotubes were overwhelmingly better electrodes
than HiPCO-nanotube-based films in all of the critical aspects, including surface roughness,
sheet resistance, and transparency. Arc-discharge nanotube films that were PEDOT passivated
showed high surface smoothness and featured sheet resistance of ~160 {3/sq at 87% transpar-
ency.

Parekh et al. [138] was able to improve the conductivity of transparent SWNT thin films by
treating the samples with nitric acid and thionyl chloride. Geng et al. [139] was able to achieve
a fourfold sheet conductance improvement by exposing SWNT films produced by spray
technique to a nitric acid with the treated samples demonstrating sheet resistance of ~40 and
70 Q/sq, at 70 and 80% transmittance, respectively. To break interdependence of the sheet
conductance and the transparency, a magnetic field was applied during drop-casting of
SWNT-polymer films onto ITO-coated glass and ITO-coated PET substrates [140]. This led to
sample de-wetting and enhancement in the electrical conductivity of the films. For a function-
alized SWNT-PEDOT:PSS film formed on an ITO-coated PET substrate, a sheet resistance of
90 Q/sq at 88% transmittance was obtained. SWNT-PEDOT:PSS composite devices formed on
PET substrate were proposed as a way to combat the problem, with the films featuring a sheet
resistance of 80 {2/sq, and having a transmittance of 75% at ~550 nm. The ratio of DC to optical
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conductivity was higher for composites with mass fractions of 5560 wt% than for nanotubes
only films. For ~80-nm-thick composite filled with 60 wt% arc discharge nanotubes, this
conductivity ratio was maximized at opc/0gp = 1, with the transmittance (at 550 nm) and sheet
resistance of 75 and 80 /sq, respectively. These composites also have excellent electrome-
chanical stability, with <1% resistance change over 130 bend cycles.

As outlined above, CNTs/polymer composites could be incorporated into conducting poly-
mers as the buffer layer, or in the form of plain sheets as flexible anode electrode in OLEDs.
The characteristics exhibited by the CNTs/polymer composite as the transport layer in OLEDs
have been observed to change with the polymer system as influenced by the nature of the
polymer-nanotube interactions. Additionally, nanotube sheets can serve as transparent
electrodes in OLEDs which make them a viable alternative to the conventional ITO electrodes.

4.3. Infrared sensors

“Infra” from Latin means “below”; thus, IR refers to a spectral range beyond the red boundary
of the visible electromagnetic spectrum, which corresponds approximately to ~0.8 um. Since
all objects emit IR radiation, the effect is known as a black body radiation, seeing in the dark
or through obscured conditions, by detecting the IR energy emitted by objects is possible. IR
imaging has therefore become a cornerstone technology for many military and civilian
applications including night vision, target acquisition, surveillance, and thermal photovoltaic
devices. Biomedical imaging and light-activated therapeutics represent another critical area
that particularly benefits from high tissue transparency to IR light. Despite a recent progress
in the field of IR sensing and imaging, high cost, requirement for cryogenic cooling, and
spectrally limited sensitivity still remain the main disadvantages of this technology today.

Two primary methods of IR detection exist: energy and photon detection. Energy detectors
respond to temperature changes generated from incident IR radiation through changes in
material properties. Energy detectors, the well-known examples of which are bolometers,
pyroelectric, and thermopile detectors, are normally low cost and primarily used in single-
detector applications; such applications include fire and motion detection systems as well as
automatic light switches and remote thermometers. In contrast to energy detectors, light
interacts directly with the semiconductors in photon detectors to generate electrical carriers.
More specifically, incident light with energy greater than or equal to the energy gap of the
semiconductor drives the semiconductor out of equilibrium by generating excess majority
electrical carriers. This translates into a change in the net resistance of the detector. The well-
established examples of photon detector materials are lead sulfide (PbS), lead selenide (PbSe).
Since these detectors do not function by changing temperature, they respond much faster than
energy detectors and in principle can be sensitive to a single photon, if used, for instance, in
conjunction with the emerging class of single electron devices. Both, increased sensitivity and
reduced response time provided with the use of small bandgap semiconductor materials, have
recently led to the development of advanced and very sophisticated IR detection systems,
which are of high technological relevance today.

The higher the temperature of an object, the larger the amount of thermal radiation it emits,
while its peak intensity also shifts to a shorter wavelength. The demonstrated strong spectral

109



110 Carbon Nanotubes - Current Progress of their Polymer Composites

dependence of thermal radiation on the temperature, also known as a Wien’s law, necessitates
the use of materials with optimized sensitivity at multiple wavelengths for two primary
reasons: (1) to increase sensitivity and (2) to enable highly selective military/civilian target
identification and acquisition. Until recently, the problem was addressed through simultane-
ous use of several materials with peak sensitivity corresponding to different wavelengths. As
fabrication and processing change dramatically from one material system to another, engi-
neering of wavelength-specific and ultra-sensitive IR detectors currently remains uneconom-
ical.

A recent progress in the field of nanotechnologies, and in particular, in the area of non-
lithographic fabrication of multi-functional nanomaterials such as quantum wells, wires, dots
and CNTs opens new opportunities for advancing IR sensing technology beyond today’s
confines. Unlike semiconductor alloys, the effective energy bandgap of nanomaterials and
particularly CNTs can be easily tailored by simply changing their size which enables engi-
neering of future IR-devices with expected spectral range of operation: from ~15 to ~0.6 um
(i.e., from ~0.1 to 2eV). Furthermore, as electron scattering is suppressed in materials featuring
one-dimensional electronic configurations, nanotube-based IR photo-detectors are expected
to demonstrate orders of magnitude improved sensitivity at room temperature as compared
with the detectors operating on thin films or quantum wells. This property could potentially
mitigate the requirement for cryogenic cooling currently implemented in most IR photon-type
sensing devices.

For IR-detection application, aligning of many nanotubes would be highly critical from two
points of view: to increase packing density of nanotubes and thus device sensitivity and to
realize polarization sensitive IR optical devices. In contrast to conventional semiconductors,
conjugated polymers provide dramatic benefits for engineering active optical nano-electronic
and photonic devices; this includes reduced processing cost, excellent physical flexibility, and
large area coverage. Until now, application of polymers in electronic devices was primarily
limited to a visible range of electromagnetic spectrum [142, 143]. While stability of most
polymers represents a barrier to their use as UV sensors, extending their use in the IR range
becomes possible by implementing CNTs for both light absorption and free carrier generation.
The exciton dissociation rate can be increased by introducing heterojunctions or applying
external electric fields. The former can be realized by incorporating p-type nanotubes into n-
type polymer matrix, such as PPy (pyridine-2,5-diyl) conjugated polymer, which is also known
to exhibit relatively high resistance to oxidation.

Composites of CNTs/polymer feature relatively high absorption in a wide spectral range of
~0.2-20 pm and an emissivity coefficient close to unity while. Moreover, such composites are
resistive to hard radiation damages and can work in high magnetic fields [144]. Unlike MWNTs
and graphene which possesses featureless visible/NIR absorption, semiconducting SWNTs in
particular exhibit strong and discrete absorption in the visible/NIR region owing to first
optically active interband transition (S;;) with its energy scaling inversely proportional to the
nanotube diameter. Lu et al. [148] reported a very large photocurrent in the device comprising
semiconducting single-walled carbon nanotube (s-SWCNT)/polymer with type-II interface,
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Figure 7. The detector featured significantly enhanced NIR detectivity of ~10® cm Hz'?/W,
which is comparable to that of the many conventional uncooled IR sensors, Figure 8.
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Figure 7. (a) Diagram of s-SWCNT/P3HT nanohybrid. (b) Band structure of the s-SWCNT/P3HT type-II heterojunction.
(c) AFM image of s-SWCNT/P3HT. (d) Optical absorbance spectra of sSSWCNT and s-SWCNT/P3HT. Reprinted from
[148] with permission. Copyright © 2012 American Chemical Society.
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Figure 8. (a) Brief diagram of the electrical setup for IR detections. (b) Representative V-I curves of s-SWCNT/P3HT in
dark and under NIR illumination of 2 mW/mm?. The inset shows the voltage-biased V-I curves of s-SWCNT control
sample. (c) Differential conductance dI/dV of s-SWCNT/P3HT: The data were calculated from (b). Reprinted from [148]
with permission. Copyright © 2012 American Chemical Society.

Among other composites, polyaniline-CNTs composite thin film sensors showed an IR
photosensitivity enhancement of more than two orders of magnitude under ambient condi-
tions [144]. The attained enhancement in the sensitivity (bolometric effect) is attributed to a
higher heat generation by CNTs and large temperature dependence of the resistance of
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polyaniline. In another study, Aliev [143] built an uncooled bolometric sensor based on

SWNTs/polymer composite with voltage responsivity of ~150 V/W. Another, all-printed NIR

sensor was engineered by Gohier et al. [146] by depositing multi-walled CNTs on a flexible

polyimide substrate; the sensor showed ultra-high responsivity of ~1.2 kV/W. A strong

dependence of the device response on the surrounding atmosphere was though noted and

attributed to desorption of water molecules that negatively affected the photosensitivity.

Glamazda et al. [147] reported on a strong bolometric response in SWNT-polymer composite

featuring higher degree of internal alignment. A better alignment dramatically increased the

temperature sensitivity of the resistance explained within the framework of fluctuation-

induced tunneling theory. A spectrally flat mid-IR responsivity of 500 V W™ was observed and

is among the highest reported for nanotube-based bolometers.
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Abstract

Three-dimensional networks can be hydrophilic and/or hygroscopic. Optical, mechani-
cal, and electrical properties of these materials encompass many fields of technology.
Composites of carbon nanotubes (CNTs) in polymeric materials have attracted consid-
erable attention in the research and industrial communities due to their unique optical,
mechanical, and electrical properties. CNT polymer nanocomposites possess high
stiffness, high strength, and good electrical conductivity at relatively low concentra-
tions of CNT filler. Here, in this chapter, we survey the optical, mechanical, and electrical
mechanisms for various polymeric systems. Composite gels and films were prepared
withvariousmolarpercentagesof multiwalled carbonnanotubes(MWCNTs). Theoptical,
mechanical, and electrical behaviors of various composite gels doped by MWCNT are
also discussed in the each sections of the chapter. The optical behaviors of the compo-
sites were performed by the UV-Vis spectroscopy and fluorescence spectroscopy in the
first part of the chapter. On the other hand, compressive testing technique and rheologi-
cal measurements were employed to determine the variations of mechanical properties
of the composites in the second part of the chapter. Lastly, we review the electrical
properties of the composites improved significantly by addition of MWCNTs researches.

Keywords: multiwalled carbon nanotubes (MWCNTs), drying, swelling, elasticity,
conductivity, polyacrylamide (PAAm), polystyrene (PS), poly(vinyl acetate-co-butyl
acrylate (P(VAc-co-BuA)), latex, PET(poly(ethylene terephthalate)

1. Introduction

Polymer-carbon nanotube (CNT), discovered by lijima [1], composites were studied by Ajayan
firstly. Carbon nanotubes and their composites have many application areas such as batteries,
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flat panel screens, sensors, and nanoprobes [2]. When comparing with different materials,
nanotubes are stronger and more conductive than others. Therefore, there are many studies on
polymer-CNT composites at last decade [3]. Nanotubes can be described as long and slender
fullerenes, in which the walls of the tubes are hexagonal carbon (graphite structure). These tubes
can either be single-walled carbon nanotube (SWCNT) or multiwalled carbon nanotube
(MWCNT).

N-vinylcarbazole (NVC) was polymerized in bulk or in toluene in the presence of MWCNT
without any extraneous catalyst [4]. A composite of PNVC with MWCNT isolated from the
polymerization system showed high dc conductivity varying from 1.3 to 33 S cm™ depending
upon the extent of MWCNT loading in the composite. In situ polymerization and photo-
physical properties of poly(p-phenylene benzobisoxazole) (PBO)/MWCNT composites were
performed by optical techniques such as UV-Vis absorption, photoluminescence [5]. The
investigation of UV-Vis absorption and fluorescence emission spectra exhibited that in situ
PBO-MWCNT composite had a stronger absorbance and obvious trend of red-shift compared
with blend PBO/MWCNT composites for all compositions. The characterization of poly(3-
octylthiophene) (P30T)/polystyrene (PS)-MWCNT polymer hybrid system performed by
Fourier transform infrared spectroscopy, ultraviolet (UV)-visible absorption, and electrical
measurements shows significant effects [6]. This study presents that the incorporation of 5 wt
% functionalized MWCNT onto P3OT/PS polymer hybrid blend will convert this material from
insulator to conductor. Modulation of single-walled carbon nanotubes photoluminescence by
hydrogel swelling demonstrated that the shift of nanotubes photoluminescence occurred in a
hydrogel matrix. As the hydrogel cross-linking density and hydration state is changed, the
nanotubes experience lattice deformations and a shift in photoluminescence emission maxima
[7]. CNTs were added into poly(vinyl alcohol) (PVA) hydrogels to modify their mechanical
properties. Freezing/thawing method was used for preparing the hydrogels. The tensile
modulus, tensile strength, and strain at break of CNTP-0.5 specimen with 0.5% (w/w) CNTs
are increased by 78.2, 94.3, and 12.7%, respectively, [8]. Dual stimuli responsive poly(N,N-
diethylacrylamide-co-acrylic acid) composite hydrogels functionalized with MWCNTs were
obtained. Swelling, deswelling, compression properties of the composites were greatly
improved [9]. The relaxation process of the composites was modeled by Fickian diffusion
mechanism.

Synthesis, electrical, and mechanical properties of polyethylene oxide (PEO)-MWCNT
composites were investigated [10]. The conductivity measurements on the PEO-MWCNT
composite films with the highest concentration of MWCNT (50 wt%) showed an increase of
eight orders 6.52 S cm™ of magnitude in conductivity from bare PEO film. The elastic modulus
and tensile strength of a PEO-MWCNT film were increased by about fivefold and tenfold,
respectively, as compared to the corresponding values for a PEO film.

Polyvinyl alcohol (PVA)-vapor growth carbon fiber (VGCF) and PVA-MWCNT were prepared
by gelation/crystallization [11]. The percolation threshold of electrical conductivity for the
PVA/MWCNT was <1 wt% MWCNT loading which was much lower than that of PVA/VGCFs
composites. The mechanical properties of the PVA composite films were significantly by
adding VGCFs and MWCNTs. Poly(ethylene terephthalate)(PET)-MWCNT nanocomposites
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were prepared by coagulation method [12]. The percolation threshold 0.6 wt% for rheological
property and 0.9 wt% for electrical conductivity has been found. The less rheological perco-
lation threshold than electrical percolation threshold is mainly attributed to the fact that a
denser MWCNT network is required for electrical conductivity, while a less dense MWCNT
network sufficiently impedes PET chain mobility related to the rheological percolation
threshold.

The electrical and rheological characteristics of poly(vinyl acetate) (PVAc)/multiwall carbon
nanotube nanocomposites were investigated [13]. Small amount of MWCNT was observed to
remarkably decrease resistivity of the nanocomposites. The G’ and G” increase with the
addition of MWCNT loading compared with that of the PVAc matrix.

The rheological and conductivity threshold of semicrystalline syndiotactic polystyrene (sPS)
composites filled with CNTs and carbon nanocapcules (CNCs) were determined dynamic
rheological tests of samples in the melt state and from electrical tests in the solid state,
respectively [14]. The sPS composites filled with CNT with a higher aspect ratio exhibited a
lower threshold than the CNC filled ones in both rheological and conductivity percolation.
The electrical and rheological properties of polypropylene (PP)-CNT composites were studied
[15]. Thus, the conductivity of the composites was increased with CNT content and the content
percolation threshold is between 1 and 2 wt% MWCNTs.

Poly(N-isoproplacrylamide) (PNIPAAm) containing single-walled carbons and single-walled
nanohorns showed phase transitions [16]. Preparation and characterization of PAAm/
MWCNTs monohybrid hydrogels with microporous structures were presented by mechanical,
pH, and temperature sensitive response and swelling kinetics [17]. The addition of nanotubes
produced interesting properties, including tailor ability of temperature responsive swelling
and mechanical strength of the PNIPAAM-MWCNT composites. Polystyrene (PS)-MWCNT
composites have been widely studied and published in the literature. The results of Yu et al.
[18] yield an increment in conductivities of such composites which were produced by latex
technology. Poly(vinyl acetate) (PVAc) is a non-crystalline, amorphous thermoplastic poly-
mer. The PVAc is generally fabricated via mixing process with certain polymeric materials in
order to reinforce the structural properties [19, 20]. PVAc-based composites are widely used
in adhesive, paper, emulsifier, paint, and textile industries due to its high-bond reinforced,
film-like, nonflammable, and odorless characteristics [20].

In this chapter, after the introduction section, optical properties of various polymer-CNTs
composite will be given and then mechanical properties of them which doped by MWCNTs
will be provided. In the later section, electrical properties of them will be discussed.

2. Optical properties of different polymer-CNTs composites

Polyacrylamide (PAAmM)-MWCNT composite gels were prepared by free radical cross-linking
copolymerization [21]. PAAm was doped with various (0.1-15 wt%) of MWCNTs. Before
drying was started [22], composites were cut into discs with 10 mm in diameter and 4 mm in
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thickness from the injector. Disc-shaped gel samples were placed on the wall of a 1 cm path
length, square quartz cell filled with air and water for drying and swelling experiments,
respectively.

Drying [22] and swelling [23, 24] process were performed by a Model LS-50 spectrometer of
PerkinElmer, equipped with temperature controller. All measurements were made at 90°
position, and spectral bandwidths were kept at 5 nm. Pyranine as a fluorescence probe in the
composite gels was excited at 340 nm during in situ fluorescence experiments, and emission
intensities of the pyranine were monitored at 427 nm as a function of drying, and swelling
time, respectively. It was observed that the fluorescence intensity of pyranine increased as
drying time was increased during the drying process. By combining the Stern-Volmer equation
with the moving boundary model, water desorption coefficients, D, were determined for the
drying gels prepared with various MWCNT content at different temperatures.
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Figure 1. Emission spectra of pyranine from composites during drying in air, for 0.3 and 3 wt% MWCNT content gels
at 60°C and in 135 min [22].

Figure 1 shows the emission spectra of pyranine from PAAm-MWCNT composite gel with 0.3
and 3 wt% MWCNT contents during drying in air at 60°C and in 135 min. It can be seen that
as the MWCNT content is increased, fluorescence intensity, 1., decreases relative to the
scattered light intensity, L. Since the decrease in I,. corresponds to the decrease in turbidity of
the drying gel [25], the corrected fluorescence intensity, I, was introduced as I, /I, to eliminate
the turbidity effect. As far as the correction of fluorescence emission is concern, totally
empirical formula was introduced to produce the meaningful results for the fluorescence
quenching mechanisms. In order to quantify these results, a collisional type of quenching
mechanism may be proposed for the fluorescence intensity, I, from the gel samples during the
drying process using Eq. (1) [26].
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T, (=5 ns) is known for pyranine [26] so W can be calculated using Eq. (1) and the measured I
values, in each drying step.
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Figure 2. The plots of the water release, W versus drying time, ¢t for PAAm-MWCNT composite gel dried in air meas-
ured by fluorescence technique for 0.3 and 3 wt% MWCNT content samples at 60°C [22].

Figure 2 presents the W, versus drying time. The plots of W versus t' for 0.3 and 3 wt%
MWCNT content sample at 60°C are presented in Figure 2, where the fit of the data to Eq. (2)
produced the desorption coefficients, Dy which are plotted in Figure 3.

1/2
%ﬁ{D—d’z} o )
Vi wa

20
a Al030C
- A A50C
£ A
S\:J 10 .
; A A
= % o
= ® o o o

'] T L T T

5 0 5 10 15 20
wt % MWCNT

Figure 3. Desorption diffusion coefficients, D, versus wt% MWCNT content measured by fluorescence technique at 30
and 50°C [23].

Fluorescence technique measures the D; values at a molecular level. The desorption coeffi-
cients, Dy, were obtained from Eq. (2) and measured by fluorescence technique for various
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MWCNT content samples, where it was observed that the desorption coefficient decreased as
the MWCNT content is increased up to 1 wt% MWCNT and reached to a plateau by presenting
the different behaviors below and above the critical MWCNT (1 wt%) content at which the
conducting percolation cluster starts to appear [21].

Monitoring of swelling experiments shows that emission light intensity, I, was decreased
which is modeled by the Stern-Volmer equation. The Li-Tanaka equation was used to deter-
mine the swelling time constants, 1, and cooperative diffusion coefficients, Dy, from fluores-
cence intensity (Table 1).

Figure 4 presents the fluorescence spectra of pyranine from the PAAm-MWCNT composite
during the swelling process in pure water at 60°C for 1 and 10 wt% MWCNT at 80 min,
respectively. When the water uptake is increased, the emission light intensity, 1., was
decreased and the scattered light intensity, I, was increased, respectively, because of the
quenching of excited pyranines and turbidity.

20
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Figure 4. Fluorescence spectra of pyranine from the composite during the swelling process at 60°C for 1 and 10 wt%
MWCNT content samples at 80 min [24].

To produce the meaningful results for the fluorescence quenching mechanisms, empirical
equation was introduced [27-29]. The corrected fluorescence intensity, I, is produced by
dividing emission light intensity, I, to scattering intensity, I, to exclude the effect of turbidity.
On the other hand, when quenching of excited pyranines increased, the swelling time, t,
increased. This behavior of the composites was modeled by Stern-Volmer Model have been
proposed using Eq. (2) [26].
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Dy x 10 (m?%/s) Tg (min) Dg; x 107 (m?¥s)
0 30 14.10 85 0.95
40 15 48.5 4
50 26 37.7 7.1
60  48.67 25 7.3
0.3 30 246 58.82 0.6
40 4.53 55 1.25
50 8.6 35.71 1.73
60 9.15 26.31 1.82
0.6 30 230 55 0.65
40 3.17 50 1.7
50 6.08 33.33 1.9
60 7.37 25.64 2.5
1 30 229 48 1
40 257 47.61 2.07
50 4.70 32.25 2.44
60 5.28 22.72 2.95
3 30 230 96 0.4
40 6.23 95.23 0.44
50 8.39 90.9 0.68
60 10.2 83.33 0.76
5 30 235 98 0.38
40  8.65 97 0.39
50 121 95.23 0.59
60 127 89 0.62
10 30 246 100 0.36
40 9.88 98 0.37
50 143 95 0.55
60 14.2 91 0.6
15 30 4 120 0.32
40 104 111.11 0.35
50 164 105.26 0.44
60 17.6 103.09 0.46

Table 1. Experimentally measured parameters of PAAm-MWCNT composites for various temperature and wt%

MWCNT contents during drying and swelling processes, respectively.
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Figure 5. The plots of fluorescence data using Eq. (2) versus swelling time, t, for PAAM-MWCNT composite gels swol-
len in water measured by fluorescence technique for 0.6 and 10 wt% MWCNT content sample at 60°C, respectively.

Plots of water uptake, W, versus swelling time are presented in Figure 5 for 0.6 and 10 wt%
MWCNT content samples at 60°C, respectively. These are typical solvent uptake curves,
obeying the Li-Tanaka equation is Eq. (3) [27-29].

w
Wf =1-Bexp(-t/1y) 3)

The logarithmic form of the data was fitted to the following relation produced from Eq. (3)

w t
hl(l_W) =InB, - 4)

/ s

where 1¢is the time constant which was calculated from linear regression of the curves in
Figure 5 and Eq. (4) described by Li and Tanaka [28].

Dy, =— )

Using Eq. (5), cooperative diffusion coefficients Dg; were determined for these disc-shaped
composites and found to be around 10 m?s. All Dy values first increased up to 1 wt%
MWCNT content and reached its highest value at this critical point, where the percolation
cluster from MWCNT starts to form as given in Figure 6 and Table 1.



Optical, Mechanical, and Electrical Properties of Polymer Composites Doped by Multiwalled Carbon Nanotubes
http://dx.doi.org/10.5772/63054

3
~ -—--30C
A # &-50C
a \ -aT-
g 21 é \
c\h-/ \
‘ \
3 \
x 11 o
= é NA-a____ -
a 0~ vk L ko
0 - - - :
5 0 5 10 15 20
wt % MWCNT

Figure 6. Cooperative diffusion coefficient, Dy, versus MWCNT content measured by fluorescence methods at 30 and
50°C, respectively [23].

The percolation cluster formed from CNTs helps water molecules flow faster in their channels
and causes the composite gel swell faster presenting large Dg; values for all samples under
consideration. However, above the critical point (1 wt% MWCNT), composite gel is quite stiff
due to the formation of infinite network from MWCNT. The formation of inelastic composite
gel above the critical point then lowers the Dg; values to the smaller numbers.

The results were interpreted in terms of the swelling time constants; t,, (decreased) and the
cooperative diffusion coefficient, Dy, (increased) versus wt% MWOCNT content. It was
observed that high MWCNT content composites swell much slower producing smaller Dy
coefficients for all measurements at a given temperature.

The effect of MWCNT addition in insulating PS matrix was investigated [30]. Composite films
were prepared using polystyrene (3.5% w/v) with various (0.13-18 wt%) of MWCNTs stock
content on 2.5 x 3.0 cm? glass plates at room temperature. Variations in optical properties of
very-thin PSSMWCNT composite films were measured using photon transmission techniques.
Electrical and optical percolation thresholds were determined. Classical and site percolation
theories were used to calculate the critical exponents for optical transmission data.

UV spectrophotometer (Lambda 2 S of PerkinElmer, USA) was used to monitor the variation
of optical transparency of the composite films. The transmittances of the composite films were
detected at 400 nm wavelength. Measurements were performed at six different positions on
the film surface in order to lower the error. All the photon transmission measurements were
carried out at room temperature. Figure 7 shows that the behavior of transmitted (I,) and
scattered (L) light intensities versus the ratio of MWCNT contents (M) in composite films.
When transmitted light intensity, I, sharply decreases, and scattering centers in the film are
increased, respectively, due to refractive indices between two medium in the composite system
[30]. In Figure 7, the scattered light intensity increases rapidly, even though the MWCNT
content was 0.13 wt% at the beginning which shows the percolation threshold value is in
between 0 and 0.13 wt%. Since M - M,,, — M for the extremely low M, values, the percolation
probability for the optical data can be written as follows:
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1, =IM"” (6)

The critical exponent 3,, was calculated and found to be as 0.32 from the slope of log I./I,
versus log M plot.

The effect of MWCNT addition in insulating PV Ac matrix was investigated [31]. Mass fractions
of the composites were obtained between 0.5 and 18 wt%. Variations in optical properties of
P(VAc-co-BuA)/MWCNT composite films were measured using photon transmission and
fluorescence emission measurement techniques. The optical and fluorescence percolation
thresholds were determined. The classical and site percolation theories were used to calculate
the critical exponents for two data sets from the techniques, respectively.

MWCNT Mass Fraction, M (wWt%)

Figure 7. Variation in transmitted (I,) and scattered (I,.) light intensities on PS-MWCNT composite films versus mass
fractions [30].

UV spectrophotometer (Lambda 2S of PerkinElmer, USA) was used to monitor the variation
of optical transparency of the composite films. Since the absorbance region of the pyranine
molecule was 300-430 nm, the transmittances of the composite films were detected at 470 nm
wavelength. Transmission measurements were performed at six different positions on the film
surface in order to lower the error. Thus, the average value of transmitted light intensity (I,)
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was obtained. Transparency variations of the composite films versus mass fractions (M) of
MWCNT were monitored by transmitted light intensity, I, from the films. It was observed
that I, sharply decreases as MWCNT content increases in the composite system, and there is
almost no light transmission from the films above the mass fraction of 7.0 wt% (M = 7.0 wt%).

Log (fsc £ 1)

_D4 T I T I T I T I 1
-04 ] 0.4 0.8 1.2
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Figure 8. The log-log plot of I versus M. The slope of the straight line produces the optical critical exponent, 3, as
0.40 [31].

The behavior of I, versus M predicts that the composite system owns a percolative structure
having a percolation threshold at 0.5 wt% MWOCNT content. As M is increased, the scattered
light intensity, I..=1, — L, increases due to the concentration fluctuations.

0

The variation of log /I, versus log M is given in Figure 8. The critical exponent, 3, was
calculated as 0.40 from the slope of Figure 8 using Eq. (6). The obtained value of 3,, = 0.40 is
not far from the theoretical site percolation value of 0.42 [32].

The variation of fluorescence emission of the composite films was measured using Varian Cary
Eclipse fluorescence spectrophotometer. Excitation and emission wavelengths were used as
370 and 507 nm, respectively. The emission wavelength at maximum intensity of pyranine is
510 nm, which varies up to 5-10 nm depending on the structure of the polymer molecules. The
fluorescence emission measurements were performed at six different positions on the film
surface in order to lower the error level, and the average value of the fluorescence emission
intensity (I;) at the maximum was obtained. The maxima of the emission intensity (I;) versus
mass fractions (M) of the samples are shown in Figure 9, where it can be seen that the emission
intensities of pyranine show arapid decrease for further addition of MWCNTs in the composite
films. As the MWCNT concentration is increased, the number of the scattering centers in the
film also increases.
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Figure 9. The fluorescence emission intensity, I;, versus MWCNT mass fraction, M [31].

The fluorescence emission data in Figure 9 can be treated by the percolation theory. The
percolation probability for the data of fluorescence emission could be arranged as follows:

1
= (M-Mp)” @)

fl

where M is identical to lattice occupation probability, p, then the percolation threshold value,
Po is equal to M.

Since (M — My) — M for low My then Eq. (7) becomes as follows:

1
=M ®)

n

By assuming, the percolation probability P.. (p) is inversely proportional to the fluorescence
emission intensity. The variation of log (1/Iy) — log (M) is presented in Figure 10, where two
different percolation regions can be detected.
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Figure 10. The log-log plot of 1/I; versus M. The slopes of the straight lines produce the fluorescence critical exponents,
g, as 0.35 and 2.0 for the low and high MWCNT concentration regions, respectively [31].

The critical exponents, 3, was calculated and found to be as 0.35 and 2.0 from the slopes of
the straight lines in Figure 10, according to Eq. (8).

At low MWCNT content, pyranine simply probes the scattering sites in the composite film;
however, at high MWCNT concentration, pyranine now traces the conducting network [31].

Polystyrene-MWCNT composite was prepared by Ugur et al. showed that healing and inter
diffusion process using photon transmission techniques. After annealing step, the transmitted
light intensity, I, was monitored to observe the film formation process as shown in Figure
11. The increase in I, up to healing temperature, T,, and above T, during annealing was
explained by void closure and inters diffusion processes, respectively, [33].
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Figure 11. Transmitted photon intensities, I, versus annealing temperatures depending on MWCNTs content in the
films. Numbers on each figure shows the MWCNTSs content [33].

Temperature dependence of oxygen diffusion into polymer-MWCNT composite films was
examined by fluorescence spectroscopy [34]. The diffusivity of the composite films was
determined by performing oxygen (O,) diffusion measurements within a temperature range
of 24-70°C for each film, and pyrene(P) was used as a fluorescence probe (Figure 12).
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Figure 12. Plot of the diffusion coefficients, D, versus temperatures, T, for the 3, 15, and 40 wt% MWCNT content films
[34].

The diffusion coefficients increased drastically with both increases of MWCNT content and
also of the temperature, and this increase was explained via the existence of large amounts of
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pores in composite films which facilitate oxygen penetration into the structure. Therefore, PS/
MWCNT nanocomposites have useful properties as fluorescent oxygen sensors, and a simple
SSF technique can be used to measure the diffusion coefficient of oxygen molecules into these
films quite accurately [34]. PS/MWCNT films were prepared by various contents of MWCNT
at room temperature. After annealing at 170°C which is above glass transition (T,) temperature
of PS, fluorescence quenching processes were realized on oxygen diffusion [35]. Figure 13
illustrates the logarithmic plots of the fluorescence intensity of pyrene behavior within time
during oxygen diffusion into the composite films for 15 wt %MWCNT content.

ln(IPqu-a)

=12

T T
0 1000 2000 3000 4000
Diffusion time, t(s)

Figure 13. Logarithmic plots of the fluorescence intensity of pyrene behavior within time during oxygen diffusion into
the composite films for 15 wt %MWCNT content [35].

The diffusion coefficients increased drastically with the increase of MWCNT content, and this
increase was explained via the existence of large amounts of pores in composite films which
facilitate oxygen penetration into the structure.

Oxygen permeability of nanocomposite films consisting of MWCNT and PS were determined
to investigate the oxygen diffusion depending on MWCNT and temperature [36].
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Figure 14. The time behavior of pyrene, fluorescence intensity, I, during oxygen diffusion into the composite films with
different MWCNT content. Numbers on each curve indicates the MWCNT content (%) in the film [36].
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In Figure 14 normalized pyrene intensity, [, curves are presented against diffusion time for
films having different MWCNT content exposed to oxygen. It is seen that as oxygen diffused
through the planar film, the emission intensity, I, of the pyrene decreased for each MWCNT
content film. After completing oxygen diffusion, I, was saturated. As shown in Figure 14, the
quenching rate depends on the MWCNT contents in the film. Rapid quenching of excited
pyrenes by O, molecules is possible for the high MWCNT content composite films [36].
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0 500 1000 1500 2000 2500 3000
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Figure 15. The time behavior of the pyrene, P, fluorescence intensity, I, during oxygen diffusion into the 40 wt%
MWCNT content film at various temperatures. Numbers on each curve indicate the temperature [36].

The rate of decrease in intensity is higher at higher temperatures predicting the more rapid
quenching of excited pyrene molecules by O, molecules diffused into the films. It is worthy to
note thatin Figure 15 as expected the D increases with increase in temperature for all composite
films. Increase in temperature naturally increases the Brownian motion of oxygen molecules
given them more chance to meet the P molecules in the composite film [36].

The results of Figures 14 and 15 showed that the diffusion of oxygen was accelerated by both
increase in MWCNT fraction and temperature.

PS-MWCNT latex composite films were prepared by mixing of pyrene (P)-labeled PS latex
with different amounts of MWCNTs varying in the range between 0 and 20 wt% [37]. To
monitor the stages of film formation of PS/MWCNT latex composite films, scattered light (I,)
and fluorescence intensities (Ip) from P were performed after each annealing step. Some
temperatures such as minimum film formation (T,), void closure (T,), and healing, (T})
temperatures were decided as given in Figure 16.
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Figure 16. Plot of corrected fluorescence intensity (=fluorescence intensity/scattered fluorescence intensity) of compo-
site films with different MWCNT content versus annealing temperatures. (a) 0, (b) 1.5, (c) 3% MWCNT content, respec-
tively [37]. (T, minimum film formation temperature; T, healing temperature).

The existence of MWCNT delays the latex film formation process because of the behavior of
T,. However, healing processes are not affected by the presence of MWCNT [37].

3. The mechanical properties of polymer-CNTs composites

The elastic modulus of the swollen PAAmM-MWCNT composites was measured to determine
the effect of MWCNTs content. Elasticity measurement was performed by compressive testing
technique and modeled by the theory of rubber elasticity [38, 39].
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Figure 17. Stress versus strain curves (a) lower and (b) higher MWCNT contents at 25°C, respectively [39].

Stress (Pa)-strain plots of low and high MWCNTs content gels produced using the data
obtained from the linear region, in the plots of F (N) versus compression curves for PAAm-
MWCNT composites at 25°C, are presented in Figure 17, respectively. The stress versus strain
displays a good linear relationship at 25°C, which agrees with Eq. (9).

T=GA )

The elastic moduli were obtained by a least square fit to the linear region of Figure 17. The
addition of MWCNT into PAAm caused an increase in elastic modulus of the composite as
expected. In PAAmM-1 wt% MWCNT composite, the measured elastic modulus is found to be
0.105 MPa, two times larger than pure PAAm sample. It is seen in Figure 17a that PAAm-0.1
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wt% MWCNT composite has smaller initial slope than 1 wt% MWCNT content composite. In
this case, it appears that the alignment effect of MWCNT plays an important role for getting
the different onset behavior [40]. The stress of the PAAM-MWCNT (1-5 wt% MWCNT
composites) increases dramatically when the strain exceeds 0.6%, where the alignment is
taking place in the composite. On the other hand, at high MWCNT region, the random motion
of MWCNT impedes alignment as predicted in Figure 17b. Therefore, in a gel with low
MWCNT content, alignment of MWCNTs with each other is much easier than in high content
MWCNT composite.
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wt %MWCNT

Figure 18. Dependence of elastic modulus on content of wt% MWCNT in the composite [39].

Figure 18 shows the plot of elastic modulus, G versus MWCNTs content in the composite gel.
Elastic modulus increases dramatically up to 1 wt% MWCNT with increasing nanotube
content and decreases presenting a critical MWCNT value indicating that there is a sudden
change in the material elasticity. The sudden change in G predicts that the composites have
reached a super-elastic percolation network [41]. At contents above 1 wt% MWCNTs, the
elastic modulus is decreased marginally with increasing MWCNTs content. On the other hand,
at low MWCNT content (<1 wt%), the elastic modulus increases up to 0.105 MPa, only
exceeding it when the MWCNT content is above 1 wt%, and then decreases further as the
MWCNTs content is raised. At the percolation threshold, 1 wt% the nanotubes form an
interconnecting structure, call percolation cluster exhibiting a high degree of nanotube
interactions and/or entanglement [42]. The increasing MWCNT content produces infinite
network in reducing the swelling and decreasing elastic modulus as was expected for the
composites at high MWCNT content. The decrease in elastic modulus, G, can be explained by
the formation of a carbon nanotube network which significantly improves the stiffness of
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composite gel. That is due to the high stiffness the mechanical properties should be influenced
substantially [43]. On the other hand, when the MWCNT content is below 1 wt%, the elastic
modulus is presenting lower values and increases as MWCNT is added. Because of molecular
tube-tube and tube-polymer interactions, the mechanical properties of MWCNT-polymer
composites were affected. On the other hand, to determine mechanical properties of MWCNT-
polymer composites, load transfer and interfacial bonding should be known. Therefore,
nanotube dispersion in the polymer plays a critical role for this phenomenon [40].
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Figure 19. Logarithmic plot of the elastic modulus versus MWCNTs contents curves for p < p,. The exponent, y, was
determined from the slope of the straight line [39].

In Figure 19, it is understood that 1 wt% is the critical percolation threshold, p,, at which gel
system owns a percolation cluster formed from MWCNTs. Here, the composite gel passes the
highest elasticity presenting the highest G value.

G(p)=(p.—p)” (10)

Equation (10) now can be used to fit the G versus wt% MWCNT curve below the critical point
(below 1 wt%). The value of the fitting exponent y in Eq. (10) was estimated from the slope of
the linear relation between log G and log Ip_p, as shown in Figure 19. Elastic percolation
occurs below 1 wt% MWCNTs (Figure 18) with a critical exponent around y = 0.58, which is
close to the theoretical prediction of this value in the 3D percolated system known as a SEPN.
The critical exponent, y, agrees with the literature values [44]. Here, x is the critical exponent
which is taken from literature by the upper limit x = 2.1. Moreover, A was found to be 0.74,
very close to the upper limit of A, as given in range between 0.61 and 0.75. The mechanical
properties of PVAc-MWCNT nanocomposites [13] were investigated as shown in Figure 20.
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Figure 20. Storage modulus as a function of angular frequency at 145°C for PVAc-MWCNTSs nanocomposites [13].

As shown in Figure 20, the storage modulus G’ increases with an addition of MWCNT loading
compared with that of the PVAc matrix.

The rheological properties of PET-MWCNT nanocomposites were determined using low strain
values with frequency 0.1-500 rad/s [46]. The storage modulus versus frequency is given in

Figure 21.
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Figure 21. Storage modulus (G”) of PET-MWCNT nanocomposites versus frequency (w) at 265°C [12].
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The rheological behavior of the nanocomposites depends on the MWCNT content with respect
to the frequencies because of the restriction of PET chain relaxation and the short-range
dynamics or local motion of the PET chains in the nanocomposites [12].

4. The electrical properties of polymer-CNTs composites

The electrical resistivity of the PVAc/MWCNT composite films was performed by a Keithley
Model 6517A electrometer and Keithley Model 8009 resistivity test fixture. 10-100 V DC
potential for every 15 s periods was applied to measure their surface resistivity, R, (Ohm/
square or Ohm) which was four different orientations and repeated measurements were
repeated. The surface conductivity values were calculated from the following equation.

o=1/R, 11)

Then, the obtained results from Eq. (11) are presented in Figure 22. It can be seen from Figure
10 that the conductivity, o, dramatically increases above M, = 1.8 wt%. This behavior can be
explained by the existence of vertical conductive paths of MWCNTs in the composite film.
After M, = 1.8 wt%, the insulating system starts to transform to the conductive system.
Therefore, M, = 1.8 wt% is the percolation threshold of conductivity. For a dilute composite
structure, classical percolation theory was given in Eq. (12) can be used [25].

oc=0,(M-M,) (12)

Here, o is the conductivity (Siemens), o, is the conductivity of pure MWCNT film, M is the
volume or mass fraction of MWCNT, M, is the percolation threshold value, and 3, is the critical
exponent for the conductivity, respectively, which was calculated from Eq. (12) and deter-
mined from the slope of the log o and log (M - M,) plot. The B, =2.25 value is well agreed with
the theoretical and the experimental data in the literature [45].

The average values of the surface resistivity, R, of PVAc/MWCNT composite films versus
mass fractions of MWCNT, M, were measured and observed that the surface resistivity (R;) of
the composite films do not change much below 1.0 wt% (M < 1.0 wt%)[45]. However, R, values
of the composite films dramatically decrease from 10" to 10* Ohm/square in the bandgap of
M =1.0-4.0 wt%.

This behavior indicates that the electrical percolation occurs at low levels of M. The surface
conductivity values were calculated from Eq. (11). The percolation threshold of the surface
conductivity (M,) is 1.0 wt%. 3, was calculated from the slope of the curve in Figure 23, which
was drawn from the logarithms of the surface conductivity data treated with Eq. (12), and
found to be as 2.1 which is well agreed with the theoretical and the experimental results in the
literature [45].
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Figure 22. Variations in conductivities, o, which were calculated by Eq. (11) versus mass fractions [30].

The surface conductivity properties of PSSMWCNT composite films were measured at room
temperature using a two probe technique [30]. Figure 24 shows the electrical conductivity (o)
of PS-MWCNT composite films as a function of MWCNT ratio, R. While low MWCNT content
composites (R < 0.04) show similar conductivity between 10"* and 107?, the conductivity of
high MWCNT content films (R > 0.04) increases dramatically to 107-10° S.
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Figure 23. The log-log plot of o versus M — M,. The slope of the straight line produces the electrical critical exponent,

B, as 2.1 [31].
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Figure 24. Conductivity versus MWCNT content, R (w/w) [30].
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Figure 25. Electrical conductivity (o) of the PET-MWCNT nanocomposites as a function of MWCNT loading. Inset: a
log-log plot of electrical conductivity versus reduced MWCNT loading. The solid lines are fits to a power law depend-
ence of electrical conductivity on the reduced MWCNT loading [12].

Figure 25 shows the electrical conductivity (o) of the PET-MWCNT [12]. The electrical
conductivity of pure PET is 8.6 x 1077 S cm™. By loading MWCNT from 0.5 to 1 wt%, the
conductivity of PET-MWCNT nanocomposites increases in 8 orders of magnitude, because
percolative path was formed in the nanocomposite [12].
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5. Conclusion

In this chapter, we review the optical, electrical, and mechanical behaviors of polymers doped
by multiwalled carbon nanotubes (MWCNTs). This chapter covered the works produced from
different types of polymers. We try to give the experimental results based on the mentioned
theoretical models. In the first section of the chapter, some examples were given about optical
behavior of polymer-MWCNT composites which were performed by fluorescence and UV-Vis
spectroscopy. Therefore, the behavior of them at a molecular level were discussed, and
measured some physical quantities were reported. The second section of the chapter has
demonstrated that the mechanical and rheological measurements can be used to determine
the variations of the elastic and storage modulus of the composites. The third part of the chapter
has shown that the insulator-conductor transition takes place by the addition of a small amount
of MWCNT in the polymer composite system. The insulator system starts to transform to a
more conductive state by consisting of conductive paths of MWCNTSs between the electrodes.
The size of MWCNTs and electron hopping and/or tunneling effects play important roles in
the early percolation behavior of the films.

In conclusion, we try to give the experimental evidences based on the mentioned theoretical
models. As far as the engineering applications are concerned, optical, mechanical, and
electrical properties of polymer composites prepared by MWCNT contents are very important
in coating, food, electronic, and pharmaceutical industries. This chapter introduces basic
parameters for the given processes in the polymer composites which can find important
applications in the mentioned fields.
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Abstract

Carbon nanotubes (CNTs), as a one-dimensional material, have outstand-
ing mechanical properties such as extreme tensile strength and Young's
modulus. At present, to prepare pure CNTs materials is quite difficult and
the mechanical properties of the materials are limited in a low level. Be-
cause of their extraordinary mechanical properties and high aspect ratio,
CNTs are considered to be ideal candidates for polymer reinforcement. In
addition, CNTs/polymer composite materials are much easier to prepare
than pure CNTs materials, so they have been paid much attention by re-
searchers recently. However, challenges must be faced to prepare the
CNTs/polymer composite with ultimate mechanical properties. So in this
chapter, the main concerns are how to disperse CNTs in polymer matrix
to prepare homogenous composite dispersions, how to prepare homoge-
nous CNTs/polymer composite using possible fabricating processes based
on the homogenous dispersions, how to increase the fiber mechanical
properties especially through the enhancing interaction between polymer
and CNTs, controlling the amount of CNTs and enhancing their orienta-
tion in the matrix.

Keywords: mechanical property, carbon nanotube, polymer, composite, dispersibility

1. Introduction

In recent years, because stronger, lighter, or less expensive compared to traditional materials,
high-performance composite materials have increasingly become an essential in a wide range
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of structural applications [1, 2]. As early as in ancient times, people have realized that the
combination of two or more materials could form new materials which had better properties
than either of the materials compositions. For example, ancient people in China began to use
straw to reinforce mud to form bricks as building materials, and to use hemp or silk to rein-
force paint and so on [3, 4]. Nowadays, composite materials are used extensively in various
areas, not only in the aerospace industry but also in a large and increasing number of commer-
cial mechanical engineering applications.

Composites are made up of reinforcements and matrix materials, in which the latter surrounds
and supports the former by maintaining their relative positions, and conversely, the reinforce-
ments impart their special mechanical and physical properties to enhance the matrix properties
[1]. With their rapid development and because of their advantages in good processibility and
high mechanical properties, polymers have gradually replaced many of the conventional
materials as matrix of composites in various applications. In order to obtain high-strength,
high-modulus, and light-weight composites used in harsh loading conditions such as aero-
space components, anti-bullet, high temperature resistance, etc., strong and light reinforcing
fibers such as Kevlar, carbon fiber, ultrahigh-molecular-weight polyethylene fiber and glass
fiber are always selected to suit the requirements [5]. Provided the fibers are mechanically well
attached to the matrix, they can greatly improve the overall properties of composites. Recently,
fiber-reinforced composite materials have increasingly gained popularity in high-performance
materials.

Carbon nanotubes (CNTs) as one of the strongest and stiffest materials in terms of tensile
strength and elastic modulus in nature have received much attention since their discovery by
lijima in 1991 [6]. Their excellent mechanical properties result from the covalent sp2 bonds
formed between the individual carbon atoms. It has been shown that CNTs are very strong in
the axial direction, Young’s modulus on the order of 270-950 GPa and tensile strength 11-63
GPa [7]. Furthermore, CNTs as one-dimensional materials possess some basic characteristic
and advantages of fiber, which have inspired interest in using CNTs as a filler in polymer-
based composites to obtain ultra-high performance structural materials with enhanced
mechanical properties [8, 9]. A lot of efforts have been made to explore CNTs/polymer
composite materials in both academy and industry. The structure, morphology, mechanical
properties, and possible applications of these composite materials have been extensively
investigated with some very promising results. They have been proven to be very effective
fillers in polymers.

However, CNTs have large specific surface area, bending fiber-like shape, and strong van der
Waals interactions which are easy to make the CNTs agglomerate and entangled, and difficult
to be dissolved in water or organic solvents, or disperse in polymer [10]. The agglomeration
of CNTs will lead to difficulties of stress transfer from matrix to the reinforced materials CNTs
efficiently, and adversely lower the mechanical properties of the CNTs/polymer composite.
So, how to enhance the dispersibility of CNTs in polymer matrix has been one of the most
concerns in the field of CNTs reinforced polymer-based composite materials. Therefore,
functionalization of CNTs is extremely important for their dispersion, stress-transfer, and
potential applications in polymer composites [11]. In this chapter, we will focus on the
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dispersibility of CNTs in polymer matrix through enhancing the interaction between CNTs
and polymer, the processing of the composites, and the mechanical properties of the compo-
sites.

2. Dispersion of CNTs in polymers

Dispersity of CNTs in polymer and the stress transfer from the matrix to CNTs have significant
effects on reaching optimum mechanical properties for CNTs/polymer composites. Only if
CNTs disperse homogeneously in polymer matrix, effective stress transfer in the whole
composite materials will be guaranteed; conversely, poor dispersity of CNTs in polymer matrix
will lead to poor stress transfer, which not only cannot play their role in increasing mechanical
properties but also can possibly weaken the original properties of the matrix. Therefore, the
reinforcement of CNTs to polymer matrix is to great extent dependant on the dispersity of
CNTs in the matrix.

To improve the dispersity of CNTs has two approaches: macroscopical mechanical mixing and
functionalizing CNTs to build interaction between the interfaces of CNTs and polymer matrix.
The interaction through bonding has another significant effect, that is, strengthening stress
transfer effect. Obtaining a good dispersion of CNTs in the polymer matrix is very challenging.
Ultrasonication, physical or chemical functionalization are common to achieve a good
dispersity of CNTs in polymer matrix with enhanced mechanical properties.

2.1. Ultrasonic dispersion

Ultrasonication generates alternating low-pressure and high-pressure waves in liquids,
causing high-speed impinging liquid jets and strong hydrodynamic shear-forces. So,
ultrasonic device can be used as a high-speed mixer and agitator [12]. Ultrasonication is a
common tool used to break up CNTs agglomerates in solution, but pure ultrasonication
treatment of CNTs is not common, for the dispersion effect is not so satisfactory: some of CNTs
re-aggregate or some of them deposit in a short period of time once sonication stops. Figure 1
shows the photos of MWCNTs aqueous solutions in different standing time after sonication.
The solutions sonicated 20 min, 1 hr and 2 hr all deposited after standing 30 min.

Generally, ultrasonication of CNTs always combines with application of surfactants to obtain
better dispersion effect: ultrasonication is used to disperse CNTs, and surfactants are used as
stabilizers. Sodium dodecyl sulfate (SDS) [13, 14], dodecyl benzene sulfonic acid (DBSA) [15,
16], and sodium dodecyl benzene sulfonate (SDBS) [17] are commonly used as surfactants. The
process is simply that CNTs mix with surfactants and the mixture are then sonicated. During
sonication, CNTs are gradually exfoliated and disentangled from aggregates and bundles and
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Figure 1. Digital images of MWNTSs aqueous suspensions after ultrasonication and standing for different time. Ultraso-
nication time: A. 0 min; B. 20 min; C. 1 hr; D. 2 hr.

stabilized by surfactants. Figure 2 shows the photos of MWCNTs aqueous solutions added
SDBS in different standing time after sonication. Clearly, the addition of SDBS distinctly
improves the dispersity and stability of MWCNTs in water.

CNTs dispersions often foam heavily during ultrasonication, and these foams consequently
reduce the dispersion efficiency. This bubble problem can often be solved by adding antifoam
agents such as oligomers of polyether and polysiloxane to eliminate air layers or to reduce
foams [18].

The destruction of CNTs in suspensions by use of ultrasonication was described as early as
1996. Ultrasonic treatment of CNTs causes a considerable amount of defects including
buckling, bending, and dislocations in the carbon structures [19]. So suitable ultrasonication
time and energy output have to be considered before CNTs are treated.

2.2. Covalent functionalization

Covalent functionalization of CNTs can greatly improve the stress transfer from the matrix to
CNTs besides dispersity, but it usually introduces structural defects to the surface of CNTs.
The functionalization of CNTs can be achieved by either direct introduction of oxygen
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Figure 2. Digital images of MWNTSs aqueous suspensions changed with the standing time after ultrasonication for 10
min in the presence of SDBS.

containing groups to the sidewalls of CNTs by acid treatment, or on this basis further intro-
duction of polymer chains through its chain ends directly reacting with the oxygen containing
groups on CNTs (ex situ), or commonly through the monomers reacting with the groups on
CNTs to introduce polymer chains, that is, in situ polymerization.

2.2.1. Acid treatment

The most common procedure used for covalent attachment of oxygen containing reactive
groups to CNTs is the treatment with inorganic acids. Usually, the nanotubes are treated
through being refluxed with a mixture of concentrated nitric and sulfuric acid with the ratio
of volume 1 to 3 although their concentrations may be slightly different [20-23]. However,
accidently, the ratio of the acids changes, for example, CNTs were oxidized with the mixture
of 83 mL of sulfuric acid and 133 mL of nitric acid (65%) [24]. Concentrated nitric acid [25] and
the mixture of hydrogen peroxide and sulfuric acid (vol = 1:4) [26] are also selections for
oxidizing CNTs. These oxidative treatments usually result in shortening of the CNTs’ length
and formation of surface reactive groups, such as hydroxyl, carbonyl, and mainly Carboxyl.
Furthermore, the inorganic impurities of the Al-Fe catalyst used in the preparation of CNTs
are solubilized by the acids and the concentration of the impurities is gradually decreased with
treatment time [20, 23, 26, 27]. It has been shown that acid functionalized CNTs has good
dispersibility in water and organic solvents, and the carboxylic functional groups give a
stronger nanotube-polymer interaction, leading to enhanced values in mechanical properties
of the CNTs/polymer composite [27, 28]. Acid-treated MWCNTs show homogeneous disper-
sion and scarcely any precipitates are observed. Because the sidewalls of the MWCNTs carry
more dissociated carboxyl groups after oxidization, the nanotubes can stabilize via an
electrostatic stabilization mechanism [29]. Saito et al. consider that this shortened MWCNTs
after acid treatment could be dispersed in the polar solvents such as ethanol, DMSO, and DMF
more easily than the crude MWCNTs. Moreover, these dispersion liquids of the MWCNTs are
stable without aggregation for more than one month. This phenomenon can be ascribed to the
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reduction of their length and the effect of the solvation brought by the introduced hydrophilic
group, i.e., the carboxyl group [20].

At moderate temperature, only little sidewall damage happens with the increase of the acid
treatment time, whereas at high temperature, much shorter nanotubes are resulted [26].

Being different from reaction of CNTs with concentrated acids, carboxylic functional groups
can be introduced on the CNTs through a photosensitized dry oxidation induced by ultraviolet
radiation [30, 31]. Organic acid could also be used as an oxidative, for example, trifluoroacetic
anhydride/H,0, (3:1, 60% H,0,) were used to functionalize single-walled carbon nanotubes
(SWCNTs), in addition to oxygen-based functional groups, trifluoroacetic groups were
covalently attached to the SWCNTs. Moreover, these modified SWCNTSs were shortened into
ca. 300 nm in length during functionalization, resulting in exfoliation of nanotube ropes to
yield small bundles and individual nanotubes. The resultant SWCNTs were easily dispersed
in polar solvents such as dimethylformamide, water, and ethanol [32].

2.2.2. Grafting macromolecular chains

Polymer-functionalized CNTs, compared to the unmodified ones, usually show relatively
good dispersibility in organic solvents and high compatibility with polymer matrix in CNTs/
polymer composites. The functionalized CNTs containing active groups (predominantly
carboxyl) can further corporate with polymers through esterification or amidation reactions
between the groups on the CNTs and those on the polymer chains, [21, 33, 34] and converse-
ly, treated or functionalized macromolecular chains can also directly attach on pristine CNTs
[29, 35, 36].

Most of the approaches require the pre-modification of CNTs to introduce functional groups
to CNTs surfaces, which can react to the groups on polymer chains, leading to the chains
grafted onto CNTs. For example, after CNTs are acidic functionalized, polyvinyl alcohol (PVA)
grafts to the tubes through esterification as shown in Figure 3. PVA-functionalized CNTs are
soluble in the same solvent of neat PVA, thus allowing the intimate mixing of the nanotubes
with the matrix polymer, so the functionalization of CNTs by polymer is an effective way for
the homogeneous nanotube dispersion to obtain high-quality polymeric carbon nanocompo-
site materials [37]. Grafting different kind of polymer onto CNTs from the matrix polymer
which is however compatible with the former polymer is another example. Massoumi et al
first prepared carboxylated MWCNTs by acid treatment, then poly(ethylene glycol)-grafted
MWCNTs (PEG-MWCNTs), whereas finally obtained PVA/MWCNTs-PEG nanocomposite
and PVA/starch/MWCNTs-PEG nanocomposite [21].

Sometimes, polymer chains are not necessary to graft onto CNTs, but only some groups which
are well compatible with polymer are needed to connect with CNTs. For instance, amino
groups grafted MWCNTs possess good compatibility with the matrix PEEK, so simply by
mixing the MWCNTs with PEEK, the composite with significantly increased storage modulus,
glass transition temperature, and friction coefficient was prepared [27].
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Figure 3. Schematic of functionalized CNTs with PVA in carbodiimide-activated esterification reactions [37].

On the other hand, the use of pristine or unmodified CNTs in the preparation of polymer
functionalized CNTs has shown several advantages such as preventing the CNTs from
damage. It is reported that polymer grafted CNTs have better reinforcement than pristine
CNTs. This kind of polymer functionalized CNTs can be realized through free-radical
polymerization, ozonization of polymer, Friedel-Crafts reaction and etc. [29, 35, 36, 38].
Through a radical coupling reaction involving polymer-centered radicals, polystyrene and
poly[(tert-butyl acrylate)-b-styrene] are used to functionalize shortened SWCNTs [36].
Ozonization of polymers produces alkylperoxide and hydroperoxide groups in polymer
chains, which can decompose into radicals by heating. As the radicals are reactive toward the
sp2 hybrid carbons of CNTs, the ozonized polymer chains can be grafted onto the CNTs
through the reaction between CNTs sidewalls and the radicals of polymer chains as shown in
Figure 4 [35].

Figure 4. Reaction mechanism of ozonized PVA grafting onto MWCNT [35].

After Friedel-Crafts reaction has been successfully applied for the chemical functionalization
of CNTs through grafting small molecules onto CNTs [39, 40], researchers are increasingly
interested in application of Friedel-Crafts for functionalization of CNTs using polymer. The
approach is more feasible than the traditional carboxylation because the surface treatment of
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CNTs before the grafting of polymer chains to the CNTs is not needed. Wu et al. [41] success-
fully functionalized MWCNTs with high percentage of grafting via Friedel-Crafts alkylation.
The PVC-grafted MWCNTs could be dispersed well in organic solvent and the dispersion was
quite stable. Moreover, it has been shown that Friedel-Crafts alkylation is a less destructive or
nondestructive reaction for efficient dispersion and functionalization of CNTs.

In our previous work [29], PVA was grafted onto MWCNTs by Friedel-Crafts alkylation
reaction with anhydrous aluminum chloride (AICl;) as a catalyst. MWCNTs, PVA, and DMSO
were first mixed and dissolved, then the catalyst AICl; was added, and the mixture reacted
and terminated. The reaction product was centrifuged and washed with distilled water until
no AlCl; could be detected, and finally, the functionalized MWCNTs (f-MWCNTs) were
obtained. In the experimental procedures, AICl, reacted with the hydroxyl on PVA and formed
carbocations, which then attacked the benzene rings on MWCNTs surface due to their inherent
eletrophilicity. Subsequently, the PVA chains were grafted onto MWCNTs as depicted in

Figure 5.
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Figure 5. (a) Functionalization of MWCNTs with PVA by Friedel-Crafts alkylation reaction and (b) cartoon depicting
of -MWCNTs structure [29].

Figure 6 shows TEM images of pristine MWCNTs (p-MWCNTs), f-MWCNTs and carboxyl
group functionalized MWCNTSs (c-MWCNTs) treated by a mixture of nitric and sulfuric acid
in DMSO/H,O. p-MWCNTs are aggregate obviously as shown in Figure 5a, whereas f-
MWCNTs are homogenously dispersed without distinct destructive structural damages
(Figure 5b). In comparison, c-MWCNTs present serious fragmentation (Figure 5c¢). It is clear
that functionalization of MWCNTs by Friedel-Crafts alkylation reaction is relatively much
gentler than acid treatment. Images of single p-MWCNT and f-MWCNT tubes clearly show
that the surface of the p-MWCNT is clean and smooth, while the surface of -MWCNT is surely
wrapped with PVA chains (Figure 5d and 5e).

UV detector can be used to measure the transmittance of MWCNTs in the supernatant, which
is used to characterize the dispersibility of the MWCNTs, that is, the higher the transmittance,
the worse the dispersibility. The UV-vis spectra of the samples after storage for different
periods of time are recorded as shown in Figure 7. For p-MWCNTs, the transmittance is almost
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Figure 6. TEM images of (a) p-MWCNTs, (b) FMWCNTs, (c) c-MWCNTs, (d) single p-MWCNTs, and (e) single f-
MWCNTSs in DMSO/H,0 [29].

100% after the first three days, indicating that the MWCNTs are relatively rapidly precipitated.
However, the transmittance of modified MWCNTs, whatever f-MWCNTs or c-MWCNTs,
increases only about 20% in the first three days and keeps stable in the following days, proving
their good dispersibility which is apparently related with the interaction between PVA and
MWCNTs.

Figure 7. UV-vis transmittances of p-MWCNTs, f-MWCNTs and c-MWCNTs. The content of MWCNT is 0.05 wt%.
Inset: image of the dispersed samples after 7 days [29].
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2.2.3. In situ polymerization

The main feature of in situ polymerization is that it enables polymer macromolecules from the
starting material of monomers to graft onto the convex walls of CNTs, which can provide a
better nanotube dispersion and formation of a strong interfacial interaction between the
nanotube and the polymer matrix. In addition, in situ polymerization is a very convenient
technique that allows the preparation of composites with high nanotube loading and provides
very good miscibility with almost any polymer type [8, 38]. It is believed that this simple in
situ polymerization method is in general scalable for large-scale production of CNTs/polymers
composites [42]. Step polymerization is often applied to prepare CNTs reinforced polymer
nanocomposites by in situ polymerization of monomers [43, 44]. In the in situ grafting reaction,
CNTs first have to graft reactive groups on the side wall, which then react with reactive groups
of monomers to form covalent bond. For example, synthesis of MWCNTs-reinforced polyi-
mide (PI) nanocomposites by in situ polymerization of monomers is as follows: MWCNTs
associated with acyl groups were formed and then participated in the reaction with the
monomers through the formation of amide bonds. The mechanical properties of the resultant
MWCNTs-PI nanocomposites were significantly enhanced at a very low loading (0.5 wt. %)
as shown in Figure 8 [45].
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Figure 8. Outline of the preparation of MWNT-polyimide nanocomposite films [45].

MWCNTs modified by functional amine groups via ozone oxidation followed by silanization
were incorporated into a vegetable oil-based polyurethane (PU) network via in situ polymer-
ization to prepare CNTs/PU nanocomposites. Storage modulus, glass transition temperature,
Young’'s modulus, and tensile strength of the nanocomposites increased with increasing the
MWCNTs loading up to 0.8%. However, increasing the MWCNTSs content to 1.2 wt % resulted
in a decrease in thermomechanical properties of the nanocomposites [38]. A SWCNTs/nylon
6 graft copolymer was prepared by in situ polymerization of caprolactam with SWCNTs
possessing carboxylic acid and amide functionalities. The results show that SWCNTs with a
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higher concentration of carboxylic acid groups can form a stronger SWCNTs-polymer
interfacial interaction, which consequently improves the mechanical properties [43]. Diamine
and dianhydride were reacted with carboxylated MWCNTs in situ to give a homogeneous
MWCNTs/poly(amic acid) mixture and then to give a series of MWCNTSs/PI composites after
imidization. Tensile tests show the elastic modulus and the yield strength of the composites
increase, and the failure strain decreases [44].

Besides, in situ polymerization can also be realized through radical polymerization [46]. The
composites of f-MWCNTs/polyacrylonitrile (PAN) copolymer were prepared by in situ
solution polymerization. Acrylonitrile (AN) and acrylamide (AM) dissolved in DMSO/H,O
solvent and f-MWCNTs mixture suspension was initiated by AIBN, reacted and finally PAN
grafted MWCNTs were obtained. Compared with p-MWCNTs as shown in Figure 9a, the f-
MWCNTs (Figure 9b) are not destructed after the functionalization and have a more compact
morphology. As shown in Figure 9c and 9d, p-MWCNTs settle obviously, whereas f-MWCNTs
are disentangled and dispersed uniformly.

Figure 9. SEM images of (a) p-MWCNTs (b) -MWCNTs, TEM images of (c) f-MWCNTs, and (d) photograph of p-
MWCNTs (left) and -MWCNTs (right) [46].

2.3. Noncovalent functionalization

Functionalization of CNTs by chemical processes not only causes damage to different extent
which will restrict the reinforcement of the CNTs but also is difficult to be commercially
available due to the complicated operations. Noncovalent modification is now adding its
appeal for many researchers since it is more feasible than covalent modification [47, 48]. The
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dispersion of CNTs noncovalent modified in polymer is generally achieved by interaction of
secondary van der Waals bonding or hydrogen bonding among polymer, dispersant, and
CNTs surface [49]. Non-covalent treatment has the possibility of adsorbing various groups on
CNTs surface without disturbing the 7 system of the graphene sheets of CNTs. So the non-
covalent surface treatment by surfactants or polymers has been widely used in the preparation
of both aqueous and organic solutions containing high weight fraction of well dispersed CNTs.
Generally, ionic surfactants are suitable for CNTs/watersoluble while nonionic surfactants are
used in the case of organic solvents [50].

2.3.1. Synthetic surfactant

2.3.1.1. lonic surfactants

Several synthetic ionic surfactants are reported to efficiently disperse bundled nanotubes into
suspensions of individual nanotubes, particularly for SWCNTs [13, 51, 52]. For example,
SWCNTs could be suspended in aqueous media as individuals surrounded by SDS adsorbed
phase [53]. Diouri et al. prepared CNTs/SDS aqueous solution with the help of ultrasonication,
then the solution mixed with PVA aqueous solution to achieve the CNTs/PVA composites with
required CNTs loadings [14]. An extensive all-atom molecular dynamics study on the mor-
phology of SDS surfactant aggregates adsorbed on SWCNTs has been carried out. The
calculations reveal that the nanotube diameter is the primary factor that determines the
morphology of the aggregates [54]. SDS makes CNTs have satisfied dispersibility, but
compared with oxidized CNTs, CNTs stabilized by surfactant SDS exhibit weaker interactions
with the matrix PVA [55].

SDBS could be used to solubilize high weight fraction SWCNTs in water by the nonspecific
physical adsorption. A series of anionic, cationic, and nonionic surfactants and polymers have
been tested for their ability to suspend individual SWCNTSs by Moore et al [49]. For the ionic
surfactants, SDBS gives the most well resolved spectral features, while for the nonionic
systems, surfactants with higher molecular weight suspend more SWCNTs and have more
pronounced spectral features. The dispersing power of a range of surfactants has been explored
by Islam et al. [13]. The results show that NaDDBS (i.e. SDBS)-CNTs dispersions are by far the
most stable. The adsorption and the self-assembly of SDBS on SWCNTs are investigated via
all-atom molecular dynamics simulations [56]. The results show that the self-assembly of SDBS
depends on the surface coverage but to a small extent on the SWCNTs diameter, and control-
ling the morphology of the surfactant aggregates will lead to the selective stabilization of
aqueous CNTs dispersions. The aggregation kinetics of SWCNTs and MWCNTs, initially
dispersed by SDBS, are evaluated. The results show that the CNTs could be effectively
suspended in aqueous solution using the surfactant (SDBS), and that increased electrolyte
concentrations will induce aggregation [57].

Regarding cationic surfactant, Regarding cationic surfactant, dodecyl trimethylammonium
bromide (DTAB) could form exceptionally stable SWCNTs dispersions [58]. Cetyltrimethy-
lammonium bromide (CTAB) modified CNTs in H,SO, aqueous solution assisted by sonication
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led to uniform dispersion of the embedded CNTs in polydiphenylamine (PDPA) and a
reinforced PDPA nanocomposite. [59].

The ratio of surfactant to CNTs is sure to have effect on the dispersibility of CNTs, but the
concentration of the surfactant is found to be a more important factor on the resulting disper-
sibility than the ratio [51].

2.3.1.2. Non-ionic surfactant

Another fraction of surfactants is nonionic surfactants such as polyoxyethylene 8 lauryl
(CH; (CH,)1(OCH,-CH,),OCH,CH;), nonylphenol ethoxylate (Tergitol NP-7), polyoxyethy-
lene octyl phenyl ether (Triton X-100), Tween-60, polysorbate-80 and so on [50, 52, 60-62].

Itis clearly seen that after the surface treatment by Triton X-100, large agglomerates and closely
packed CNTs are significantly loosened without breakage or shortening of CNTs. The
surfactant-treated CNTs/epoxy nanocomposites exhibit much better performances including
storage modulus, flexural strength, and flexural modulus than those without treatment for
CNTs. The above observations are attributed to the ‘bridging’” effects between the CNTs and
epoxy introduced by the hydrophobic and hydrophilic segments of the nonionic surfactant
[60]. With the surfactant polyoxyethylene 8 laurylor as an additive, the nanotubes are dis-
persed better. Through the introduction of only 1 wt. % CNTs in epoxy, the glass transition
temperature increases from 63 to 88°C and the elastic modulus increases by more than 30%
[63]. Some polymers such as PEO-PPO-PEO triblock can also enhance the suspendability of
CNTs. This is easily explained with steric stabilization by the adsorbed surfactant or polymer
layer [49].

A molecule with a m-conjugated backbone built from aromatic thiophene and dialkoxyphe-
nylene units and substituted imidazolium groups (TPO) is recently designed to obtain ultra-
stable SWCNTs dispersion in aqueous medium. TPO provides synergistic mt-m stacking, charge
transfer and cation-m interactions. The dispersions even prepared using very low concentra-
tion of TPO (0.5 mg/mL) or SWCNTs (0.02 mg/mL) show long-time stability for twelve months
[64]. Blanch et al. [51] systematically studied into the ability of some well-known surfactants
and polymers to disperse SWCNTs. The smaller ionic surfactants are generally more effective
dispersants than larger polymer and surfactant molecules. However, an effective dispersant
for the CNTs by a certain technique may not necessarily perform well by a different method.
Optimal concentrations for dispersion of the CNTs are determined for the anionic surfactants
SDBS and DOC as well as some nonionic such as Triton X-405, for example, the optimal
surfactant concentrations for CNTs dispersion are approximately 1.6% (DOC), 0.5% (SDBS),
and 3% (Triton X-405). Exceeding the optimum concentrations is detrimental as it leads to
agglomeration of the CNTs. As stated above, SDBS is excellent in dispersing CNTs, whereas
SDS has turned out to be the most promising surfactant out of the following four sets of
surfactants: SDS, CTAB, SDS + CTAB and Tween, for the effective dispersion of hydrophobic
MWCNTs in rubber latex [62].
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2.3.2. Non-synthetic surfactants

Recently, natural molecules as surfactants have been used in functionalization of CNTs by
physical interaction. Liu et al. [65] described a non-destroyable surface decoration of CNTs
with biopolymer chitsoan via a controlled surface-deposition and cross-linking process.
Nakamura et al. [66] discovered that a green tea solution could dissolve SWCNTs without
aggregation in an aqueous medium. In our previous study [67, 68], the strength and modulus
of PVA fibers are extremely increased by introduction of MWCNTs functionalized with natural
surfactants. m-mt stacking between the benzene rings of surfactants and CNTs is the major
interaction between CNTs and the surfactants.

2.3.2.1. Tea polyphenols

As non-covalent modification, using green tea to disperse SWCNTs in water was first reported
by Nakamura et al. [66] and now has drawn a great deal of attentions. Tea polyphenols (TP)
is the extract powder from tea, which is biocompatible and biodegradable. TP-functionalized
MWCNTs and the composites with PVA were prepared in our previous work [67]. TP
dissolved in DMSO/H,O (vol = 3:1) was mixed with MWCNTs (MWCNTs:TP wt. = 1:3). After
the mixture was sonicated and homogenized, the prepared PVA solution was poured into the
dispersion of MWCNTs/TP and stirred to form MWCNTs/TP/PVA dispersion. Figure 10
illustrates the interaction between PVA and MWCNTs: mt-m interaction between MWCNT and
TP, and hydrogen bond between TP and PVA.
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Figure 10. Structure of PVA/MWCNTs composites with TP as a surfactant [67].

As shown in Figure 11a, TEM images of pristine MWCNTSs in DMSO/H,0O display apparent
aggregation and entanglement, while MWCNTs modified by TP in DMSO/H,O are separated
and homogeneously distributed (Figure 11b). After adding PVA, the MWCNTs are still well
distributed as shown in Figure 1lc. Because the non-covalent interactions exist between
MWCNTs and PVA through the ‘bridge’ effect of TP, TP-functionalized MWCNTs can be well
dispersed in PVA, leading to a stable dispersion with the help of sonication and mechanical
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homogenization. As further evidences, the dispersions in the bottles in Figure 11 show the
similar results to the TEM images.

Figure 11. TEM images of (a) MWCNTs/DMSO/H,O, (b) MWCNTs/TP/DMSO/H,O, (c¢) MWCNTs/PVA/TP/DMSO/
H,O0. MWCNTSs:TP (wt) is 1:3, and the concentrations of MWCNTs are 0.2 wt.% (insets are MWCNTs dispersions in the
corresponding media after staying 2 hr) [67].

2.3.2.2. Rosemary acid

Rosemary acid (RosA) is an extract from rosemary, an evergreen shrub with aromatic linear
leaves, which is green, non-toxic and environment-friendly. Like TP, it possesses the condi-
tions: m-m stacking between RosA and CNTs and hydrogen bonds between RosA and polymer
matrix. Besides, in comparison with TP, its more hydroxyl groups and added carboxyl group
provide CNTs more chances to interact with polymer. Figure 12 shows the illustration of the
interaction between PVA and RosA-modified MWCNTs (m-MWCNTs). mt-1t stacking exists
between MWCNTs and RosA on m-MWCNTs, and hydrogen bonds are supposed to be
formed between hydroxyl groups of RosA and PVA, so that PVA and MWCNTs can be
connected.

Figure 12. Schematic illustration of the structure of PVA/m-MWCNTSs composites [68].
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As shown in Figure 13a, pristine MWCNTs (p-MWCNTs) exhibit almost 100% UV transmit-
tances after staying one day, indicating poor dispersibility in the solution, while as the
introduction of RosA, the transmittance quickly decreases, proving obviously improved
dispersibility of m-MWCNTs. Apparent aggregation of p-MWCNTs can be seen in Fig-
ure 13b, whereas m-MWCNTs are clearly separated and homogeneously distributed as shown

in Figure 13c. The inset picture provides much intuitive evidences for the dispersibility of p-
MWCNTs and m-MWCNTs.
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Figure 13. UV-vis transmittances of the MWCNTs dispersions in DMSO/H,O (vol ratio = 3/1) with different concentra-
tion of RosA marked on the ends of the curves (a) and TEM images of p-MWCNTs, (b) m-MWCNTs (c) in DMSO/H,0.
The inserts are the corresponding MWCNTSs dispersions after staying for 7 days [68].

3. Processing of CNTs/polymer composites

Polymeric materials mainly include plastics, fiber, and rubber (elastomer), so they can be the
representatives as matrices to composite with CNTs. This section will briefly describe the
fabrication of the CNTs/polymer composites based on three kinds of typical synthetic mate-
rials: fiber, film, and elastomer.

3.1. Composite fiber

Fiber processing has its own advantages, one of which is that it can be drawn in large draw
ratio. That means it has higher possibilities to enhance mechanical properties of the composites
through the orientation of related structural units. Ideal CNTs fibers, comprising axially
aligned and highly packed CNTs, could have much higher specific modulus and specific
strength than those of commercial carbon and polymeric fibers, but so far the modulus and
strength values are still low [69]. To date, no breakthrough has been reported in the specific
strength and specific stiffness of CNTs fibers. The outstanding mechanical and physical
properties of individual CNTs have provided the impetus for researchers in developing high-
performance fiber polymeric materials based on CNTs because they can be handled much
more conveniently than the individual CNTs [70].
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3.1.1. Solution spinning

Manufacturing CNTs-based fibers commonly uses solution spinning, which can be divided
into two processes: dry spinning during which the solvent in fiber forced from the spinning
hole is removed by evaporation by heating, and wet spinning during which the solvent in fiber
is removed by coagulation in another fluid. In general, mechanical properties of neat CNTs
fibers prepared by dry spinning are far higher than those of the fibers prepared by wet spinning
[71]. However, dry spinning has disadvantages such as difficulties in process scalability and
mass production, which thus affects the structural characteristics and physical properties of
CNTs-based fibers, while the wet spinning is a relatively simple technique with advantages
of commercially ready availability [72, 73]. So a number of researches have been conducted to
make CNTs/polymer composite fibers by wet spinning. Vigolo et al. firstly reported the wet
spinning of SWCNTs/PVA composite fibers via a coagulation method [74] and the composite
fibers prepared by wet spinning were measured to have 230 MPa of tensile strength and 40
GPa of Young’s modulus. Dalton et al. [75] manufactured mechanically strong SWCNTs/PVA
gel fibers by using a modified coagulation-based wet spinning method. The composite fibers
had 1.8 GPa of tensile strength and 80 GPa of Young’s modulus. Fibers with high loading, as
high as 23 wt% of SWCNTs, were successfully produced through wet spinning [76].

Besides, a dry-jet wet spinning is generally used to prepare high strength and high modulus
fibers, and it is expected to use this spinning process to produce high-performance polymer/
CNTs composite fibers. In our previous work [29, 67], -MWCNTs/PVA composite dispersion
was forced through a spinning hole into an air gap of 5 mm and then into cold methanol
coagulating bath (Figure 14a). Postdrawing was carried out in a tube oven between two 6.5-
cm-diameter rollers at a temperature about 200°C and draw ratio 8-12. Postdrawing could lead
to increased orientation and crystallization of the fibers and thus to improvement in both
strength and modulus. The spinning dope was extremely uniform due to good dispersibility
of MWCNTs in PVA, the fiber formation was quite easy to be controlled, and the drawn fibers
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Figure 14. (a) Spinning apparatus for preparing PVA/f-MWCNTs composite fibers. (b) Photograph of the composite
fibers with different -MWCNTs loadings (marked on the tops) and cM represents the composite fiber with 0.5 wt%
MWCNTs containing carboxyl groups [29].
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were quite smooth and uniform at certain MWCNTs loadings (Figure 14b), and thus the fibers
obtained expected mechanical properties.

A method for manufacturing sheath-core structured composite fibers was developed using
wet spinning techniques as shown in Figure 15. The core portion of a fiber was prepared using
CNTs solution while the sheath used a fiber-forming polymer such as PVA. The CNTs solution
was injected into the inner nozzle and the PVA polymer solution to the outer nozzle. The inner
and outer diameters of the spinneret were 0.3 and 0.5 mm. The interfacial contact between the
core and sheath was found to be good and did not hinder the flexibility of the resulting fibers
so they could be easily woven into fabric. The spinning technology used here is scalable and
compatible with mass production methods in industry [77].
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Figure 15. The wet spinning process used to produce the sheathcore structured CNT/PVA fiber [77].

Composite fibers can also be differently prepared through wet spinning. MWNTs solution was
forced through a spinneret into a rotating bath of acidic PVA solution, the pH of which was 2
adjusted by adding concentrated hydrochloric acid. The MWNTs/PVA composite fibers were
then collected in a water bath and drawn upward for drying. The toughness of the composite
fibers is approx. 563 J. g™ which exceeds by far the toughness of materials such as aramid or
spider silk [24].

3.1.2. Melt spinning

Melt spinning is the simplest method for fiber manufacturing. If a polymer can be melted under
reasonable conditions, its conversion to a fiber by melt spinning is preferred over the solution-
spinning process, mainly as the former does not involve the use of solvents and the problems
associated with their use, namely, their removal, recovery, the associated environmental
concerns and the low spinning speeds [78]. Melt spinning is also a common approach used for
preparation of CNTs/polymer composite fiber, but itis not well suited to make composite fibers
containing a large fraction of CNTs. Indeed, the presence of CNTs results in a strong increase
in the viscosity of the polymer, which makes the polymer containing CNTs extrusion and the
fiber spinning particularly difficult. In contrast, wet spinning of CNTs/polymer solutions
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allows inclusion of greater fractions of CNTs, provided that the nanotubes are homogeneously
dispersed in the polymer solutions [79]. Moreover, the macromolecular chains and CNTs in
the melt are seriously entangled, so to achieve high orientation of the chains and CNTs is
extremely difficult, which hinders enhancement of the mechanical properties of the composite
fiber.

The melt spinning of CNTs/polymer can generally be completed in following three steps. The
melt-compounding of polymer and CNTs is conducted in a twin-screw extruder at a high
CNTs concentration to firstly produce a masterbatch, then the masterbatch is diluted to the
desired CNTs concentration by mixing with the desired amount of neat polymer, and finally,
the mixture is melted and spun in suitable apparatus and the obtained as-spun fiber is drawn
continuously or separately. The processing of CNTs/polymer composite is commonly needed
to transfer to a screw extruder, and then the molten CNTs/polymer composite is forced through
a spinneret with a constant-speed drive, which could be adjusted to modify the mass flow rate
of the polymer. The spinning hole on the spinneret is a cylindrical capillary, which is generally
less than 1 mm in diameter. The extruded thread is wound-up on a rotating package at a speed
of several hundred or thousands meters per minute [80]. Sometimes, if melt spinning is in
small scale and in low melt viscosity, a melting apparatus, piston-barrel system, such as
capillary rheometer, can also be used (Figure 16) [81].
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Figure 16. Schema of the piston type spinning device [81].

3.1.3. Electrospinning

Electrospinning is an electrostatically induced self-assembly process wherein ultra-fine fibers
are produced. Recently, the electrospinning technique has also been used for the alignment of
CNTs in a polymer matrix, leading to high-strength, high-modulus, and even high electrical
conductivity. It has been established that electrospinning a polymer solution containing well-
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dispersed CNTs leads to nanocomposite fibers with the embedded CNTs oriented parallel to
the nanofiber axis due to the large shear forces in a fast fiber-drawing process [82].

Fiber collection methods for electrospinning can be divided into two classes: continuous
filament wound on roller and felt piled by short fibers collected on nets or sheets. Commonly,
the nanofibers are collected in felt due to ease of processing. For example, when
MWCNTs/PAN dispersion in DMF was electrospun, a flat metal net covered in aluminum foil
was served as a grounded counter electrode to collect the short fibers to form a felt after several
hours’ spinning. Because the MWCNTSs have good dispersibility in PAN solution, even if the
loadings of MWCNTs increase, the fibers are formed in uniform diameter and smooth surface
as shown in Figure 17a-Figure 17e. On the other hand, with the increase of the loadings of
MWCNTs, that is, the conductivity of the spinning solution rises, the improved Coulomb force
and static electricity facilitate the formation of small-diameter fibers (Figure 17f).

Figure 17. SEM images of PAN/f-MWCNTs composite nanofibers with different f-MWCNTSs concentrations (a) 0 wt%,
(b) 0.5 wt%, (c) 1 wt%, (d) 3 wt%, (e) 5 wt%, and (f) diameter distribution of nanofibers [46].

Particularly, electrospinning set-up with water as collector (Figure 18) was used to obtain
aligned fiber samples and then the fiber was drawn out using a mechanical roller to obtain
continuous fiber bundles [83]. As evident from Figure 18, individual fibers within the fiber
bundles are tightly packed and aligned together. The stiffness and strength are seen to increase
by 32% and 28%, respectively, when 3 wt.% CNTs is added to neat PVDF fibers, which can be
attributed to the nano-reinforcement effect of the CNTs.

Figure 18. Schematic of the electrospinning setup used to obtain continuous self-assembled yarn structure [83].
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3.2. Composite film

Film or membrane is one of the major products of plastics family. The composite film consisting
of CNTs and polymer has extensive application because of its excellent mechanical and
electrical properties. Casting is a common process to prepare the composite film, and a
micrometer order uniform thickness film can be obtained after being dried naturally or at
heating condition. For example, uniform MWCNTs/PVA, MWCNTs/cellulose, and MWCNTs/
PS composite films can be prepared by casting [35, 84, 85]. The storage modulus for a 6 wt. %
MWCNTs/PS composite cast film at 80°C is up to 122% of neat PS and the glass transition
temperature increased significantly with an increase in MWCNTSs concentration [85]. In order
to manufacture highly stretchable, twistable, transparent, and conductive polymer and CNTs
bilayer films, an efficient spin-coating and curing method is applied. In general, the spin-
coating technique is known as one of the most promising processes to provide desired film
uniformity, easy control of thickness, short operation time, and high reproducibility without
environment limit [86]. For instance, defect-free MWCNTs were dispersed in deionized water
to obtain a stable aqueous solution with the aid of SDBS. After spin-coating the aqueous
MWCNTs solution on glass plates, polydimethyl siloxane (PDMS) was applied on the surface
of the MWCNTs layer and then was cured. Finally, the MWCNTs/PDMS bilayer films were
peeled off easily from the glass plates (Figure 19) [87].
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Figure 19. Schematic procedure to manufacture MWCNTs/PDMS bilayer films by spin-coating of MWCNTs solution
and following curing of PDMS [87].
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A novel in situ bulk polymerization method to prepare vertically aligned carbon nanotubes
(VACNTs)/polymer composite films was developed to prevent CNTs condensation that could
disturb CNTs orientation during liquid phase processing. A VACNTSs array was infiltrated
with styrene monomer with a certain amount of polystyrene-polybutadiene (PS-PB) copoly-
mer that acted as a plasticizer, which confirms that the addition of PS-PB into the matrix can
improve the elongation at break of the CNTs/PS composite film. These CNTs/polymer
composite membranes show high gas and water permeability comparable to the other
VACNTs composite membranes, potentially enabling applications that may require mem-
branes with high flux, flexibility, and durability [88].

3.3. Elastomers

The unique properties of elastomers especially their high and reversible deformability are of
great industrial importance. However, on account of their low elastic modulus, they are
generally compounded with a reinforcing filler. The reinforcement of elastomers is probably
one of the most important processes in rubber industry, especially in modern tire manufacture
industry. Generally, reinforced elastomers show an increase in modulus, hardness, tensile
strength, abrasion, and tear resistance as well as resistance to fatigue and cracking [89]. The
conventional reinforcing fillers such as carbon blacks (CBs) and silicas have been widely used,
while due to the advantages of CNTs as stated above, they as reinforcing fillers of elastomers
have attracted much researchers’ attention. Potential applications of CNT-filled rubber
composites range from industrial applications such as rubber hoses, tire components, and
sensing devices, to electrical shielding and electrical heating devices [90].

3.3.1. Reinforced natural rubber

Toluene is often used as a dispersant for CNTs in natural rubber (NR). For example, NR
containing all the formulation ingredients could be dissolved in the suspension of CNTs and
toluene. After NR/CNTs dispersion was mixed, the toluene was carefully removed, and the
mixture was cured and formed sheets under certain pressure and temperature. The CNTs bring
significant improvements in the mechanical properties with regard to the pure polymer. It is
demonstrated that the intrinsic potential of CNTs is excellent reinforcing filler in elastomeric
materials and small filler loadings substantially improve the mechanical behavior of the soft
matrix [89]. Similarly, Fakhru’l-Razi reported that the preparation of MWCNTs/NR nanocom-
posites was carried out by a solvent-casting method using toluene as a solvent. Using this
technique, CNTs can be dispersed homogeneously in the NR matrix in an attempt to increase
the mechanical properties of these nanocomposites. There is an increase in the initial modulus
for up to 12 times over pure NR. Application of the CNTs can result in rubber products having
improved mechanical, physical, and chemical properties, compared with existing rubber
products reinforced with CB or silicone [91].

Silane functionalization of MWCNTs could offer NR better performance in terms of property
improvement when loaded in elastomeric composites. The MWCNTs are initially subjected to
aminopropyltriethoxysilane (APS) treatment to bind amine functional groups (-NH,) on the
nanotube surface. Successful grafting of APS on the MWCNTs surface through Si-O-C linkages
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is confirmed. Loading of silane-functionalized MWCNTs in the ENR (epoxidized NR) matrix
results in a significant improvement in the mechanical, electrical, and thermal degradation
properties of the composite materials, when compared to gum or pristine MWCNTs-loaded
materials. As expected, the modulus of the composites at various strains increases significantly
with an increase in nanotube loading. For instance, the 100% modulus increases to 106% when
pristine CNTs are loaded, whereas it increases to about 120% when aminosilane-functionalized
CNTs are loaded [92].

3.3.2. Reinforced synthetic elastomer

The process of reinforcing silicone rubber by MWCNTSs needs following several steps. Silicone
rubber resin was dissolved in petroleum ether to obtain homogeneous solution; fumed silica,
KH550, and water were added to the above solution and agitated; Fe,O; was added to the
above mixture and agitated; MWCNTs or their suspension was added into the above mixtures
and dispersed by ultrasonic treatment and agitation; the above mixture was desolventized in
vacuum oven; curing agent and catalyst were added into the mixtures and stirred followed by
moving into a mould for curing to obtain the composites. When 5 phr of MWCNTs was added,
the room temperature vulcanized (RTV) silicone rubber composite reinforced by MWCNTs
achieved good comprehensive performance. Its tensile strength, tear strength, elongation, and
onset decomposition temperature reach 2.0 MPa, 11.7 kN/m, 238%, and 510°C, respectively,
while the above said values for the composite with untreated MWCNTs are only 1.1 MPa, 7.0
kN/m, 83%, and 484°C, respectively [93].

Reinforcement of thermoplastic polyurethanes (TPUs) by MWCNTSs was also carried out by
solution method. MWCNTSs were ultrasonicated by a dipping tip sonicator at room tempera-
ture in tetrahydrofuran-THF (0.1% volumetric solution of nanotube). TPU pellets were then
added to the ultrasonicated solution and mixed with a magnetic stirrer. The solution was then
poured in a Petri dish in order to allow THF evaporation at room temperature and to obtain
reinforced TPU films. Such films were further dried in a vacuum oven. Typical mechanical
properties (Young’s modulus and yield strength) are improved and the strain energy dissi-
pation is also increased [94].

Although solution blending is common to incorporate MWCNTs into an elastomer, this
approach is not suitable for industrial practice due to its higher environmental and economic
costs. Melt blending is the most convenient and efficient technique for the preparation of CNTs
reinforced elastomers although it also has some disadvantages, so melt blending is a good
selection to prepare CNT-reinforced elastomers. For example, appropriate amounts of CNTs
were compounded into the elastomers styrene-butadiene rubber (SBR) and nitrile-butadiene
rubber (NBR) by melt-mixing using a two-roll open mill. The elastomer compounds were
vulcanized with the aid of sulphur at 150°C and at 3000 psi using a compression molding to
obtain thin sheets (0.8 mm thick). The composites of CNTs/rubber show the improved
properties such as resistance to solvent swelling, enhanced glass transition temperature, and
improved storage and loss moduli [95].
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4. Mechanical properties of the composites

4.1. The amount of CNTs

As it can be understood, mechanical properties of CNTs/polymer composites are improved
due to effective CNTs reinforcement in the composites. In comparison with pure polymer,
addition of functionalized CNTs causes an increasing in elastic modulus and yield strength,
which is due to good dispersibility of CNTs and stress-transfer effect from the matrix to the
CNTs caused by good interfacial interaction between the CNTs and the matrix. However, the
optimum added amount of CNTs to polymer has to be carefully considered to obtain ultimate
mechanical properties of the composite. For instance, Young’s modulus, tensile strength, and
storage modulus of the CNTs/PP nanocomposites can be increased with increasing CNTs
content, but CNTs tend to aggregate into bundles in the matrix and hence the mechanical
properties of the composite are reduced when CNTs over a certain amount, usually 2-3 wt. %
[96].

Liu et al. [61] reported that mechanical properties of CNTs/polymer nanocomposite materials
are greatly dependent on the content of CNTs. Within a limited weight fraction, mechanical
properties of the nanocomposites increase significantly with addition of CNTs, and they reach
the optimum when the content of CNTs is around 2 wt. %. The breaking strength of MWCNTs/
poly(p-phenylene terephthalamide) (PPTA) nanocomposites containing 2 wt.% MWCNTs
increases from 212 MPa up to 327 MPa, with a 54.2% increase compared to the pure aramid
membranes. Being different from strength, with low volume fraction of CNTs, the modulus
of the nanocomposite material exhibits a linear relationship with the content of the CNTs, and
when the content of CNTs is further increased, the enhancement effects are weakened. The
enhancement mechanism of MWCNTs/PPTA nanocomposites can be simply described as
follows. The thread morphology of CNTs which can overlap with each other and strong m-mt
bond effects and van der Waals forces among adjacent nanotubes can result in the interweaving
between nanotubes, leading to network-like structure. The structure has excellent stress
transfer effect due to the strong interfacial forces between CNTs and the aramid matrix, and
the CNT network can inter-pass throughout the layered structures of MWCNTs/PPTA
nanocomposite membranes, which can greatly enhance the interaction between adjacent
layers, hindering the slippage under tensile stress, that is to say, these layered structures are
mechanically locked, improving the stiffness and tensile strength of nanocomposites. How-
ever, when the loading of CNTs exceeds a certain value, cluster structures inducing stress
concentration will be formed which will become the sources of break, weakening the rein-
forcement of CNTs.

Similarly, the ultimate tensile strength of MWCNTs/ABS composites is enhanced with the
increase in MWCNTs loading up to 70 MPa at aload of 3 wt.% MWCNTs and the values slightly
decrease with further increase as shown in Figure 20a. When the MWCNTs loading is 10 wt.
%, the strength significantly declines to 57 MPa, but this value is still higher than that of neat
ABS. The variation of Young’s modulus with the different loadings of MWCNTs loading is
different from the strength (Figure 20b) and the modulus of the composites shows a linear
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increase till the largestloadings in the experiment. Figure 20c shows that percentage elongation
decreases with an increase in MWCNT loading [2].
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Figure 20. (a) Tensile strength, (b) Young’s modulus, and (c) % elongation of MWCNTs/ABS composites with respect
to the weight percentage of MWCNTs [2].

Similar trends are shown in our previous study as shown in Figure 21 [29]. The addition of
small amount of -MWCNTs except acid-treated MWCNTs (c-MWCNTs) leads to a significant
increase in the tensile strength of -MWCNTs/PV A composite fibers, but the strength decreases
when f-MWCNTj further increase from ultimate value 926MPa at 2 wt.% -MWCNTs to about
805MPa at 3 wt.% f-MWCNTs. However, Young’s modulus keeps increasing with the increase
of the MWCNTs loadings, and the break strain shows gradually decrease. The increase of
Young’'s modulus and the decrease of the break strain reflect that at the same time of rein-
forcement the ductility decreases with the increasing MWCNTs loadings.

—8— A
o PAG MWCHTIE S wit )
o= FATUIWTATI wik)
Gu 2P = PEATAWCHTIOS w1
= AT wri)
" THORs = AT W)
— B — FATMWGN TEE e )
o PEATATWCHTE )

=
i .-.p|i-'|ll--llllllill
]

Tensile Stress (MPa)

00 25 60 75 100 125

Tensile Strain (%)

16.0

Figure 21. Stress—strain curves of PVA/f-MWCNTs composite fibers, the values on the tips of curves are Young’'s mod-
ulus of the corresponding fibers [29].

In order to explain this, a cross-sections of pure PVA- and TP-treated MWCNTs and PVA
composite fibers (Figure 22a and 22b) were prepared by breaking the fibers in liquid nitrogen
to give an intact surface fracture (Figure 22a” and 22b"). The pure PVA fiber shows evidently
ductile fracture (Figure 22a’), whereas the fiber containing MWCNTs exhibits a typical feature
of stiff and rigid fracture behavior with clear-cut fracture cross section [97]. On the contrary,
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for brittle polymer, such as cellulose, with a CNT loading of 5 wt %, the tensile toughness
reaches 5.8 MJ/m?, about 346% higher than that of neat cellulose film. The explanation is that
the interfacial hydrogen bonding facilitates the stress transfer and simultaneously reduces the
density of hydrogen bonding network of cellulose so as to obviously enhance the plastic
deformation of the nanocomposite [98].

Fracturing.~"~

Figure 22. SEM images of (a) pure PVA and (b) MWCNTs/PVA composite drawn fibers prepared with 0.2 wt%
MWCNTs loading; (a’) the fractured cross-section of PVA fiber (a) and (b') is the fractured cross-section of
MWCNTSs/PVA composite fiber [67].

Different from the statement above, the incorporation of large amount CNTs in polymer matrix
can still significantly enhance the nanocomposite tensile strength. The CNTs (1 wt. %)/PP
nanocomposite shows 18% improvement in the tensile strength, while the 20% CNTs (20 wt.
%)/PP nanocomposite exhibits an extremely high tensile strength, 1.8 times that of the unfilled
polymer. This finding proves that high concentrations of CNTs can be incorporated in PP
without degrading the tensile strength [97].

Sample Specific tensile strength Specific modulus  Elongation
(kgfecm™) (kgfecm™) at break (%)
PAN 188.2 88.5 452
In situ composite 0.5% f-MWCNTs/PAN 213.4 309.2 42.8
nanofibers 1% f-MWCNTSs/PAN 3103 553.9 401
3% -MWCNTs/PAN 246.8 371.9 39.6
5% f-MWCNTs/PAN 208.6 287.5 35.7
Ex situ composite 0.5% f-MWCNTs/PAN 194.7 280.3 40.7
nanofibers 1% E-MWCNTSs/PAN 297.4 455.1 38.9
3% -MWCNTs/PAN 219.6 292.8 36.0
5% f-MWCNTs/PAN 201.7 217.4 33.4

Table 1. Mechanical properties of PAN, ex situ composite and in situ composite nanofibers.
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At the same CNTs loadings, the mechanical properties of covalent treated CNTs-based
composite are obviously higher than those of non-covalent treated CNTs based composite. For
instance, the strength of TP-treated MWCNTSs and PVA composite fiber are 643 MPa when the
MWCNTs loadings are 0.6 wt.%, whereas the strength of PVA grafted MWCNTs and PVA
composite fiber is 695 MPa at a load of 0.5 wt.% MWCNTs, indicating that the latter has
stronger stress transfer effect due to covalent interaction between PVA and MWCNTs than the
former [16, 46]. On the other hand, at the same CNTs loadings, the mechanical properties of
the polymer composite containing CNTs functionalized by in situ polymerization are higher
than those by ex situ polymerization as shown in Table 1. [46].

4.2. Orientation of CNTs

As we know, the mechanical properties such as tensile strength and Young’s modulus of
polymeric materials depend strongly on the orientation of the polymer chains. Similarly, as
far as conventional fiber reinforcement is concerned, unidirectional composites show the
highest improvements in strength and modulus. Therefore, it is expected that alignment of
CNTs is important for improving mechanical properties [81]. So, the approach to improving
the mechanical properties of CNTs/polymer nanocomposites is through alignment of CNTs
by taking advantage of their exceptional anisotropic properties of CNTs arising from the one-
dimensional structure of CNTs with extremely high aspect ratios. CNTs alignment can be
achieved using various routes, including mechanical force, magnetic field, electric field, shear
flows, and electrospinning [83, 99].

In the route of mechanical force, the composite materials are stretched usually by drawing,
making CNTs orient along the drawing direction. Hot stretching of the MWCNTs/epoxy
prepregs can markedly improve the mechanical properties of the composites. The improved
mechanical properties of stretched composites derive from the increased MWCNTs volume
fraction and the reduced MWCNT waviness caused by stretching. With a 3% stretch ratio, the
MWCNTs/epoxy composites achieve the best tensile strength and elastic modulus [100]. Fiber
drawing allows both the nanotubes and the polymer chains to be aligned, leading to enhance-
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Figure 23. Stress-strain curves of MWCNTs/PA12 (7 wt. %) fibers with different draw ratio (R) values [101].
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ment of the mechanical properties of the composites. As shown in Figure 23, the stress of
MWCNTs (7 wt. %)/PA12 composite fibers increases with the draw ratio obviously [101].

The alignment of MWCNTs in bulk epoxy matrices can be realized by application of external
electric field. The alignment gives rise to much improved electrical conductivity, elastic
modulus, and quasi-static fracture toughness compared to those with CNTs of random
orientation. The storage modulus of MWCNTs/epoxy composite can increase by 50% [102].
The Young’s moduli of the 0.3 wt.% CNTs/epoxy nanocomposites with and without CNTs
orientation are about 40% and 15% higher than that of the neat epoxy, respectively. The
additional 25% enhancement in modulus clearly demonstrates the effectiveness of the
alignment [99].

In addition, the shear forces during electrospinning present in the liquid jet result in automatic
alignment of well-dispersed nanotubes [103]. Figure 24 clearly demonstrates the significant
increases in Young’s modulus and tensile strength of the functionalized MWCNTs reinforced
PMMA nanofibers obtained by electrospinning. The significantimprovements in modulus and
strength are likely related to the good dispersion and orientation of the CNTs within the
polymer and to the strong interfacial adhesion due to the nanotube surface modification [104].
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Figure 24. Stress-strain curves of electrospun PMMA nanofibers and CNT/PMMA nanofibers. The inset is a magnified
view of the initial range (up to 15 %) of strain from which Young’s modulus was calculated by linear regression [104].
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There is an obvious difference in the intensity of the G band on polarized Raman spectra for
different polarization directions after hot-stretching, which can be correlated to the alignment
of CNTs in the composites. Normally, the degree of CNT alignment can be evaluated by the
depolarization factor R, the ratio of the peak intensities of the G band in the two polarization
directions, i.e., parallel (VV configuration) and perpendicular (VH configuration) to the fiber
axis. The marked increase in R can be ascribed to the better alignment of CNTs after hot-
stretching. For instance, the R values of MWCNTs/PAN composite are 1.03 and 2.95 for
samples before and after hot-stretching, respectively, indicating the big difference between
both R values, that is, much better alignment of CNTs after hot-stretching [105]. Besides, the
orientation of CNTs can directly be characterized by TEM image as shown in Figure 25, in
which the oriented CNTs can clearly be seen.

Figure 25. Representative TEM image of PVDF fibers filled with 2 wt.% CNTs [83].

In our previous paper [67], we presented a structure model of MWCNTs/PVA composite fiber
as shown in Figure 26. TP-functionalized MWCNTSs connects with PVA by non-covalent
interactions and disperses uniformly in PVA matrix. It is considered that there are’constrained
regions’ in the composite, which are composed of MWCNTs, constrained PVA molecular
chains, and the surfactant TP molecules combined by H-bonding and m-n stacking among
them. After the fiber is drawn, all the elements in the ‘constrained regions” as a whole align
along the fiber axis, which greatly increases orientation effect of all the elements in the
composite, further strengthens the interactions between MWCNTs and PVA chains, and
consequently forms a structure possessing high mechanical properties.
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Figure 26. Proposed structural model of PVA/MWCNTSs composite fiber [67].

5. Concluding remarks

Recently, CNTs have been widely used to incorporate into polymers to develop high-per-
formance composite materials. Dispersibility of CNTs in polymer and the stress transfer from
the matrix to CNTs have significant effects on reaching ultimate mechanical properties for
CNTs/polymer composites. Mechanical processes to disperse CNTs such as ultrasonication
have limited dispersing effect, and they generally are applied together with other dispersing
processes so as to enhance the disperse effect of CNTs. Both covalent and non-covalent
functionalization of CNTs can well disperse CNTs in polymer matrix, but at the same time
have their disadvantages, such as, CNTs structure damage for covalent functionalization or
weak interaction between matrix and CNTs for non-covalent functionalization. Due to better
stress transfer, the mechanical properties of covalent functionalized CNTs/polymer composite
are higher than non-covalent functionalized composite. As a one-dimensional material, CNTs
are quite suited to reinforce polymeric fiber, which moreover can be easily drawn in a high
draw ratio, leading to high orientation of CNTs and polymer chains. In addition to dispersi-
bility of CNTs in the matrix, the amount and orientation are two important factors which
cannot be ignored. Optimum amount and high orientation of CNTs should be considered in
order to achieve excellent mechanical properties of CNTs/polymer composite. CNTs rein-
forcement makes the mechanical properties of polymer increase several times higher than the
neat polymer in some of literatures, which conforms that CNTs are very effective fillers for
polymers. However, the challenges the researcher should still face are how to optimize various
factors in preparing CNTs/polymer composite in order to reach its ultimate mechanical
properties, and how to scale up from laboratory and thus realize mass production.
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Abstract

Polymethylmethacrylate-silica hybrids have been prepared using the sol-gel route by
the radical polymerization of methyl methacrylate(MMA) using benzoyl peroxide
(BPO) as a thermal initiator and 3-(trimethoxysilyl)propyl methacrylate(MPTS) as a
coupling agent, followed by acid-catalyzed hydrolytic condensation of tetraethoxysi-
lane (TEOS). Carbon nanotubes (CNTs) were first dispersed either by surfactant
addition or by functionalization with carboxyl groups and then added at a carbon (CNT)
to silicon (TEOS and MPTS) molar ratio (Cenr/Siybia) 0f 0.05% to two different hybrid
matrices prepared at BPO/MMA molar ratios of 0.01 and 0.05. Films of 2-7 um thickness
deposited onto carbon steel by dip-coating were characterized in terms of their
microstructure and their mechanical, thermal and anticorrosive behavior. Atomic force
microscopy and optical microscopy confirmed that there was a homogeneous
dispersion of CNTs in the nanocomposites and that the surfaces of the films were very
smooth. X-ray photoelectron spectroscopy (XPS) confirmed the nominal composition of
the films while nuclear magnetic resonance showed that the connectivity of the silica
network was unaffected by CNT loading. Thermogravimetric analysis and mechani-
cal measurements confirmed an increase of thermal stability, hardness, adhesion and
scratch resistance of CNT-loaded coatings relative to those without CNTs. Electro-
chemical impedance spectroscopy measurements in 3.5% NaCl solution interpreted in
terms of equivalent circuits showed that the reinforced hybrid coatings, prepared at the
higher BPO/MMA molar ratio used in this work, act as a very efficient anticorrosive
barrier, with an impedance modulus up to 10° Q cm?.

Keywords: organic-inorganic hybrids, carbon nanotubes, mechanical reinforcement,
structural properties, anticorrosive coating
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1. Introduction

Organic-inorganic hybrids are a class of nanocomposite materials, which combine different
components on the molecular or nanometric scale, resulting in hybrid systems that not only
reflect the sum of the properties of the individual components but also are new materials with
unique features. The blend of organic and inorganic phases interacting on the molecular scale
combines properties such as processability, flexibility and hydrophobicity of the polymeric
organic phases with thermal, chemical and mechanical stability of inorganic ceramic com-
pounds. The nature, size and compatibility of the organic and inorganic phases are of critical
importance, because they determine the transparency, homogeneity and stability of the hybrid
material. The nature of the bonding at the interface between the phases is of particular signifi-
cance for this class of nanocomposites. This can be used to classify these hybrid materials: the
presence of relatively weak bonding such as van der Waals, dipole—dipole, hydrogen or ionic
bonding is characteristic of a class I hybrid material, while strong covalent or ionic-covalent
chemical bonding are both characteristic of class Il hybrid materials [1].

The sol-gel process is possibly the most suitable method for the synthesis of hybrid materials
because of the relatively mild synthesis conditions, the environmental compatibility, and, in
particular, the possibility of combining a large number of precursors in different proportions.
The simultaneous hydrolytic condensation of the inorganic precursor and polymerization of
the organic species produces homogeneous nanocomposites with tunable properties. The
multifunctionality of hybrid materials enables them to be used in a variety of applications such
as drug delivery systems, optical and electrical devices, catalysts, photochromic devices and
protective coatings [1, 2].

Among the large number of reported organic-inorganic nanocomposite systems, in which
polymers such as epoxy, polyimide, acrylic and polyethylenimine phases are combined with
inorganic oxides such as silica, alumina, zirconia, titania and ceria, one important hybrid class
is the polymethylmethacrylate-silica (PMMA-silica) system. PMMA-silica nanocomposites
have recently received considerable attention because of their ability to protect a wide variety
of metal surfaces such as steels, stainless steels, aluminum alloys and magnesium alloys in an
efficiently and environmentally compliant manner [3-5]. These alloys are particularly impor-
tant for key industries such as the aerospace, automotive and offshore companies. However,
most of these alloys suffer severe corrosion in maritime environments and even humid
environments and therefore need appropriate surface passivation to survive for long periods
in aggressive environments.

Corrosion is a spontaneous and irreversible reaction between a metal surface and its environ-
ment, resulting in significant economical losses, the failure of critical components and
environmental problems. The prevention of corrosion, or at least its mitigation, is therefore
one of the main challenges industrially worldwide. The application of protective coatings such
as paints or resins, or those based on ceramic materials, is the most common way to improve
the durability of metallic alloys significantly. However, organic coatings are relatively thick
and can suffer poor thermal and mechanical stability and also a lack of adhesion, while coatings
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based solely on ceramic materials are likely to be porous and suffer from intrinsic stress-
induced cracking, leading to thickness limitations [3, 6].

Therefore, organic-inorganic hybrids have been developed to overcome the limitations of
traditional coatings, forming an efficient and durable corrosion protection system for metallic
surfaces. In the case of PMMA-silica hybrid nanocomposites, this corrosion protection is a
consequence of the covalent bonding between PMMA and silica nodes through the coupling
agent 3-(trimethoxysilyl)propyl methacrylate (MPTS), formed by three methoxy-silane groups
linked by a nonhydrolysable Si—-C bond to a methacrylate tail. This bonding mechanism
produces a class II hybrid with a nanostructure of dense silica cross-link nodes bridged by
short polymeric chains. As a consequence, the closely packed nanostructure acts as an efficient
corrosion barrier against the uptake of aggressive agents [3, 4].

One drawback of most organic-inorganic hybrids is their relatively high polymer content of
60-80%; this leads to a reduced mechanical and thermal stability of these materials relative to
ceramic systems. To overcome this limitation, carbon nanotubes (CNTs), known for their
exceptional mechanical and thermal properties, are regarded as being the most suitable
nanostructures to reinforce polymeric and hybrid materials. Thus, for example, in a recent
study, Nafion® modified functionalized multiwall CNTs were dispersed in a PMMA-silica
nanocomposite at carbon-to-silicon molar ratios of 0.1%, 1.0% and 5.0% [7]. The results of this
study showed that the CNTs could be dispersed efficiently within the nanocomposite and that
their presence did not affect the connectivity of the hybrid network. In addition, the coatings
were able to maintain their high corrosion resistance, with an impedance modulus of about
107 € cm? in 3.5% NaCl solution [7]. However, no mechanical tests were performed in this
study.

Other studies also report on hybrids and, in particular, on polymers modified by CNTs [8-
10]. The development of nanocomposites with improved electrical conductivity, thermal
stability and mechanical strength by incorporation of CNTs are the most cited objectives in
these studies. For polyethylene-CNT composites containing CNTs in the range of 1-2.5 wt.%,
an increase in electrical conductivity up to six orders of magnitude has been observed [8]. A
uniform dispersion of CNTs in a polypropylene (PP) matrix has been shown to produce a
substantial increase in thermal stability at extremely low loading levels of CNTs, attributed to
the relatively large interfacial area common to the PP chains and the free radial scavenging
CNTs [9]. For epoxy—CNT nanocomposites, in which the epoxy resin matrix was modified
with 0.1 wt.% of amino-functionalized CNTs, an improvement in strain to fracture and an
increase in Young’s modulus from 3.29 GPa for the neat resin to 3.50 GPa for the nanocomposite
have both been reported [10].

Protective hybrid coatings, modified with CNTs, have also been subject of a number of recent
studies. Thus, for example, Fe;O, nanoparticles attached to CNTs have been incorporated
successfully at a concentration level of 3 wt.% into epoxy resin coatings deposited on carbon
steel [11]. Experimental results showed a significant increase of coating adhesion and corrosion
protection efficiency relative to coatings without both the Fe;O, nanoparticles and the CNTs
[11]. Epoxy—CNT composite coatings deposited on aluminum alloy 2024-T3 substrates at CNT
levels of 0.1 wt% or 0.5 wt% showed a similar result with an improvement in adhesion strength,
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wear resistance and rate of corrosion with CNT loading, the latter explained by a CNT-induced
decrease of the level of open porosity within the coating [12]. Polypyrrole (PPy) coatings
containing low levels of CNTs and chitosan deposited on St-12 steel have shown a significant
improvement in corrosion protection relative to PPy coatings with an increase in the corrosion
resistance in 3.5% NaCl solution from 176 ) cm? for pure PPy to 861 Q cm? for PPy-CNT-
chitosan coatings [13]. This was attributed to the improved density and more compact structure
of the PPy-CNT-chitosan composite relative to the pure PPy coatings [13]. A study of the
corrosion protection performance of poly(N-methylpyrrole)-dodecylsulfate/CNT composite
coatings on SAE 304 stainless steel was performed in 0.5 mol L™ H,SO, solution [14]. In these
coatings, the CNTs were added as a second layer on top of the poly(N-methylpyrrole)-
dodecylsulfate base layer, either by electrodeposition or by dispersing the CNTs in a Nafion®
solution. The results also confirmed a significantly improved corrosion protection of the base
layer coated with the Nafion®-dispersed CNTs. This was attributed by these authors to the
electrostatic repulsion of corrosive anionic species by the negatively charged CNTs and
Nafion® containing surface layers [14]. Using a similar strategy, a conductive coating based
on PPy has been modified with 0.25-1 at.% of functionalized and nonfunctionalized CNTs and
coated on 60/40 /(3 brass [15]. The observed improvement of corrosion protection efficiency
of the brass in 3.5% NaCl solution relative to coatings without CNTs was explained by the
authors in terms of an increase in electrical conductivity of the CNT-loaded coatings to help
form anodically protecting passive oxide films on the metal and also to the increase in
tortuosity of the paths corrosive ions have taken through the coating to reach the passive film
in order to attack it chemically [15]. The ability for deliberately undercured coatings with 20
wt.% of CNTs and microcapsules containing electrically conductive epoxy resin with self-
healing property has also been demonstrated [16]. In this work, Bailey et al. used a novel
electrotensile test. Upon cracking of the undercured coating during tensile testing, microcap-
sules in the crack path release the healing solvent ethyl phenyl acetate (EPA), enabling the
subsequent reaction with residual hardener in the vicinity of the crack to make the matrix swell
locally and cause cracks to be closed [16].

It is important to note that most as-synthesized CNTs consist of large aggregates or bundles
insoluble both in water and in common organic solvents because of their enhanced polariza-
bility induced by their cylindrical shape and hence the strong van der Waals’ interactions
between individual nanotubes [17]. Efficient dispersion of CNTs in a polymer matrix requires
the initial disentanglement of these large aggregates and chemical compatibility between the
CNTs and the polymer matrix to maintain a homogeneous and stable composite structure.
This chemical compatibility can be induced either by preselecting a matrix which interacts
electrostatically with CNTs or by modifying the interaction potential between the CNTs and
the polymer by functionalization. A suitable functionalization of CNTs is able to increase their
electrostatic potential, thereby reducing their tendency to agglomerate [9]. However, it is
evident that if harsh treatment conditions are used, such as prolonged sonication or excessive
chemical treatment, a high level of damage to the hexagonal nanotube structure can occur,
leading to a significant loss of mechanical and electrical performance of the CNTs.
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Alternative approaches have been developed to disperse individual CNTs by noncovalent
functionalization employing a wrapping agent, typically a surfactant or an organic polymer.
A successful separation of CNTs leading to a stable suspension in aqueous solutions of sodium
dodecyl sulfate (SDS) surfactant with coaddition of saturated fatty acids was recently dem-
onstrated [17]. Following on from previous work on PMMA-silica coatings containing CNTs
[7], we have successfully prepared CNT-reinforced protective hybrid coatings on carbon steel
in this study. The uniform dispersion of CNTs in the PMMA-silica matrix was accomplished
using two different pretreatments: the functionalization by carboxylic groups and surfactant
assistance using SDS for subsequent introduction in the PMMA-silica hybrids. Particular
attention was paid to the extent to which CNTs could be incorporated successfully into the
PMMA-silica matrix without compromising the excellent anticorrosive characteristics of the
hybrids. The effects of the inclusion of CNTs on the morphological, structural, thermal,
mechanical and electrochemical properties of the hybrid matrix were evaluated by optical and
atomic force microscopy (AFM), nuclear magnetic resonance, X-ray photoelectron spectrosco-
py (XPS), mechanical testing and electrochemical impedance spectroscopy (EIS).

2. Experimental

2.1. Synthesis

All reagents were purchased from Sigma-Aldrich and used as received, apart from the methyl
methacrylate monomer, which had been distilled before use to remove the <30 ppm amount
of 4-methoxyphenol added as a polymerization inhibitor. The PMMA-silica hybrid synthesis
consisted of radical polymerization of methyl methacrylate (MMA) and 3-(trimethoxysil-
yl)propyl methacrylate (MPTS) using the thermal initiator benzoyl peroxide (BPO) and
tetrahydrofuran (THF) as a solvent, followed by hydrolysis and polycondensation of tetrae-
thoxysilane (TEOS) and MPTS silane sites, catalyzed by nitric acid (pH 1). The following molar
ratios were kept constant: MMA/MPTS = 8, TEOS/MPTS = 2, H,0/Si = 3.5 and ethanol/H,0O =
0.5. The BPO/MMA molar ratio was fixed at a value of 0.01 and 0.05 to study the influence of
CNTs in two different matrices designated BPO0.01 and BPOO.05.

The TEOS, MPTS and MMA molecular structures are shown in Figure 1. The siloxane bridges
(C-Si-O) between the organic and the inorganic phase were derived from MPTS, a modified
silicon alkoxide with a methacrylate group which acts as a coupling agent between the organic
component, PMMA (polymerized MMA), and the inorganic component, silica. In the presence
of acidified water, TEOS and MPTS form a silica network through sol-gel hydrolysis and
condensation reactions, a process that converts a colloidal suspension (the sol) into a three-
dimensional network (the gel). First, the alkoxy groups (O-CH,-CH; and O-CH,) are hydro-
lysed, forming silanol groups (Si-OH) and eliminating alcohol molecules (HO-CH,CH,; and
HO-CHs), and then silanol groups can react with one another or the initial reagent to yield Si-
O-Si bonds [18].

199



200 Carbon Nanotubes - Current Progress of their Polymer Composites

MMA MPTS TEOS

CHa CH, HaC
H.C HC
0 G |
Q Hrﬂﬁoﬂ?lxo/\CH
\ ? o)
CH, >
H-C i CH, HC
Vs 3
~ o— ?1 -0
O
“CH,

Figure 1. Molecular structures of the synthesis reagents.

Single-wall CNTs were purchased from Dropsens for incorporation into the two hybrids
BPO0.01 and BPOO0.05. In one pretreatment prior to their incorporation, the CNTs were
dispersed using the method described by Alves da Cunha et al. [17], in which aqueous
solutions of SDS surfactant (Sigma-Aldrich) and hexadecanoic acid (palmitic acid, Sigma-
Aldrich) are used. The dispersion procedure, schematized in Figure 2a, starts from raw CNTs
and is based on the nonpolar groups of SDS and palmitic acid promoting physical interaction
with CNTs, while polar groups of these two chemicals interact with water [17]. After dispersion
in SDS and palmitic acid, the CNTs were added at the end of the PMMA-silica hybrid
synthesis, at a Ceny/Sipyiq molar ratio of 0.05%, to the two matrices BPO0.01 and BPOO0.05. The
two nanocomposites produced in this manner were designated BPO0.01_CNT_SDS and
BPOO0.05_CNT_SDS, respectively.

In addition to the SDS method, dispersion through functionalization with carboxyl groups was
also studied. In the second method, 0.1 g of CNTs was first put in a flask containing 75 ml of
concentrated sulfuric acid (H,SO,, Sigma-Aldrich) and 25 ml of concentrated nitric acid
(HNO,, Sigma-Aldrich). The CNT-containing solution was then heated and stirred under
reflux at 70°C for 2 h followed by 30°C for 4 h. Then, the functionalized CNTs were filtered
through an ANOPORE 0.02 pm pore size membrane and washed with distilled water until
the pH was 6. After this, drying was carried out at 70°C for 4 h under vacuum and at 200°C
for 4 h in air (Figure 2b). The oxidation procedure with nitric acid and sulfuric acid adds
carboxyl groups at the walls of the CNTs and enhances their solubility in the PMMA-silica
hybrid. These functionalized CNTs (CNTCOOH) were dispersed using Nafion® and incor-
porated into BPOO0.05 matrix in the inorganic phase at a Ceyy/Sigyprig molar ratio of 0.05%. The
nanocomposite produced in this manner was designated BPO0.05_CNTCOOH.

After synthesis, the five homogeneous and transparent hybrid sols were used to deposit films
onto 2.5 cm x 2.5 cm x 0.4 cm A1020 carbon steel substrates by dip-coating (3 immersions, each
of 1 min, at a withdrawal rate of 14 cm min, with air-drying intervals of 10 min between dips),
with the remainder of the solutions placed in Teflon holders to obtain unsupported films, and
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then heat-treated initially at 60°C for 24 h, followed by 160°C for 3 h. Prior to being dipped,
the carbon steel substrates had all been sanded with 100, 300, 600 and 1500 grit sandpaper,
washed with isopropanol for 10 min in an ultrasound bath and dried under nitrogen.

0.3 mg CNT
10 ml SDS 1% water solution

0.1g CNT

75 ml 1,50,
25 ml HNO,
T0°C/2h

3eC/4h
Filtration

100 min ultrasound bath

Washing with distilled warer until pH €
ﬂlﬂ min ultrasound bath Drying at 70 °C / 4 h under vacuum
Centrifugation for 3 h at 2000 rpm 200°C/4h

Functionalized carbon
nanptubes (CNTCOOH)

Figure 2. Experimental procedure for the dispersion of carbon nanotubes by (a) interaction with SDS and palmitic acid
and (b) functionalization with carboxyl groups.

2.2. Characterization techniques

A JEOL 71500F field-emission gun scanning electron microscope (FEG-SEM) was used to
acquire micrographs of raw and dispersed CNTs.

XPS was used for characterization of the CNTs and the hybrids by extracting the elemental
compositions and monitoring the local bonding structure of carbon (C 1s), oxygen (O 1s) and
silicon (Si 2p) Measurements were performed in a UNI-SPECS UHYV surface analysis system,
using Mg Ka radiation (hv =1253.6 eV) and a pass energy of 10 eV for high-resolution spectra.
The inelastic background of the C 1s, O 1s and Si 2p photoemission peaks was subtracted using
the Shirley baseline. The displacement due to charge accumulation was corrected by fixing the
C-H component of the C 1s spectrum at 285.0 eV. The surface composition was determined
from peak intensities corrected by the orbital sensitivity factors of the corresponding elements.
The CasaXPS processing software was used for deconvolution of the spectra using combina-
tions of Gaussian and Lorentzian functions (Voigt profiles) for analysis of the chemical bonding
structure.

»Sinuclear magnetic resonance spectroscopy (¥Si-NMR) measurements in the solid state were
performed in a Varian Inova spectrometer operating at 300 MHz and 7.05 T, using a Larmor
frequency of 59.59 Hz and tetramethyl silane (TMS) as an external standard. The spectra were
obtained from Fourier transforms following a single excitation pulse of /2 with a relaxation
time of 2 s. The CasaXPS processing software was used for deconvolution of the spectra using
Voigt profiles.
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The thickness of each coating was determined using a Filmetrics F3-CS optical interference
system. AFM was used to evaluate the surface morphology of the coatings and to determine
their roughness. Agilent Technologies Model 5500 and NX10 Park System atomic force
microscopes were used in tapping mode with a silicon cantilever. The results were analyzed
using Gwyddion software. RMS (root mean square) roughness values were obtained from 1
pm x 1 um topography images of the hybrid coatings deposited on the A1020 carbon steel.

Thermogravimetric analysis (TGA) of the five unloaded and CNT-loaded hybrids, each in the
form of unsupported films, were carried out in a TA Instruments STD Q600 analyzer. The
samples were heated at a rate of 5°C min™ from 25°C to 800°C, under 100 mL min of nitrogen
flow.

Nanoindentation measurements were carried out in a Nano Indenter® XP system, MTS,
equipped with TestWorks 4 Professional level software. A diamond tip with Berkovich
geometry was used. For each sample, nine measurements were performed, with 100 um
spacing between each indentation. The input parameters were Poisson ratio (0.35), depth limit
(140 nm), allowable drift rate (0.8 nm/s), frequency target (45 Hz) and percent unload in
stiffness calculation (50%). Use of the continuous stiffness measurement (CSM) method
allowed the continuous determination of the contact stiffness during loading, providing more
accurate results. This was achieved by superimposing a small oscillation on the primary
loading signal and by analyzing the resulting response of the system using a lock-in amplifier.
The hardness and elastic modulus were obtained as a continuous function of depth from a
comparison of samples indented in the range of 60-120 nm. To avoid effects on the nanome-
chanical properties of the films from the underlying steel substrates, the maximum penetration
depth for the indentation experiments was set at less than 10% of the coating thickness [19].

Microscratch measurements were performed using homemade equipment at the National
Physical Laboratory (Teddington, London, U.K.) to evaluate the scratch resistance and the
adherence of the coatings to the A1020 carbon steel substrates. For each sample, 3 parallel
tracks of 6 mm length with 1 mm spacing between the tracks were made using a linearly
increasing load (from 2 mN to 100 mN), with a diamond tip with spherical conical geometry
and 10 um radius. For CNT-loaded hybrids, further microscratch experiments were under-
taken where the load was increased up to a maximum of 240 mN. The measurements also
provided the coefficient of friction as a function of the track distance. The tracks were analyzed
using a Nikon Measuring Microscope MM-60, coupled with a Nikon SC-213 Digital Counter,
which enabled the critical load at which delamination started to be determined.

The anticorrosion efficiency of the hybrid coatings deposited on the A1020 carbon steel was
analyzed by EIS using a Gamry Potentiostat Reference 600. The impedance data were collected
once a week, until failure, over a frequency range from 102 Hz to 10* Hz with 10 points per
decade and signal amplitude of 10 mV (rms) in an electrochemical cell containing 80 ml of 3.5%
NaCl solution at 25°C. The electrochemical cell consisted of a AglAgClIKCl, reference
electrode, a platinum mesh counter electrode, a platinum electrode connected to the reference
electrode through a 0.1 uF capacitor and the working electrode of either coated or uncoated
carbon steel. The experimental data were fitted with equivalent electrical circuits using Zview
software to analyze the EIS response.
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3. Results and discussion

3.1. CNT characterization

Van der Waals’ forces between CNTs cause their agglomeration in the form of dense bundles.
Commercial CNT powder consists of dense particles (Figure 3a), which comprises the bundles
of CNTs (Figure 3b). It is evident from Figure 3c and Figure 3d that both procedures used for
dispersing the CNTs were successful.

Figure 3. FEG-SEM micrographs of carbon nanotubes (a, b) commercial powder, (c) dispersed in SDS and palmitic acid
and (d) functionalized and dispersed in the precursor solution.

CNTs have a peculiar XPS C 1s spectrum with the presence of a predominant aromatic C-C-
sp? component and characteristic 7t plasmon transitions, the intensities of which scale with the
degree of order of the hexagonal carbon structure. XPS C 1s spectra of pure and functionalized
CNTs are presented in Figure 4. Quantitative XPS analysis can detect all elements except
hydrogen and helium. Discounting the presence of hydrogen, the raw CNTs are composed of
93.2 at.% of carbon and 6.8 at.% of oxygen (Figure 4a), partially related to surface contamination
by oxygenated hydrocarbon groups of adventitious carbon. The following characteristics
indicate a highly aromatic structure: the presence of plasmon peaks (collective m — m*
transitions at ~291 eV and ~394 eV) and the narrow and intense component related to aromatic
C-C-sp?bonds (284.4 eV) with FWHM (full width at half maximum) of about 0.9 eV and a peak
area of 65.5% [20]. The high energy components related to C-O, C=0 and O-C=0 bonds, which
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can also be observed in the O 1s XPS spectrum (Figure 4b), show the presence of ether/alcohol,
carbonyl and carboxyl groups on the surface of the nanotubes, associated mainly with the
presence of adventitious carbon responsible for the C-H component at ~285 eV. After func-
tionalization, the O-C=0 component increases significantly (Figure 4c and 4d) due to the
linking of these groups to the walls of the nanotubes, aiding the dispersion of CNTs in the
hybrid matrix through their polarity. The degree of functionalization of nanotube walls
defined as the intensity ratio I(O-C=0)/I(C-C-sp?) was 0.3.

Intensity (Arb. units)
Intensity (Arb. units)

Intensity (Arb. units)
Intensity (Arh. units)

204 292 200 288 206 284 282 538 536 534 532 530 64

Binding energy (2V) Binding energy (eV)

Figure 4. (a) C 1s and (b) O 1s XPS spectra of the as-received CNTs and (c) C 1s and (d) O 1s XPS spectra of functional-
ized CNTs.

3.2. PMMA-silica hybrid characterization

3.2.1. Surface morphology

All the PMMA-silica hybrid coatings deposited on the A1020 carbon steel were transparent
with a homogeneous, colorless appearance. A representative image of one of the 2.5 cm x 2.5
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cm x 0.4 cm coated samples is shown in Figure 5a. Inspection by optical microscopy performed

on free standing hybrids in transmission mode confirmed the uniformity of these coatings (e.g.,

Figure 5b) and indicate a very good dispersion of CNTs in the nanocomposites.

Figure 5. (a) Representative image of BPO0.01_CNT_SDS coating deposited on A1020 carbon steel and (b) optical mi-
croscopy image showing a detail of the BPO0.01_CNT_SDS transparent film. Parallel lines in (b) are related to the steel

substrate morphology.

One effect caused by increasing the BPO/MMA molar ratio from 0.01 to 0.05 was the reduced
gel time of the hybrid sol. This occurred because of the enhanced polymerization rate induced
by the increase in the number of radicals of the BPO thermal initiator, leading to a higher

viscosity of the solution. In addition to this effect, the inclusion of CNTs also increased the

viscosity of the solution prior to dip coating. Together, these two effects account for the trend

in the observed hybrid coating thicknesses shown in Table 1.

Sample name BPO/MMA molar ratio Thickness (um) Surface RMS roughness (nm)
BPO0.01 0.01 2.8 0.4
BPO0.01_CNT_SDS 0.01 5.7 0.4
BPOO0.05 0.05 35 0.4
BPO0.05_CNT_SDS 0.05 6.6 0.5
BPO0.05_CNTCOOH 0.05 4.9 0.2

Table 1. Thickness and surface roughness of pure and CNT-containing PMMA-silica hybrids prepared at different

BPO/MMA molar ratios.

AFM topography images obtained for pure PMMA-silica films and for those containing well-
dispersed CNTs showed that each of the five hybrids presented a very smooth and uniform
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surface morphology (Figure 6). No defects, pores, cracks or inhomogeneities were observed
on the coated samples. The RMS roughness (Ryys) extracted from AFM measurements (Table
1) showed very low values of <0.5 nm for all coatings, confirming the homogeneity of the films
and the efficient dispersion of CNTs within the hybrid matrices. The BPO0.01_CNT_SDS
surface morphology is shown in the high-resolution AFM image in Figure 7. The local
smoothness of the surface is confirmed in this image, while there is also indication for a possible
presence of a single CNT on the surface.

BPOO.01

BP00.05 BPOD.05_CNT_SDS BPO0.05_CNTCOOH

Figure 6. AFM images of all hybrid coatings deposited on carbon steel.

Figure 7. High-resolution AFM image of the BPO0.01_CNT_SDS sample.



Protective Coatings Based on PMMA-Silica Nanocomposites Reinforced with Carbon Nanotubes
http://dx.doi.org/10.5772/62808

3.2.2. Bonding structure

XPS analysis showed that the composition of all hybrids was very similar, with values close
to the nominal atomic percentages of 62 at.% of carbon, 32 at.% of oxygen and 6 at.% of silicon,
with an experimental error of +5%. Representative spectra of carbon, oxygen and silicon,
deconvoluted into their structural components, are presented in Figure 8. The C 1s spectrum,
shown in Figure 8a, has four components related to C-H, C-C-O, C-O and O-C=0 bonds
present in the PMMA and MPTS molecules (Figure 8d) [21]. The carbon underlined corre-
sponds to the atom that was analyzed. The O 1s spectrum (Figure 8b) was fitted with three
components, associated with O-C=0 and O=C bonds of PMMA and MPTS, and O-Si bonds
of the inorganic network, observed also in the Si 2p spectrum (Figure 8c). For completely
condensed SiO, phase the well-known binding energy of the Si 2p peak is located at 103.5+0.2
eV [21]. As the condensation reaction was incomplete, it is possible that the observed binding
energy shift to a lower value of 103.1 eV is caused by some remaining silanol groups (5i-OH)
from TEOS and MPTS hydrolysis and condensation. The addition of CNTs to the PMMA-silica
hybrids had no effect on the XPS spectra because the additional carbon concentration level of
500 ppm from the nanotubes was below the 3000 ppm detection limit of carbon.
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Figure 8. Representative (a) C 1s, (b) Ols and (c) Si 2p XPS spectra of a PMMA-silica hybrid and (d) a schematic of the
PMMA-silica hybrid structure.
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»Si-NMR analysis also allows the identification of the local chemical bonding structure and
the quantitative evaluation of the connectivity of the inorganic phase. To determine the
influence of the CNTs on the inorganic silica network, NMR was used to compare the pure
and CNT-containing hybrids. Representative spectra are shown in Figure 9 for a CNT-
containing sample and a pure sample. Both spectra have two groups of peaks corresponding
to T (i=1, 2, 3) and Q (j = 2,34) structures shown in Figure 10. These two forms of local
structures arise as a consequence of the MPTS and TEOS precursor species, respectively. The
peaks at chemical shifts of —45, =55 and -63 ppm correspond to T?, T? and T°® environments,
respectively, while the peaks at chemical shifts at —90, ~100 and-110 ppm are associated with
(%, Q® and Q* environments, respectively (Figure 10) [22]. The connectivity of the inorganic
phase, defined as degree of polycondensation (C,), was determined from the fitted Voigt
profiles using the following equation:

1 2 3 1 2 3 4
Cd:(T +212+5T ,Q'+2Q +430 +4Q jx1oo 0

The degree of polycondensation determined for BPO0.01 was 78+1%, meaning that about 80%
of the silicon atoms are bonded to other silicon atoms through Si-O-Si oxygen bridges. Similar
C, values were obtained for the CNT-containing hybrid BPO0.01_CNT_SDS, indicating that
CNT loading did not affect the connectivity of the silica phase.

Q

-1;19 -BID -E!D I -40 . -20
Chemical shift (ppm)

I
-120

Figure 9. ¥Si-NMR spectrum from the BPO0.01 and BPO0.01_CNT_SDS samples.
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Figure 10. Schematic representation of T' and Q! structures. ‘R” indicates OH or OCHj; groups in MPTS or OCH,CHj in
TEOS.

3.2.3. Thermal properties

Thermogravimetry examines the overall connectivity of the hybrid network in terms of the
thermal stability of the hybrid materials in different atmospheres. Under nitrogen, PMMA
degrades in 3 events as the temperature increases: scission of head-to-head linkages at about
200°C (T;), scission of vinylidene chain-ends at about 300°C (T,) and finally random scissions
of the polymer chains due to the rupture of head-tail segments at about 400°C (T;) [23, 24].
The T, event at higher temperatures around 500°C is due to the dehydration of the remaining
silanol groups of the silica network, detected in the XPS Si 2p spectra of Figure 8 [23]. Ther-
mogravimetric (TG) curves and their derivatives (differential thermogravimetry curves - DTG
curves) for all the hybrid samples are shown in Figure 11. The onset temperature, Ty, which is
a measure of the thermal stability of each material, is defined as the temperature at which a 5
% weight loss occurs. The temperatures of all events and the percentages of the silica and
graphitic residues at 800°C are listed for the five hybrid samples in Table 2.

Comparing the DTG results obtained for the BPO0.01 and BPOO.05 matrices (Figure 11b), it is
apparent that the higher quantity of BPO leads to an increase in the degree of polymerization
and thus to a higher thermal stability, so that the low-temperature events seen in BPO0.01 are
suppressed in BPOO.05. It can be seen from the data in Table 2 that all five hybrids are stable
up to 200°C, with sample BPO0.01_CNT_SDS having the highest thermal stability (220°C).
Furthermore, considering that the T, peak related to the dehydration of silanol is almost
constant and that all loaded samples have the same CNT concentration, the residue formed
mainly of pure silica (5i0,) and some remaining graphitic phase can be used to estimate the
fraction of the organic phase. The observation that hybrids prepared at the lower BPO to MMA
ratio of BPOO0.01 have about 4% higher amount of residue than those synthesized at the higher
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ratio of 0.05 is consistent with an increase in polymerization and a higher fraction of the
polymeric phase in the BPOO0.05-based samples.

It is also interesting to note that the addition of the CNTs to BPO0.01 enhanced its thermal
stability. In addition to the 15°C increase in T, the first two depolymerization events (T; and
T,) shifted by about 50°C to higher temperatures (Table 2). The T, disintegration event
increased by 20°C. This result is similar to that found by Jin et al. [25], in which T; was shifted
upwards by 30°C fora PMMA matrix containing 26 wt.% of CNTs, a concentration significantly
higher than reported in this work. The retardation effect was attributed by Jin et al. to inter-
actions between the carbon nanostructure and macroradicals generated during the depoly-
merization, as suggested by Troitskii et al. [26]. In contrast, the BPO0.05 matrix shows values
of the thermal degradation events almost unchanged by the presence of CNTs. Compared to
the BPOO0.01 matrix, this behavior can be understood in terms of a more stable structure of the
BPO0.05 matrix induced by the higher degree of polymerization.
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Figure 11. (a) TG curves and (b—d) DTG curves of the five hybrid samples.
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Hybrid T, (°C) T, (°C) T, (°C) T, (°C) Residue (%)
BPO0.01 205 210 290 385 24.0
BPO0.01_CNT_SDS 220 255 355 390 251
BPO0.05 208 220 310 390 21.1
BPO0.05_CNT_SDS 209 220 310 390 19.8
BPO0.05_CNTCOOH 192 220 310 385 20.1

Ty: Temperature of 5% weight loss, and temperatures T; of the first, T, of the second and T; of the third degradation
event.

Table 2. The characteristic temperatures of the degradation events of PMMA-silica hybrid and the residue percentage
obtained by thermal analysis in nitrogen atmosphere.

Our work and a number of other studies investigating the reinforcement effects by CNTs in
diverse organic and hybrid matrices all come to the same conclusion: the modification
improves the thermal stability of the composite. Thus, for example, in a recent study, Sabet et
al. [27] used 5 wt.% of multiwall CNTs (MWCNTs) functionalized with carboxylic groups to
reinforce an organic-inorganic hybrid matrix based on polyhedral oligomeric silsesquioxane
(POSS). The approach involved a covalent conjugation between the CNTs and the POSS
molecules through amide bonds. These authors observed that the decomposition under
nitrogen of the neat POSS started at 265°C, and a complete weight loss was observed at 500°C.
The POSS-MWCNT composite exhibited a fairly stable thermal behavior from room temper-
ature to 200°C, and only 40% of weight loss by 1000°C measured by TGA.

Zhang et al. [28] coated functionalized MWCNTs with silica nanospheres, and subsequently
introduced these into PMMA at a loading level of 4.28 wt.% to make it more flame resistant.
TGA of the resultant PMMA/silica/MWCNT nanocomposites heated at 20°C min™ indicated
that the MWCNT/silica combination not only increased the temperature indicating 5% weight
loss from 300°C of PMMA to 343°C, but also the temperature of the maximum rate of degra-
dation increased from 338°C for PMMA to 387°C for the nanocomposites. These results,
supported by cone calorimeter tests and scanning electron microscopy, showed that the
MWCNT/silica combination introduced into the PMMA noticeably improved the thermal
stability and flame retardancy of PMMA by in effect forming a surface thermal barrier layer
during burning which helped to protect the underlying bulk from exposure to the external
heat source.

Fraser et al. performed an in situ polymerization of PMMA in the presence of a low 0.1 wt.%
concentration of either raw single-wall CNTs (SWCNTs) or acid-treated SWCNTs [29].
Although these transparent nanocomposites had slightly lower temperatures at which 10%
weight loss had occurred in TGA when heated at 10°C min™ in comparison with commercial
PMMA, the temperature corresponding to the maximum rate of degradation increased by 8°C
for the composites with the raw SWCNTs and by 18°C for the composites with acid-treated
SWCNTs. Interestingly, these authors also showed using Raman spectroscopy that acid
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treating of the SWCNTs enabled them to bind covalently with the PMMA, rather than merely
be in contact with it, as was the case with the raw SWCNTs.

The thermal analysis results obtained by Xiong et al. for polyurethane (PU) covalently linked
with 2 wt.% of amino-functionalized MWCNTs indicate that the temperature at which the
maximum rate of degradation occurs increased from 408°C for PU to 419°C for the composite
in TGA experiments with heating rates of 20°C min™, once again indicating an improvement
of thermal stability of a polymer matrix with the addition of CNTs [30]. Another TGA study,
this time with a heating rate of 10°C min™ on PU nanocomposite coatings modified with 5 wt.
% MWCNTs, showed that the temperature at which there was complete decomposition of the
matrix PU increased by 21°C with the introduction of the MWCNTs [31]. This was explained
by the authors in terms of the relatively inert MWCNTs retarding the free movement of the
PU chains.

Overall, it can be concluded that the improvement of the thermal stability of CNT-modified
polymers and hybrid nanocomposites, reported by a number of laboratories, can be attributed
to a variety of factors, all of which are related to the intrinsic thermal stability of CNTs, the
effects of radical scavenging and by forming a physical barrier making it difficult for volatile
products in the matrix to escape from the bulk.

3.2.4. Mechanical properties

Nanoindentation curves provide continuous values of Young’s modulus and hardness during
loading as a function of displacement (e.g., Figure 12). The average Young's modulus and
hardness values and the corresponding standard deviations and coefficients of variation for
the five nanocomposites, determined from displacements between 60 and 120 nm, are
summarized in Table 3.
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Figure 12. Representative loading and unloading nanoindentation curves for sample BPO0.01 from which hardness
and Young’s modulus values were obtained.
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Nanoindentation results show a coating hardness between 0.38 + 0.4 GPa and 0.49 + 0.6 GPa
for all samples, values about twice as high as those for PMMA (0.22-0.26 GPa), but, not
surprisingly, significantly lower than amorphous SiO, (7-9 GPa) [32]. Young’s modulus values
were in the range between 6.6 + 0.3 GPa and 7.7 + 0.1 GPa, about three times higher than pure
PMMA (2.24-3.24 GPa), but about one order of magnitude lower than the elastic modulus of
silicon oxide (73 GPa). These values represent a significant improvement of hardness and
stiffness compared to pure acrylic, despite the presence of more than 70% polymethacrylate
groups in the hybrid [33]. The inclusion of CNTs only produced a significant increase in
hardness for the BPO0.05_CNT_SDS coating, with an increase of some 20% in comparison with
the hardness of the BPOO.05 reference sample.

Sample Young’s modulus (GPa) Hardness (GPa)

Mean Std. dev. % COV Mean Std. dev. % COV
BPO0.01 7.849 0.398 5.07 0.400 0.042 10.41
BPO0.01_CNT_SDS 6.597 0.346 5.25 0.379 0.036 9.58
BPO0.05 7.749 0.137 1.77 0.413 0.012 2.83
BPO0.05_CNT_SDS 7.718 0.454 5.88 0.491 0.059 12.07
BPO0.05_CNTCOOH 7.501 0.154 2.06 0.431 0.014 3.23

Table 3. Young’s modulus and hardness values, determined from indentations between 60 and 120 nm deep.
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Figure 13. Microscratch curves (a) for BPO0.01 matrix coatings and (b) for BPO0.05 matrix coatings.

Scratch testing is a widely used, fast and effective method to provide information on the lev-
el of adhesion, resistance to scratching, the mechanism of fracture, the coefficient of friction
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and the wear characteristics of coatings. In a typical experiment, a coating is scratched with
increasing normal force using a diamond stylus. The track is then analyzed by optical or
electron microscopy to determine the mechanism of mechanical failure, such as coating de-
tachment (loss of adhesion to the substrate), cracking and plastic deformation. The scratch
test provides the coefficient of friction, defined as the ratio of the applied load and the nor-
mal load, directly.

Curves of the coefficient of friction as a function of scratch distance (microscratch curves) for
all hybrid coatings are shown in Figure 13. The increase of the friction coefficient is associated
with an increase in scratch resistance (friction force), while the critical load for delamination
is related to the difficulty in breaking the adhesive interaction between the coating and the
metal substrates. The scratch tracks, shown in Figure 14, were analyzed by optical microscopy
to determine the failure mechanism and the critical load for film cracking and delamination.

4.50 mm 100 mm 1.50 mm Start

e -----

Il'll'! mMN

BFO0.0T

BPOODS_CNT_SDs

Figure 14. Optical microscopy of the five hybrid coatings deposited on A1020 carbon steel after scratch testing.

Asis evident from Figure 14, the PMMA-silica reference samples (BPO0.01 and BPOO.05) were
the softest coatings, showing four deformation stages with increasing force: (1) elastic
deformation, (2) plastic deformation, (3) cracks and (4) delamination. The critical loads for
delamination were 78 mN for BPO0.01 and 84 mN for BPOO.05, marked by the start of strong
noise on the microscratch curves shown in Figure 13. The hybrids containing CNTs showed a
higher scratch resistance and better adhesion to the A1020 steel substrate. Most interestingly,
the BPO0.01_CNT_SDS coating showed an extreme reinforcement effect, with a higher
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coefficient of friction than carbon steel (0.5) [34] and no delamination up to a load of 240 mN
(Figure 15a), the maximum load capacity of the equipment. BPOO0.05_CNT_SDS and
BPO0.05_CNTCOOH had critical loads for delamination of 133 mN (Figure 15b) and 122 mN
(Figure 15c), respectively, both are higher than those obtained for the BPOO0.05 matrix. These
results confirm that the intrinsic mechanical properties of CNTs, i.e., the high elastic modulus
(~1.4 TPa) and the high strength (50-500 GPa), contribute to a significant reinforcement of the
hybrid [35]. The strong adhesion of the hybrid film to the carbon steel is a consequence of the
covalent interaction between the hydroxyl groups of the substrate and the silanol groups of
the inorganic part of the hybrid. The increased mechanical strength of the hybrids, induced by
the incorporation of CNTs, increases the critical force for delamination, thus extending the
functionality of protective PMMA-silica coatings to conditions where abrasive forces act in an
aggressive environment, such as in reactors for the acidic processing of sugar cane, for
example.

Figure 15. Optical microscopy of (a) the BPO0.01_CNT_SDS coating after scratch testing to a load of 240 mN, (b) the
BPO0.05_CNT_SDS coating after scratch testing to a load of 133 mN and (c) the BPO0.05_CNTCOOH coating after
scratch testing to a load of 122 mN.

Other studies have also examined the effect of CNT incorporation on the mechanical properties
of organic and hybrid coatings. At the low SWCNT loading studied by Fraser et al. in their
PMMA-SWCNT composites, no clear benefit was seen in the tensile properties, although there
was some evidence to suggest that composites with acid-treated SWCNTs had improved
impact strength in comparison with pure PMMA [29].

In their recent study on epoxy-CNT composite coatings deposited on 2024-T3 aluminum alloy
substrates, Khun et al. were able to conclude that 0.5 wt.% CNT loading clearly produced
composites with improved adhesion to the substrates and improved wear resistance relative
to the unloaded epoxy coatings [12]. This improvement was explained in terms of a relaxation
of the residual stress within the epoxy coating caused by the incorporation of the CNTs.

Kumar and Gasem have been able to demonstrate the beneficial effects of incorporating 2 wt.
% of functionalized MWCNTs into polyaniline (PANI) coatings deposited on mild steel by dip
coating [36]. The PANI-MWCNT coatings showed a Vickers micro hardness of 385 HV,
compared with 266 HV for pure PANI coatings. Furthermore, PANI-MWCNT coatings
showed significantly improved resistance to scratching in comparison with pure PANI
coatings.
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Despite the results obtained by Fraser et al. [29], the clear trend in the results of the work
reported here and elsewhere is that controlled incorporation of CNTs into hybrid and polymer
matrices at suitable levels is likely to be beneficial to the matrices in terms of improved
mechanical performance. Thus, it is reasonable to expect significant improvements in terms of
scratch and wear resistance, adhesion strength and also hardness and Young’s modulus of the
matrices when incorporating CNTs. For the most part, this can be attributed to the excellent
mechanical properties of the CNTs. However, more work is clearly required to understand
fully the mechanism responsible for the beneficial effect of incorporating CNTs on the adhesion
of these matrices to metallic substrates.

3.2.5. Anticorrosive properties

The corrosion protection efficiency of the pure and the modified hybrid coatings was deter-
mined by EIS, performed in an electrochemical cell containing aqueous 3.5% NaCl solution at
25°C. The principle of EIS is to impose a small sinusoidal potential with varying frequency
and, by measuring the alternating current response, to obtain the impedance of the electro-
chemical system. The impedance Z(w) is composed of a real and an imaginary part, involving
the ohmic and capacitive contributions, and can be represented as a vector of length | Z1, where
| Z1 = (Z oo + Zinag?) "> The angle between the Z vector and the Z,,,, axis is the phase angle ¢ [37].
For each measurement, three graphs were obtained: a Nyquist plot (Z,, vs. Z;,,,) and two
Bode graphs of the impedance modulus and phase angle as a function of frequency.

EIS measurements were performed for all hybrid-coated samples after one day of immersion
and then at 1 week intervals until a significant drop of the impedance modulus occurred due
to pitting. The time interval until the onset of pitting defined the lifetime of the coating. The
Nyquist and Bode plots are shown in Figure 16, while the equivalent electrical circuits of the
electrolyte—coating-substrate system used to fit the EIS data are shown in Figure 17. For
comparison, EIS characteristics of bare A1020 carbon steel substrate were also recorded, as
shown in Figure 16. The impedance modulus at low frequency and the phase angle behavior
is an indicator of the anticorrosion performance. Coatings with modulus higher than 10 Q
cm? typically provide excellent protection, while those below 10° Q cm? have poor protection
efficiency [38].

The BPOO0.01 matrix had an initial impedance modulus of 10® Q2 cm? which remained un-
changed during 56 days it survived testing, while the BPO0.05 matrix had a one order of
magnitude higher impedance modulus of 10° {2 cm? remaining stable for its lifetime of 21
days. This finding might be related to the higher overall connectivity of the BPOO0.05 hybrid,
which, on the basis of the results of NMR, TG/DTG and mechanical testing, had highly
polymerized organic moieties densely interconnected with reticulated silica nodes. This
excellent performance of the PMMA-silica hybrid coating can be compared with the perform-
ance of the bare carbon steel. The coated samples showed up to 5 orders of magnitude higher
corrosion resistance, a consequence of the dense structure acting as an efficient diffusion
barrier against aggressive agents. In this context, it should be noted that the anticorrosive
performance reported for most hybrid coatings, in terms of initial impedance modules, is
usually of the order of 107 QO cm? [5, 39, 40].
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The addition of CNTs dispersed in SDS in the BPO0.01 matrix did not change neither the
impedance modulus (10® 2 cm?) significantly, nor the lifetime of the coating (43 days). The
addition of functionalized and dispersed CNTs to the BPO0.05 matrix increased the impedance
modulus, but decreased the lifetime of the coating to 7 days for BPO0.05_CNT_SDS and 10
days for BPO0.05_CNTCOQOH. As has been suggested in recent studies [12, 13], CNTs act in
the PMMA-silica nanocomposite as structural reinforcements and densifier agents, providing
improved thermal and mechanical properties without degrading the chemical barrier charac-
teristics. The extraordinary electrochemical performance of these micron thick films, ap-
proaching that of thick paints, is related to their dense hybrid structure, thus providing an
efficient passivation of metallic surfaces [4]. Although the CNT-containing coatings were
thicker than pure hybrid films, they actually showed shorter lifetimes in the NaCl solution.
This can be explained in terms of electrolyte uptake via diffusion paths along the outer
nanotube walls and also through the cavities of the nanotubes. Therefore, the degradation of
the coatings after long-term exposure is associated with the penetration of the electrolyte,
involving CI ions, oxygen and water and subsequent chemical reaction (corrosion) at the
coating/metal interface [38], causing a sudden drop of the electrochemical performance.
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Figure 16. Nyquist and Bode plots for uncoated carbon steel (a) BPO0.01 matrix and (b) BPO0.05 matrix after 1 day of
immersion in 3.5% NaCl standard saline solution.
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Figure 17. The electrical equivalent circuit used to fit all the EIS experimental data.

To obtain a quantitative model of the electrochemical system, the equivalent circuit of Figure
17 was used to fit the impedance data of Figure 16. The circuit consists of two time constants,
R./C. at high frequency (~10* Hz) and R./C at low frequency (~1 Hz), where R.is the coating
resistance, C. is the coating capacitance, R, is the charge transfer resistance and C is the
capacitance of the electric double layer of the coating/carbon steel interface [38]. As frequently
applied for electrochemical systems, the capacitors were replaced by a constant phase element
(CPE) to take into account the nonideality of the capacitor representing the coating, expressed
by the n. and ng4 exponents. All circuit parameters obtained by fitting the EIS data are shown
in Table 4. All chi-square (x?) values were smaller than 10, ensuring a high fit quality.
Coatings showing a combination of high corrosion resistance and low phase angle values close
to -90°, indicative of ideal capacitive behavior, are very efficient in blocking the electrolyte
uptake. All hybrid films showed elevated volume and interface resistances and high-frequency
phase angle values below -80° over four decades, all of which are characteristics expected for
efficient protective coatings.

BPO0.01 BPO0.01_CNT_SDS BPO00.5 BPO005_CNT_SDS BPO005_CNTCOOH
2 14x10° 3.0x10 3.0x 10" 2310 44x10"
Re (Q cm?) 28x107 (3.80)1.3x107  (8.77) 15x107 (552)1.0x107  (107) 15x107  (5.52)

CPEc(Q'em?s") 3.8x107 (1.00) 1.5x10°  (0.96) 27x10° (0.77)9.5x 1070  (1.25) 27x10°  (0.77)
ne 095  (0.13)0.96 0.10) 095  (0.09) 0.9 (0.13) 095 (0.09)
R, (Q cm?) 1.9x10° (1.32)1.6x10°  (1.09) 38x10° (1.23)2.6x10°  (1.74) 38x10°  (1.23)
CPE,(Q'em?s") 7.3x107 (152) 1.7x10°  (1.29)  22x10° (091)66x 1070  (1.76) 22x10°  (0.91)
na 074  (127)0.65 093) 070  (0.33)0.70 043) 070 (0.33)

"Values in brackets represent the errors in percentage.

Table 4. Equivalent circuit parameters for all samples after 1 day in 3.5% NaCl solution.
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There are a number of related studies which have examined the electrochemical performance
of CNT-hybrid and CNT-polymer nanocomposite coatings in contact with saline environ-
ments. Liu et al. modified bis-[triethoxysilylpropyl] tetrasulfide (BTESPT) silane films by
MWCNTs functionalized with carboxylic groups [41]. EIS results, obtained for coated 304
stainless steel samples in 3.5 % NaCl solution, showed that the addition of different amounts
of CNTs (0.5, 2.5 and 5 mg) improved the corrosion resistance relative to the pure BTESPT
coatings. The impedance modulus of the BTESPT/MWCNT hybrid film reached about 107 Q
cm? a value about three orders of magnitude higher than the bare substrate and one order of
magnitude higher than the pure BTESPT film. The authors suggested that carboxylated
MWCNTs react with silanol groups from the silane precursor to form covalent bonds between
BTESPT and the MWCNTs which strengthen the adhesion strength of the film, increasing its
density and thus inhibiting the penetration of the corrosive ions. In addition, it was suggested
by these authors that the long chain structure of the CNTs may be able to fill pits and cracks
in the film, thus helping to reduce the number of corrosion-induced defects.

Jeon et al. reported EIS results combined with hygrothermal cyclic testing of their CNT-loaded
epoxy coatings deposited on carbon steel [42]. In the hygrothermal testing, the temperature
was ramped up from 25°C to 85°C and back to 25°C over a period of 12 hours while the coating
was in contact with the electrolyte. This procedure was designed to accelerate the cumulative
effect of the electrolyte on the coating/substrate interface. They found that after 30 hygrother-
mal test cycles the impedance modulus for pure epoxy coatings at 0.01 Hz decreased from
10" © em? to 10° Q2 cm?. For the two loadings of 0.25 and 0.5 wt.% that they examined for the
CNT-containing samples, there was a lower initial resistance at 0.01 Hz because of the
conductive nature of the CNTs, but after 30 cycles the impedance modulus at this frequency
was higher than for the pure epoxy coatings. These results were explained by the authors in
terms of the decrease in the water uptake of the CNT-loaded coatings, rather than any decrease
in chemical attack by the 0.5 wt% NaCl solution, and the increase in adhesion strength of the
coatings with the addition of the CNTs.

The anticorrosive performance of epoxy—CNT composite coatings was also reported for
aluminum alloy 2024-T3 substrates, tested by EIS in a 0.5 M NaCl solution by Kuhn et al. [12].
Epoxy coatings and epoxy coatings containing 0.1 wt.% of MWCNTs had a impedance
modulus of 3 x 10* Q2 cm?, slightly higher than bare Al, which had an impedance modulus of
10* Q cm? On comparison, epoxy coatings containing 0.5 wt.% of MWCNTSs had a higher
impedance modulus of 6 x 10* Q2 cm?, explained by the authors in terms of the 3D dispersion
of the MWCNTs in the epoxy matrix at this level contributing to a reduction in the porosity of
the coating, and thus reducing its electrolyte uptake.

Deyab [43] studied the effect on the corrosion protection efficiency of coated carbon steel of
different CNT concentrations from 0.2 to 0.5 wt.% in alkyd resin films used as the protective
coatings. He found that all CNT-loaded films had an improved corrosion resistance in 3.5 wt.
% NaCl saline solution relative to the pure alkyd resin films. These findings were attributed
to the ability of the functionalized CNTs to absorb resin on their surfaces, thereby enhancing
the density of the coatings, eliminating microflaws in the coating and making it more difficult
for corrosive species to be transported through the coating to the underlying steel.
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Finally, the corrosion protection performance of the PANI-MWCNT coatings studied by
Kumar and Gasem demonstrated improved corrosion performance of the coating containing
MWCNT in comparison with the pure PANI coatings [36]. This observation was also explained
by the authors in terms of a reduced level of porosity in the PANI coating as a consequence of
bonding between the PANI matrix and the functionalized CNTs, leading in turn to reduced
permeability of coating to corrosive agents.

In comparison with protective coatings based on organic-CNT composites reported to date in
the literature, the PMMA-silica-CNT films on carbon steel, discussed in the work, are by far
the most effective corrosion protection barrier, with a much higher impedance modulus and
lifetime in 3.5% NaCl solution.

Overall, the results obtained in this study have shown that a homogeneous dispersion of single-
wall CNTs in PMMA-silica nanocomposites represents a novel and very promising coating
system that is able to combine high anticorrosive performance with elevated thermal and
mechanical stability, extending the application of these coatings to abrasive environments.

4. Conclusions

Single-wall CNTs have been dispersed through surfactant assistance and by functionalization
with carboxylic groups. Both dispersion procedures have proved to be very effective in the
modification of PMMA-silica hybrids, producing homogeneous and defect-free nanocompo-
site coatings with very smooth surfaces (Rpys <0.5 nm) and thicknesses of 2-7 pm. #Si-NMR
results showed that the addition of 500 ppm of CNTs into PMMA-silica hybrid matrices did
not affect the high connectivity of the inorganic phase (~80%), while XPS results confirmed the
nominal composition and the proportion of bonding environments forming the hybrid
network. CNTs were effective in improving the thermal stability of the hybrids, increasing
their onset temperature of degradation and shifting all depolymerization events to higher
temperatures. Mechanical reinforcement of the hybrid coatings was achieved for both CNT
dispersion methods, resulting in a significantly higher scratch resistance and improved
adhesion of the coating to A1020 carbon steel substrate relative to the hybrid coatings without
the CNTs. EIS results showed that the electrochemical performance of the CNT-loaded
coatings is superior to most organic-CNT coating systems reported to date in the literature,
being able to act for several weeks as efficient corrosion barriers in aggressive saline environ-
ments, maintaining an impedance modulus of up to 10° QO cm?. These results suggest that CNT-
reinforced PMMA-silica nanocomposites have a great potential to extend the applicability of
these environmentally compliant, high efficiency anticorrosive coatings to abrasive environ-
ments.
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Abstract

3D printing is a revolutionary technology for the consumer and industrial markets. As
the technology for 3D printing has expanded, the need for multi-materials that support
fused deposition modeling and other forms of additive manufacturing is increasing. 3D
printing filaments infused with carbon nanotubes and graphene are now commercially
available, with the promise of producing conductive composites. This chapter explores
some of the research, products, and challenges involved in bringing the next generation
of functional printing materials to the consumer market.

Keywords: 3D printing, additive manufacturing, graphene, carbon nanotubes, carbon
black

1. Introduction

Johannes Gutenberg catalyzed one of the first revolutions in education, with the development
of the printing press, allowing the dissemination of information to take a more structured
pathway. In the modern world, computers, smartphones, and the internet have all contribut-
ed to the advancements in science, technology, and engineering. 3D printing is another
revolutionary technology for the consumer and industrial markets. Although the consumer
market is still relatively young, the industrial sector has matured with its inception in the
mid-1980s. Thefirst3D printer was created by Charles W.Hull of 3D Systems Corp. He published
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patents detailing many of the concepts involved in 3D Printing, some of which are used today.
Developments in the various forms of printing have resulted in the use of the umbrella term of
additive manufacturing. At its core, 3D printing simply uses additives to create 3D structures
produced fromsuccessivelayersofadditives, suchaspolymers, andisdeposited ontoa platform.
There are many companies that develop affordable consumer 3D printers such as Makerbot and
Flashforge (Figure 1).

Figure 1. A Flashforge Creator 3D printer. This is a dual-extrusion printer with a build volume of 300 cubic inches.

The most recognizable form of 3D printing is thermoplastic extrusion, commonly known as
fused deposition modelling (FDM) [1], where a filament (typically 1.75 mm) is unwound from
a spool and fed into an extrusion assembly. The use of a motor-driven gear helps feed the
filament into a temperature controlled melting chamber before the melted plastic is extruded
through the tip of the nozzle. A fan is also used to help maintain the temperature as shown in
Figure 2. The design of extruders continues to evolve, making printing more efficient by
improvements in the regulating temperature across the extrusion assembly, and design
modifications to reduce wear and blockages.

Polylactic acid (PLA), a sustainable biodegradable polymer, and acrylonitrile butadiene
styrene (ABS), a strong terpolymer used in a range of manufactured products, are two of the
most popular polymers used for FDM, and have formed the basis of the next generation of
mixed material filaments for researchers. Other polymers used include polyvinyl alcohol
(PVA), which is water soluble and biodegradable, and are support structures for 3D printing.
Polyamides (nylons) are strong, abrasion resistant, and typically used for mechanical parts.
All of these polymers have the potential for the inclusion of carbon nanostructured additives
to extend their utility in multi-functional 3D printed composites.

There are many crowdfunded initiatives that are helping to further reduce the cost of entry
level 3D printers and their accessories. Kickstarter, a world leading crowdfunding platform
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has seen a large interest in 3D printers providing a unique opportunity for both early adopters
and industry specialists to evaluate cutting edge technology. ‘Form 1: An affordable, profes-
sional 3D printer’ is an example of a successful Kickstarter initiative with 2068 backers who
pledged a total of $2,945,885 to bring the project to life. The printer retails at $2799 from
Formlabs. Another example of a successful Kickstarter initiative was Printrbot which raised
$830,827 with 1808 backers, and sold units for $199.

Filament
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et Heat Sink
E |
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Figure 2. A picture of a dual extruder assembly from a FDM printer and a schematic of the extruder.

Selective laser sintering (SLS) is used to produce 3D components with a laser and powdered
thermoplastics. During this process, a laser pulses onto a platform, creating a cross-section of
the desired object on the powder. The laser is set to heat the powder just below its melting
point causing it to fuse together. Fusing the powder in specific locations defined by the
software creates the layers. An advantage of this method is the ability to process combinations
of polymers and metals, and unused powder can be easily recycled. However, the particle size
of the powder determines the precision of the print. This process has the potential for the
incorporation of carbon nanotubes, but more research needs to be applied toward heat transfer
processes [2].

Digital light processing (DLP) is another way of producing high resolution 3D objects. The
process uses a vat of photopolymer with controlled exposure to the light from a DLP projector
or an instrument using a digital micromirror device (DMD) [3]. The stage/build plate moves
as the exposed liquid polymer hardens (Figure 3). Essentially, a 3D model on a computer is
sliced into 2D cross-sectional layers to produce images that are sequentially sent to the DLP.
The process continues until the 3D object is complete. Any remaining liquid photopolymer is
then purged from the vat and the completed print removed.
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Figure 3. Diagram of a digital light processing printer.

Stereolithography is similar to DLP printing with the use of photopolymers, but differing with
the laser based light source. Objects are produced by printed layers, one at a time, by the use
of a laser beam on the surface of a vat of the liquid photopolymer. The polymer hardens over
the areas where the laser strikes and a stage is moved down into the vat by one layer. De-
pending on the model of the printer, a recoater blade would move across the surface of the
vat, helping to deposit the next layer of liquid polymer. This process is repeated until the print
is completed and the printed object is raised from the vat and the liquid polymer drained. The
printed object is then cleaned and cured in ultraviolet light to finish the processing. Stereoli-
thography has been used with a range of materials including graphene oxide [4]. There are
many potential applications that directly relate to the inclusion of carbon nanotubes and
graphene as additives for 3D printing [5, 6] in a sector that is currently undergoing rapid
growth. The 3D printing sector took over 20 years to reach $1 billion by 2009 and over the
following three years it reached $2 billion. Analysis of the market suggests it may reach $10
billion by 2019 [7].

While there has been much praise for the 3D printing industry, there have also been some
negative consequences on the environment and security. The process of thermal extrusion
consumes a lot of electricity and the estimates of emission rates of ultra-fine particles were
large for printing with PLA feedstock and even higher for printing with ABS thermoplastic
feedstock [8]. Security has become an important issue after the fabrication of a 3D printed gun.

The US State Department is trying to implement a ban on the distribution of files for the 3D
printing of guns; however, the nature of file distribution on the internet may make this almost
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impossible to police. Initially only files for replacement gun parts were available, but a video
soon demonstrated the successful operation of a printed gun.

2. Polymers in 3D printing

Additive manufacturing is developing to meet the demands for durable replacement parts,
which need to conform to specific mechanical and design requirements. With thermal
extrusion, new printing materials must have suitable rheological and thermal properties to be
able to be extruded and solidify while maintaining the accuracy of successive layers. The use
of polymers in additive manufacturing are governed by the glass transition temperature,
melting point, heat capacity, melt viscosity at elevated temperatures, and the shear stress of
the material. Understanding the relationship between the structural properties will aid in the
development of advanced functional printing filaments and materials.

The glass transition temperature (Tg) is the temperature below which the polymer becomes
brittle and hard like glass. The glass transition temperature is not the melting point, that is
defined by the temperature at which crystalline or semi-crystalline polymers change from its
crystal structure to its liquid form. Amorphous polymers have no sharp melting point due to
their non-crystalline structure but they have a Tg temperature. Semi-crystalline polymers have
both a Tg and melting temperature. Polymers that have a Tg below room temperature are
elastic, while those with a Tg above room temperature tend to be rigid and brittle. The Tg is
higher for polymers with stiff backbones and pendant groups that interact with nearby
structures. Both of these features result in polymer chains requiring elevated temperatures to
move. One example of a rigid backbone is a benzene ring as found in poly(p-phenylene) while
a flexible backbone can be found with the CH,-CH, bond in poly(ethylene) (Figure 4). A bulky
branch may act as a plasticizer and lower the Tg by decreasing the packing of polymer chains.
This can be seen with poly(methyl methacrylate) with a Tg = 100-120°C as compared to a Tg
of 20°C for poly(butyl methacrylate), a difference of three additional carbons in the branch.

2

Polviethevlene) Palyv{p-phenylene) Folyimethyl methacrylate)  Poly(butyl methacrylate]

Figure 4. Structure of poly(ethylene), poly(p-phenylene), poly(methyl methacrylate) and poly(butyl methacrylate).
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Amorphous polymers decrease in strength above the Tg and start to soften gradually while
the viscosity changes.

The lower the Tg of the polymer, the faster it reaches the optimal viscosity for extrusion. Heat
capacity also plays a role in homogeneity during the heating process. The Tg should be lower
than the degradation temperature of the polymer, or in a temperature range where there are
no chemical changes. The heat capacity of semi-crystalline polymers has a greater change
compared to amorphous polymers. As a polymer is heated above its Tg, the viscosity will
change based on the temperature and shear rate as it reaches the printing nozzle. The shear
rate is higher at the printing nozzle (100-200 s™') compared to the other parts of the extrusion
assembly.

The effect of viscosity is even more pronounced as the polymer is extruded from the nozzle as
there is a possibility of radial flow. This phenomenon, typically known as swelling at the
nozzle, can be quantified by calculating the ratio of the maximum diameter of the extruded
material to the diameter of the nozzle. The addition of inelastic (ceramics) and carbon fillers
to the polymer reduce swelling at the nozzle and results in an increase in the resolution of
printing [9]. A sphere of polymer melt is then deposited on the substrate. The cross-sectional
area of that sphere is proportional to the flow rate (q) of the polymer melt and inversely
proportional to the velocity of the printing head, as shown in Eq. (1). The effect of the flow rate
is shown in Eq. (2), where k is a constant depending on dimensions of the liquefier/melting
chamber, AP is the change in pressure, and 1 is the viscosity of the polymer melt. The higher
the viscosity, the lower the flow rate and cross-sectional area of the deposited sphere. A small
cross-sectional area results in a higher resolution of the object or part printed.

q
A= —— M
Vprinting head
_nmk AP )

The interaction between the printed melt and the surface depends on the surface tension and
roughness. The polymer melt should adhere to the substrate allowing it to be removed once
the polymer solidifies. The next interaction is between the first deposited polymer layer and
the next layer. This interaction will have a critical role in mechanical properties, structure, and
success or failure of the object or parts. For bonding to occur at that level, the deposited polymer
needs to reach or surpass its Tg. This can be achieved by the transfer of heat from the melt
polymer to the deposited polymer layer.

2.1. Thermoplastic resurgence

Thermoplastic polymers like polyamide, polyolefin, polystyrene, polyester, and their co-
polymers are favored in many applications from fabrics to packaging due to their excellent
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mechanical properties, durability, relative ease of processing, and the possibility of recycling.
A thermoplastic is a polymer that softens upon heating above a temperature range and then
solidifies upon cooling; this process can be repeated several times. At the molecular level, the
polymer chains are associated via intermolecular Van der Waals forces that are easily broken
at elevated temperatures. In contrast, thermoset polymers harden upon heating and are no
longer moldable, decomposing at high temperatures. For 3D printing, thermoplastic polymers
are the best candidates since they melt and mold during the extrusion process, and this has
caused a resurgence in the production of these polymers with a focus on sustainability for the
3D printing industry [10]. Thermoset polymers are only used with their corresponding
monomers, with an initiator added, as the printed materials are cured by ultraviolet light or
heat during post processing.

The most common materials used in 3D printing (FDM in specific) are amorphous thermo-
plastic ter-acrylonitrile-butadiene-styrene (ABS), PLA (Figure 5), PVA, polycaprolactone
(PCL), and nylon.

-
.
e S ——

Figure 5. Commercially available PLA and ABS pellets.

ABS is a terpolymer that is made from acrylonitrile, 1-3-butadiene, and styrene (Figure 6). The
ratio of each monomer in ABS can be selectively modified, based on the synthesis method used,
to yield different grades of ABS with the required mechanical, thermal, and processing
properties. The percentage of styrene can vary from 65-76% and acrylonitrile by 24-35%. ABS
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is a light-weight, rubber-toughened thermoplastic, with low temperature toughness, and is
stronger than polystyrene. It adopts the rubbery properties from polybutadiene, the toughness
of acrylonitrile, while maintaining the reflective property of polystyrene, which can be
enhanced using acetone. ABS is chemically resistant to water, aqueous acids, and alkali
solutions but reacts/dissolves in carbon tetrachloride, concentrated nitric acid, concentrated
sulfuric acid, esters, and acetone. For 3D printing, ABS can be produced in a variety of colors
by adding pigments as raw ABS is translucent. Due to the reactive double bond in the
polybutadiene region of the terpolymer, it may be oxidized in ultraviolet light, so indoor
applications are preferred. Commercially available ABS filaments sold for 3D printing are
extruded at 220-235°C, below the degradation temperature (400°C) at which it decomposes
into its carcinogenic monomers. Due to its amorphous nature, ABS has no specific melting
point and glass transition temperature, but it does have a range of 80 to 125°C. ABS, extrusion
grade, has a tensile strength of 30-55 MPa and an elastic modulus of 897-2898 MPa.

R /—@

Acrylonitrile 1,3-butadiene Styrene
Figure 6. Monomers of ABS.

PLA (Figure 7) is a biodegradable and low toxicity polyester thermoplastic made from lactide
or lactic acid monomers. Both can be derived from the fermentation of carbohydrates which
is a renewable resource, so PLA is considered an ecofriendly thermoplastic. PLA can be
produced in amorphous and crystalline form. The most common way to produce high
molecular weight PLA is by the ring opening of lactide catalyzed by a metal. PLA produced
by this method is a racemic mixture of both L and D PLA (stereocenter is labeled in Figure 7-
red star). PLA is a hygroscopic thermoplastic; it can undergo degradation with elevated
humidity and temperature. PLA has a glass transition temperature of 40-70°C and a melting
point of 130-180°C. Various degrees of degradation at 210 and 240°C have been reported [11],
and the rate of degradation was high at 240°C. Moisture has a strong effect on degradation at
210°C.PLA undergoes thermal degradation, scission of bonds, and results in weight loss which
has an effect on mechanical and rheological properties [12, 13]. It is worth noting that the extent
of degradation also depends on other factors ranging from molecular weight to particle size.
Commercially available PLA filaments are printed at 180-220°C at which it can react with
water, if present, and cause discoloration and degradation, which might affect the end product
mechanically. Amorphous PLA is soluble in most organic solvents, while crystalline PLA is
soluble at elevated temperatures. PLA has a high tensile strength of 48-52 MPa, a tensile
modulus of 3500 MPa, and good heat salability but tends to be brittle.

PVA is a hydrophilic, water soluble, biodegradable thermoplastic polymer (Figure 7). PVA is
synthesized by the hydrolysis or alcoholysis of poly(vinyl acetate) (PVAc) due to the instability
of its vinyl alcohol monomer. It can be produced in two types: partially hydrolyzed or fully
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hydrolyzed and can reach up to 99% hydrolysis. It has been used in the medical and industrial
sectors, as PVA is biocompatible due to its low toxicity and minimal cell adhesion to its surface.
The molecular weight of PVA depends on the molecular weight of the PVAc and can vary
from 20,000-400,000 g/mol which affects the properties of PVA. When PVA has a molecular
weight of 75,000-81,000 g/mol and is 98-99% hydrolyzed, it has a tensile strength of 17 MPa,
and a tensile modulus of 1470 MPa [14]. PVA with a molecular weight of 146,000-186,000
g/mol when 98-99% hydrolyzed has a tensile strength of 51 MPa and tensile modulus of 443
MPa. PVA being soluble in water makes it suitable as support material for printing complex
objects by forming a support structure. Initially, PVA rafts can be printed or dual extrusion
printing techniques can be used to fill voids or intricate fine details during the print. The
finished object can then be immersed in water to dissolve the PV A and leave the other extruded
polymer in place. Rubber-elastomer filaments made of PV A with another polymer, sold under
name of “Lay-felt”, are commercially available to produce micro-porous objects as end
products by immersing printed objects in water.

PCL (Figure 7) is polymerized from a caprolactone (a five member ring cyclic ester) monomer
by ring opening catalyzed by stannous octoate. PCL is hydrophobic and soluble in chloroform,
carbon tetrachloride, cyclohexanone, benzene, and toluene. PCL biodegrades in the presence
of microorganisms. It has a low glass transition temperature of -60°C [15], which makes it less
brittle than other polymers with glass transition temperatures above room temperature. It also
has a low melting point of 59-64°C with the advantage of low processing temperatures
especially when mixed with other materials to form composites.
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Figure 7. Structures of PLA, PVA, PVA-co-PVAc, and PCL.
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3. Carbon nanotubes

Carbon nanotubes are known for their mechanical, electrical, and thermal properties, which
initially makes them a suitable candidate to integrate into 3D printing polymers. MWCNTs
have structural defects which provide suitable nucleation sites that allow for strong interac-
tions with polymers [16] and for cross-linking and functionalization [17-19]. A homogeneous
dispersion of carbon nanotubes in polymeric solutions are essential if they are to be used for
enhanced CNT based filaments. The familiar problem of the aggregation of CNTs can be
detrimental to FDM, possibly causing blockages at the nozzle and flux instability while
printing, so research has focused on determining the concentration of CNTs that would surpass
the percolation threshold (the transition between an insulating and conductive polymer) while
maintaining the parameters for 3D printing.

The theoretical concentration of carbon nanotubes required to reach the electrical percolation
threshold for a CNT/Polymer composite can be obtained, as a first step, by the use of the power
law:

ocx(p-9.)

where o is the electrical conductivity, ¢ is the MWCNT volume concentration in the nano-
composite, @, is the critical MWCNT volume concentration at electrical percolation, and a is
a critical exponent [6]. A comprehensive table of percolation thresholds for CNTs in polymer
matrices was assembled by Bauhofer et al. [20]. It was also noted by Bauhofer that there were
conflicting results concerning the dependence of the percolation threshold on the aspect ratio.
The excluded volume analysis conducted by Celzard et al. showed that the percolation
threshold of a fiber suspension would decrease when the aspect ratio increased [21]. Research
by Bai et al. demonstrated a decreasing set of values for the percolation threshold when the
CNT length increased [22]; however, Martin et al. [23] found an increasing percolation
threshold when the CNT length increased. This problem can be reconciled by considering the
type of percolation thresholds. Bai et al. possibly obtained statistical thresholds while Martin
et al. acquired kinetic percolation. This is important to know as theoretical analyses reported
tend to ignore the movement of filler particles and only seem to predict the dependence of the
statistical percolation threshold on the filler aspect ratio.

Ultrahigh molecular weight polyethylene (UHMWPE) has been processed with MWCNTs and
extruded to produce filaments [24]. However, it is not feasible to produce UHMWPE filaments
by conventional extrusion due to the high Weissenberg effects [25] that would likely affect the
flux during extrusion both for filament production and 3D printing. An alternative would be
to use the gel-spinning technique [26] in which the polymer is dissolved and spun. The addition
of MWCNTs can be problematic as they tend to aggregate during the solvent evaporation
stage, but the problems were addressed by using a range of techniques including sonication,
melt mixing, and extrusion [24].
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The compatibilization of a polymer is simply the addition of a material to immiscible blends
of polymers resulting in an increase in stability. Compatibilized polyolefin rubber is an
example of a composite that can be made conductive by the addition of carbon nanotubes [27]
or graphene. The percolation threshold has been widely studied with carbon nanotube systems
[28, 29]. The study of PC, ABS, and MWCNT composites confirmed that localization of
MWCNTs changes from the ABS to the PC phase when the rubber content was reduced from
60 to 5% [30]. At low concentrations of rubber, MWCNTs localized in the PC phase resulting
in an increase in conductivity and a low percolation threshold of around 0.5-1 wt% [28].

Ternary systems could be an important framework for developing advanced 3D printing
materials. With the ternary mixture of PCL, PLA, and MWCNT, it has been shown that the
localization of carboxylic functionalized nanotubes can be identified at the PCL phase and at
the phase interface. When the MWCNTs are not functionalized, they can only be located at the
PCL phase resulting in an elevated percolation threshold. Ternary composites exhibit con-
ductivities that are 3—4 orders higher than binary composites when the MWCNT content
reaches 1 wt% [31]. Potschke et al. developed a method to mix MWCNTs into thermoplastic
matrices of PC and polyamide-6 (PA6) by melt blending the PE based masterbatch with high
MWCNT loading. This improved the CNT dispersion in PC and PA6 and also reduced the
percolation threshold [32]. In general, there are many strategies that can be applied to the
mixing of CNTs with polymers.

Postiglione et al. reported the assembly of conductive 3D structures using a PLA/MWCNT
nanocomposite using liquid deposition modeling (LDM) with dichloromethane (DCM) [6].
They reported a percolation threshold concentration of 0.67% with a conductivity of 10 S/m,
and the highest conductivity was obtained with 5 wt% MWCNT with 100 S/m. Postiglione
found that at a composition of 35% PLA in DCM with 1 wt% MWCNT, the rheological effects
prevent the extrusion through the 3D printer as a higher pressure from the extrusion assembly
would be required. Nanocomposites made from 25 wt% of PLA in DCM with 1 wt% MWCNTs
can be printed out at a lower shear stress with a higher shear rate (1-50 s*') when compared to
30 wt% PLA in DCM with 1 wt% MWCNTs (shear rates 5-11 s). Although the 25 wt%
PLA/CNT mixture prints at a higher speed, a better resolution product was obtained using a
30 wt% PLA/CNT mixture at 10s™ and a low speed of 0.1 mm s’

Grafting of single wall carbon nanotubes SWCNTs to poly(L-lactic acid) has been investigated
[33] but so far MWCNTs are dominant, possibly due to their increased metallic character.
However, Vatani et al. reported the fabrication of a highly stretchable sensor by dispersing 1
wt% SWCNT (average diameter 1.5 nm, length 1-5 micrometer) in a matrix of a blend of two
photocurable monomers (cyclic trimethylolpropane formal acrylate and acrylate ester) [34].
The monomers/SWCNT composite was printed using direct writing into a polyurethane
substrate on which the monomers were photo cured. The wires sustained strain up to 90%
elongation and resistivity change increased proportionally with the strain.

3.1. Delivering on the hype

Itis well known that the advent of carbon nanotubes caused a flurry of interest with researchers
over how these nanoscale tubes could change the way we live. While it is easy to lead research



238 Carbon Nanotubes - Current Progress of their Polymer Composites

by conjecture, once a plateau is reached, the refinement of the field begins. What we are seeing
now is the development of stronger and highly efficient carbon nanotube based composites
that, without the fanfare, are making their way into products.

An article in Chemical and Engineering News [35] highlighted the difficulty in working on the
field of carbon nanotubes. Phaedon Avouris, a member of the American Academy of Arts and
Sciences and an expert in the field of carbon nanotubes and graphene said when scientists
work on new materials, there is a rush to characterize it, publish papers in prominent journals,
and then move on to a different material, “We're left with a lot of unfinished work and
unproven claims”. Although a fundamental understanding of the research topic may be
achieved, few people are determined to solve the problems that facilitate the transition to
applications.

Production capacity of multi-walled tubes has peaked with Timesnano and Showa Denko,
each producing over 2500 metric tons every year, but demand is still growing with conductive
adhesives and fire retardant plastics leading the requests for applications [35]. In 2015, over
400 metric tons of multi-walled carbon nanotubes were used for conductive polymer compo-
sites with estimates reaching 1700 metric tons by the year 2020. It is possible that this may
increase further as carbon nanotubes continue to transition into additive manufacturing.

Mihail Roco, the senior adviser for nanotechnology at the National Science Foundation (NSF)
said that carbon nanotubes form a component of nanotechnology. “Components are essential
in advancing nanoscience, but they’re not the end goal in applications.” The NSF intends to
advance toward the goal of building nanotech systems that provide answers to problems in
industry and other areas. Carbon nanotubes have steered researchers toward the development
of prototypes, and will continue to promote innovation over the next decade. Roco also said,
“Carbon nanotubes focused attention on understanding matter at the nanoscale, on making
new tools, on performance, on how to create groups that could cross disciplines”. This shows
that beyond the hype, the legacy of carbon nanotubes for nanotechnology may prove to be an
important milestone.

3.2. Commercial carbon nanotube materials for 3D printing

3DXTech is a company that provides filaments containing carbon nanotubes. Their 3DXNa-
no™ ESD ABS filaments (containing MWCNTs) are available with diameters of 1.75 mm and
2.85 mm. The filament is tailored toward applications that require electrostatic discharge
(ESD). The filament is produced using MG-94 Premium ABS and mixed with MWCNTs, and
process/dispersion modifiers. 3DXTech state that the Tensile strength is 42 MPa in comparison
to 41 MPa for the unfilled ABS. The surface resistance for ‘3DXNano™ ESD ABS’ is 107-10° Q.
An extrusion temperature of 220-240°C with a FDM platform temperature of 100-110°C is also
suggested.

Nanocyl are one of the worldwide leading experts in CNT based materials, producing research
and industry grade carbon nanotubes. One of their product lines, PLASTICYL™, is a collection
of carbon nanotubes thermoplastic concentrates for applications requiring electrical conduc-
tivity with good mechanical properties. The concentrates contain 10-20% of carbon nanotubes
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and are available in a diverse range of thermoplastic resins, including PC, PP, PA, PET, HDPE,
and others. Although these enhanced thermoplastics were not specifically aimed at the FDM
sector, they have a formulation that makes them applicable, subject to the temperature range
of the extruder. PLASTICYL™ can be used in many applications and a surface resistivity range
of 1-10'2Q), and the typical loading for static dissipative applications are around 2-3% of CNTs
in the final compound. The conductivity can be tailored for a given loading of CNTs, depend-
ing on the compounding conditions, and the viscosity of the basic resin. Nanocyl optimizes
the dispersion of CNTs in a wide range of thermoplastics with the PLASTICYL™ range
(www.nanocyl.com).

F-Electric is a PLA-based filament produced by ‘Functionalize’ that incorporates carbon
nanotubes. F-Electric is one of the best conductive 3D filaments available on the market with
a 0.75 Qecm in volume resistivity. Table 1 shows some of the commercially available carbon
nanotube based materials.

Company Product

3DXTech 3DXNano™ ESD ABS + Carbon Nanotube Filament

3DXNano™ ESD PETG + Carbon Nanotube Filament

Functionalize F-Electric Functionalize F-Electric filament (PLA & Carbon Nanotube)
Filabot MWCNT1 Multi Walled Carbon Nanotube Pellets

Cheap Tubes Inc. Carbon Nanotube Masterbatches CNT-ABS-10

Nanocyl PLASTICYL™ ABS 1501*

PLASTICYL™ HIPS 1001
PLASTICYL™ PC 1501
PLASTICYL™ PP 2001

Table 1. Companies that provide filaments and pellets containing carbon nanotubes.

3.3. Filament production

Consumer 3D printers are perfect for creating replacement parts and tools, and supporting
learning from K-12 to higher education, but the process can produce a lot of waste from failed
prints, supports, and rafts. Recycling these materials can be highly effective in reducing the
costs of printing. Crowdfunded initiatives have been the main driving force in producing
filament reclaimers with products such as the Filastruder (filastruder.com) and the Filabot
(filabot.com) range of extruders and accessories. The process of reusing filaments is further
complicated by the need to break down the waste so that it can be successfully channeled
through a feed screw through to the melting chamber (surrounded by a heater) as shown in
Figure 8. Extruded filaments can be collected on automated systems such as the Filabot
Spooler, allowing the spool to be detached and connected to a 3D printer when completed.
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Figure 8. Diagram of a filament maker and a picture of the ‘Filabot — Original’ used for producing filaments by FDM.

Graphene exhibits a range of exceptional qualities including flexibility and conductivity. 3D
printing filaments augmented with graphene have the potential to enhance the manufacturing
process of strong conductive composites. There are many applications of these carbon
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nanostructured additives in 3D printer filaments including sensors, trackpads, electromag-
netic, and RF shielding.

4. Graphene

Graphene has been rising in popularity as a material that would revolutionize electronics;
fortunately, graphene has safely passed the peak of overestimated expectations and is now
settling on some novel applications. Graphene has many interesting properties such as low
resistivity, excellent thermal conductivity, optical transparency, and high electron mobility.

There are only a select few companies that have produced graphene enhanced 3D printing
materials, including Angstron Materials and Graphene 3D Labs (Table 2).

Company Product

Black Magic 3D Conductive Graphene Filament

Conductive Thermoplastic Graphene/PLA Pellets

Filabot Graphite Infused Filament— ABS Based
Angstron Materials Graphene Enhanced Nanocomposites—PP, PC, ABS
Graphene 3D Lab GRAPH-PLA (Graphene/PLA Pellets)

Table 2. Commercial graphene or graphite infused 3D printing materials.

4.1. Polymer integration

The use of graphene in 3D printing started with the Canadian company Grafoid, resulting in
the product MesoGraf, which is produced from raw, unprocessed graphite ore in a one-step
process. It is envisaged that the use of graphene in 3D printing will aid in conductivity and
strength. Grafoid worked with Altamat to construct a facility to produce MesoGraf graphene-
based powders and filaments for 3D printing, and Grafoid intends to supply a diverse catalog
of MesoGraf-based powders and filaments to aid companies with additive manufacturing
processes to produce their end-product prototypes and end-user products.

There are some limitations with current 3D printing technology, especially when attempting
to produce filaments with advance functional materials such as metals, graphene and carbon
nanotubes. Problems may be associated with the size of particles and temperature variations
of the constituents within a polymer matrix.

Research is still ongoing into making FDM more applicable to producing advanced functional
3D printed materials in Dr. Acquah’s research group at Florida State University. The research
group is using a combination of graphene-enhanced and carbon nanotube-enhanced 3D
printing materials to tailor the properties. Research is also focusing on modifying polymers
with graphene [36]. Although graphene has also been referred to as a remarkable material,
homogeneous mixtures of graphene and polymers are essential to exploit the unique proper-
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ties [37]. Wei et al. [38] stated that the major problem confronted by graphene composites was
that of phase separation between graphene sheets. They addressed the problem with the use
of graphene oxide (GO) to substitute graphene as the additive. GO contains oxygenated
functional groups on its basal planes, which may assist graphene’s dispersion in polymer
phases [38].

Figure 9. Graphene infused PLA pellets and 1.75 mm filaments.

Graphene 3D Labs is working on 3D printable batteries incorporating graphene, with the
potential to surpass current commercially available batteries. They demonstrated a prototype
battery in 2014 and the following year launched conductive graphene filaments for 3D printing.
The filaments and pellets (Figure 9) contain highly conductive proprietary nanocarbon
materials with PLA. Both the filaments and pellets extruded through a filament-producer are
compatible with commercially available FDM printers. The volume resistivity is listed as 1
Qecm which provides an excellent starting point for 3D printed circuitry and capacitive touch
Sensors.

Research by Seung Kwon Seol of the Korea Electrotechnology Research Institute has demon-
strated a process that is capable of 3D printing pure graphene nanostructures [39]. This
achievement marked the first time graphene has been printed by itself without being used as
the additive. The research available in the journal ‘Advanced Materials” shows potential for
expansion once the challenges such as reducing the size of the extruded material and increasing
the yield are addressed.

5. Carbon structured additives

Carbon Nanotubes and Graphene are some of the popular choices as additives for 3D printing,
but carbon black (CB) and carbon fibres are unique carbon structured additives that have an
extensive history in manufacturing, tailoring the properties of composites for electronic
applications, and structural reinforcement respectively.
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5.1. Carbon black

CB is soot-like in its appearance but differs from soot at the molecular level. CB is produced
from the incomplete combustion of heavy petroleum products such as coal tar. As such, it is
readily available and inexpensive. It is considered one of the most popular conductive
additives because of its low cost and chemical stability [40].

A conductive thermoplastic composite called 'carbomorph’ which can be extruded through a
consumer 3D printer has been produced [15]. In this work, Leigh et al. reported on the 3D
printing of a piezo-resistive sensor from a composite of PCL with 15 wt% of CB as filler. Leigh
stated that the transition from insulating to non-insulating behavior for composites with
conductive filler is generally observed when the volume concentration of filler reaches a
threshold of around 25% [41]. However, their decision to use 15 wt% CB was based on
optimization, considering the thermal and rheological parameters required for successful
printing. The thermoplastic polymer selected for the composite was the polymorph PCL.
Bending the sensor resulted in a change of resistivity of 4%. The conductivity of the printed
filament made from the PCL/CB composite was 11.1 S/m, which falls within the range of semi-
conductors.

Resistance was tested using 5 mm cubes of carbomorph by two-probe measurements with the
two opposite cube faces (painted with silver conductive paint). The resistivity of the composite,
in-plane with the layers, was 0.09+0.01 ohm m~! and perpendicular to the layers, the resistivity
was 0.12+0.01 ohm m~". This is a significant observation as the reduction in the resistivity of
25% from the perpendicular to parallel orientation is a feature that needs to be considered for
the next generation of functional composites. The plane of the layers of the printed filaments
provides an unperturbed conductive pathway between the electrodes, while perpendicular to
the layers, the conductive pathway depends upon the connection between successive layers.

Low-atructure carbon black High-stnechure carbon biack

a5 N

Figure 10. Low-structure and high-structure carbon black. Figure adapted from Balberg [42].




244 Carbon Nanotubes - Current Progress of their Polymer Composites

Work by Balberg into the electrical phenomena in CB-polymer composites looked at the
difficulties in establishing the percolation threshold for the incorporation of CB into polymers
[42]. While he noted that previous studies in his reviews had explained the electrical data
within the confines of inter-particle tunneling conduction [43] and/or that of classical
percolation theory, the observations were far more convoluted. He noted that for different
types of CB, the same volume percent of the CB phase in the composite produces different
values for the resistivity [44, 45]. By investigating the characteristics, Balberg stated that the
values of the (apparent) percolation threshold and the (apparent) percolation critical
resistivity-exponent depended strongly on the particular type of CB. The particles could be
treated in terms of how spherical-like they look, with more spherical CB particles termed ‘low-
structure’ CB, in comparison to ‘high-structure’ CB. Figure 10 shows the closely packed
network of spheres representing the low structure in a polymer composite with nearest-
neighbor tunneling. The black spherical structures are the CB particles, and the blue shells
represent the tunneling distance. The nearest-neighbor connections (black lines) indicate the
dominant conducting elements that result in percolation-like behavior. Figure 10 also shows
a high-structure CB polymer composite. The distances between the nearest inter-particle
surfaces have a narrow, non-diverging distribution of the tunneling-resistor values in the
network.

PLA filaments with CB as an additive are commercially available (Figure 11). Proto-pasta offers
filaments that have a volume resistivity of 15 Qecm, resulting in 3D prints that are 30 QQecm
perpendicular to the layers, and 115 Qecm through the layers.

Figure 11. Conductive PLA 1.75 mm filament containing carbon black.
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5.2. Carbon fiber

As a stalwart of modern engineering, carbon fibers are an important part of reinforcement in
composite materials. Properties such as low weight, high tensile strength, and low thermal
expansion are some of the advantages of incorporating these fibers in composites. One of the
known limitations of FDM is the low transfer of strength in the printed composites, but the
use of carbon fibers in 3D printing is an important step toward creating high strength com-
posites. Ning et al. reported printing out parts from an ABS/carbon fiber composite with
different percentages by weight. The highest tensile strength reported for a 5 wt% composite
of carbon fibers in ABS, printed using FDM was 42 MPa [46]. The tensile strength dropped as
the percentage of carbon fiber increased to 10 wt%. The ductilities of all composites were less
than the pure ABS. The 7.5 wt% carbon fiber composite had the largest value for the Young’s
modulus. The reduction in the tensile strength and ductility of composites exceeding 10 wt%
was due to the higher porosity of those composites.

A new start-up, MarkForged Inc., has been working on improving the integration of carbon
fibers. The company has developed a new printer which uses two separate print-heads. The
first head dispenses a polymer such as nylon or PLA, while the other dispenses a carbon fiber
tow which is a coated thermoplastic. As the carbon fiber can be introduced during any part of
the print process, composites can be produced without reinforced sections. MarkForged
reported that tests demonstrated that the parts produced were stronger than 6061-T6 alumi-
num.

Carbon fiber filaments are also offered by Proto-pasta with fibers mixed with PLA. Proto-pasta
states that the abrasive nature of the filament may cause the extrusion nozzle to fail prema-
turely.

6. Discussion

Additive manufacturing is a multi-disciplinary field that encompasses many aspects of
chemistry, physics, and engineering in a manner not so dissimilar from its nanoscale counter-
part, in the field of nanotechnology. The two areas of development that steer advances are the
composition of the next generation of filaments, pellets, and resins for printing; and the
equipment used for filament production. One of the most important examples of the level of
advancement in both areas is the 3D printing of bio-inspired materials. Kang et al. recently
produced life-sized body parts and tissues with living cells acting as the printing materials.
The parts were stable enough to be used as viable replacements that could be tailored to
individual needs rather than generic replacements [47].

One of the limitations of consumer thermoplastic extrusion is the temperature range of the
extruder assembly. While entry level printers were designed to work with ABS and PLA
filaments, this meant that the nozzle temperatures were only required to reach 230-240°C. The
latest generation of extruders such as the E3D V6 hotend are capable of high temperature
extrusion up to 300°C and 400°C when the thermistor is exchanged for a thermocouple. These
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temperatures are essential for multi-material filaments that may require elevated tempera-
tures, and polycarbonate and nylon based filaments. The high temperatures would also create
additional problems with mixed materials. Polymers may degrade at higher temperatures and
the carbon nanostructured additives may cause unfavourable results during extrusion.
Stratasys offer a proprietary product called Digital Materials which are a range of several
hundred combinations of Poly]Jet base resins. The Objet260 Connex 3D printing platforms use
the Poly]Jet resin and are capable of depositing three materials with a layer thickness of 16 pm.
The build resolution is 600 dpi on both the X-axis and Y-axis, and 1600 dpi on the Z-axis.

The difficulty in producing mixed material filaments with carbon nanostructures, and the
additional problems associated with the rheology and flux during FDM extrusion may be
addressed by a move toward other additive manufacturing techniques such as the PolyJet
system. Carbon nanotubes, graphene, and CB have been explored as additives for SLS [48-
50]. The main issue again is creating a homogeneous distribution of the carbon nanostructures,
but this can be achieved by simple mixing techniques. Paggi et al. reported on the process for
the optimization of PA12/MWCNT nanocomposites by SLS [48]. They described a procedure
for dispersing the MWCNT powder initially in chloroform using ultrasonic techniques for one
hour. They added the polyamide powder to the suspension and continued mixing on a
magnetic stir plate for 50 min to homogenize the solution. After a filtration process with a
cellulose filter, the mixture was washed with acetone and placed in an oven at 80°C for four
hours. Rotary blades were then used to homogenize the final powder. A CO, laser (10 watts)
with abeam diameter of 250 pm was used to fuse the powder. Pulsed mode was used to operate
the laser at 5 kHz and the average layer thickness produced was 200 pm.

The worldwide market for 3D printing, including the services sector, will likely increase at a
compound annual growth rate (CAGR) of 32.2% from 2014 to 2019 [51]. Some additive
manufacturing processes show good potential for growth from 2014 to 2019. The 3D stereoli-
thography sector is estimated to rise to $1.8 billion with a CAGR of 27.5%. Poly]Jet technology
will rise to a modest $334 million, but with a CAGR of 40.7%. FDM will almost reach $1 billion
with a CAGR of 30%, and SLS is expected to reach $504 million with a CAGR of 32.3%, so
development into additives for these industries will continue to be strong. The industry
segment focusing on services including design and development, manufacturing, and
equipment repair will contribute to 53% of revenues. BCC Research also estimates that
‘services’ will reach $7.8 billion in 2019 with a CAGR of 31.4% from 2014 to 2019 [51].

The major advantage in this market is the high level of diversification in the technology and
applications. Advances in the design and function of 3D printers have catalysed the develop-
ment of multi-material filaments and printing techniques that overcome some of the limita-
tions of the durability of printed composites. 3D printing may also have a pronounced effect
on more traditional manufacturing processes, affecting many aspects from the design and
development of materials to the cost savings through the rapid production of custom parts.
For consumers, itis the potential to be able to print replacement parts for household appliances.
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7. Summary

Polymer composites with conductive fillers have the potential to be used in many areas from
engineering to consumer product development, with tunable properties that include elasticity,
durability, water wettability (hydrophobic/hydrophilic), and conductance.

The use of metal fillers in polymer composites have been reported [52], and although the ability
to print with conductive filler such as a metal is a clear advantage, the difficulty resides in the
processability of the composite which may affect the quality and resolution of the 3D object.
To reach a workable conductivity, the percentage weight of filler may need to increase, which
causes an increase in the density and viscosity of the composite. The addition of the filler affects
the rheological properties of the polymer. Metallic fillers are usually susceptible to oxidation,
and most of the conductive fillers used are in a 5-120 um diameter range, which can be a
challenge by itself causing blockages at the nozzle-opening of most types of FDM printers,
which typically have a nozzle diameter of 400 pm.

Carbon nanotubes as an additive for 3D printing are relatively new but an essential step toward
the production of mixed-materials 3D printing. Much of the work in this area has focused on
producing homogenous mixtures with PLA and ABS, with the goal of reducing the percolation
threshold for conductivity. Polyhydroxylated fullerenes may also be an important bridge
toward creating homogenous mixtures in polymers [53].

Graphene has been incorporated into filaments for FDM by a small but growing number of
commercial entities. Its incorporation into filaments and pellets has been marketed primarily
for their electron transport properties, as an improvement over CB based filaments.
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Abstract

Artificial joints (AJ) often have a polymeric component to decrease the wear rate
and the total weight at the same time and make it more flexible. Ultrahigh molecular
weight polyethylene (UHMWPE) is considered as the standard material for these
applications. Therefore, UHMWPE has been reinforced by many of the nanomaterials,
hoping to improve the tribology characteristic, which is considered as the most
important factor in determining the life span of AJ. However, all attempts were in
laboratory scale and did not live up to the actual implementation due to the high
viscosity of UHMWPE, leading to poor dispersion with bulk components. This
chapter aims to explain in detail a novel technique to produce a real UHMWPE
nanocomposite (UNC) hip cup using the paraffin oil dispersion technique and tested
by an artificial joint simulator (AJS), which was designed by the author. The chapter
contains three parts: the first part starts with a brief account of AJ and then
illustrates the AJ] polymeric components. The wear behavior of the polymeric
components is also presented. The second part reviews some previous attempts for
the synthesis of UNC and the common nanomaterials [carbon nanofiber (CNF),
carbon nanotubes (CNT), and graphene (GA)], which are used as a nanofiller. The
problems that had arisen during the mixing process and UNC characterizations are
also presented. For the third part, the chapter concludes by explaining a novel
technique to produce UHMWPE hip cup reinforced by CNT using the paraffin oil
dispersion technique and testing by AJS, which was designed especially for this.

Keywords: artificial joint simulator, artificial joints, carbon nanofiber, carbon nano-
tubes, graphene, paraffin oil dispersion technique, polymer nanocomposites, polymer

nanocomposite hip cup, UHMWPE, wear
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1. Artificial joints (A])

1.1. Introduction

The human body contains many orthopedic joints to give it more flexibility during movement
(Figure 1). Usually, the damages in these joints occur due to internal effects and environmen-
tal changes, such as weather and pollution, in addition to bad nutrition and especially calci-
um deficiency, as well as advancing age and the diseases of aging. However, the possibility of
damage is significant in the hip, shoulder, knee, and fingers as a result of exposure to over-
load. Currently, millions of orthopedic patients around the world are suffering from pain and
psychological disorders, even after performing joint replacement procedures, due to the short
life span for the AJ, and this means the return of pain from thus restoring the implant and
additionally the extra cost of the implant [2]. To eliminate pain, increase mobility, and restore
the quality of life, A] was innovated in 1961 when Sir John Charnley performed the procedure
of the first surgery to implant joint prostheses successfully in a particular artificial hip joint [3].
At the time, A was proven to be an extremely successful and cost-effective means of relieving
arthritis pain. After that, A] has been extended to include shoulder, knee, and finger joint
replacement bearings. Figure 2 shows the AJ radiographs for the hip, shoulder, knee, and finger
joint bearings respectively [4-7]. This section presents the AJ] components and the common
methods used to investigate the wear behavior for AJ polymeric components and its failure
shapes.

Shoulder

Knee

Ankle

Figure 1. Schematic drawing for human body joints [1].
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Figure 2. A] radiographs of (A) hip, (B) shoulder, (C) knee, and (D) finger joints.

1.2. A] components

The hip, shoulder, knee, and finger AJ prostheses are usually composed of two main compo-
nents articulating with one another, polymeric against a metal or ceramic component (Figure
3). This section focuses on the polymeric material components that consider the weaker part
in total A] components. At the beginning, polytetrafluoroethylene (PTEF) and polyarylether-
etherketone (PEEK) polymeric materials have been employed in these applications, but the
results were not good due to the large aseptic loosening and osteolysis [8]. Nonetheless,
ultrahigh molecular weight polyethylene (UHMWZPE) remains the gold standard polymeric
material for A] component due to its many unique properties, such as high wear resistance,
strength, modulus, excellent toughness, chemical resistance and impact, low moisture
absorption, good wave transmission, and electrical insulation [9]. In addition, the mechanical
and wear properties of UHMWPE are considered the most important effective factors, which
can be controlled at the service time of the total joint [10].

\y > NG \,
N A \ ’3?" vL@ ‘”_ ?'\

UHMWPE
IMWPE

Componcnl
mponem
Figure 3. Contemporary AJ prosthesis system components for (A) hip, (B) shoulder, (C) knee, and (D) finger bearing

joints [11].
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1.3. Investigation of AJ polymeric component wear

In general, the UHMWPE components in the AJ are considered the weaker components, and
failure happens due to two kinds of wear failure [sliding and rolling (abrasive and adhesive)]
as a result of sliding between polymeric and metal components [12]. The established wear
depends on several variables such as load (pressure), speed, contact geometry, state of
lubrication, and roughness [13]. Nevertheless, it is difficult to take all these variables into
consideration. The pin-on-disc or ball-on-disc machine is considered the leading method to
evaluate the wear behavior (in the form of weight loss or volume loss) under constant load
conditions [14]. To increase the accuracy of wear investigation and to simulate the real failure
condition, many previous test rigs or joint replacement simulators (JRS) have been designed
and built to measure the wear rate of hip, shoulder, and finger joint bearings under different
conditions. The basic difference between each JRS and another is the loading mechanism
(Figure 4).

Figure 4. A] wear simulators of (A) hip, (B) shoulder, (C) knee, and (D) finer joints [15-18].

1.4. Failure of AJ polymeric components

Studies that were conducted on the failure of polymeric components in AJ point to the damages
that were featured in the following forms: rim erosion, surface irregularities, component
fracture, and wear [19]. Wear failure is considered a key design parameter of AJ and the created
wear particles might be the reason for component loosening, leading to pain and the need for

Figure 5. Photograph of failure shapes of (a) hip, (b) shoulder, (c) knee, and (d) finger polymeric components [18-21].
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a revision operation [20]. Figure 5 shows the photograph failure of the polymeric components
of the hip, shoulder, knee, and finger, respectively. It is clear that the main failure is located
on the contact surface between femoral (metal component) and tested (UHMWPE component)
samples. Also, it has seen that failure occurs due to three reasons: scratching, pitting, and
delamination or cracking [21].

2. Nanocomposite polymer biomaterials

2.1. Introduction

With the increasing demand for AJ, it has become necessary to improve the mechanical and
wear behaviors of UHMWPE component to increase the total life span of joints and also to
keep pace with the progress for prosthetic applications. Nanotechnology science is considered
the most appropriate alternative at the moment after it that has proven high efficiency in many
areas, especially in polymer nanocomposites. Mixing UHMWPE with nanofiller materials,
which have a higher surface area to volume ratio, leads to rapid interaction and more mixing
between the nanofiller and UHMWPE and thus improvement of the chemical and physical
properties [22]. This section reviews the common nanofiller materials, which are used to
improve the properties of UHMWPE. In addition, different dispersion methods were used to
obtain a uniform dispersion. Finally, the characterization methods for the synthesized
UHMWPE nanocomposite (UNC) have been listed.

2.2. Nanofiller materials

There are many types of nanofiller materials that have a good tribological characteristic
reinforced by UHMWPE such as carbon nanofibers (CNF), carbon nanotubes (CNT), and
graphene (GA) for the synthesis of UNC to have a good wear resistance [23-25]. The results
showed that GA and CNT additives have been proven more effective compared to other
nanofillers because GA and CNT have unique physical, mechanical, tribological, high aspect
ratio, and chemical properties. Also, GA has better biocompatibility compared to other
nanofiller materials [25]. Although CNT is widely used, it has to be economic. This chapter
focuses on the CNT/UHMWPE synthesis. Therefore, this study focuses on CNT as an economic
nanofiller material. CNT is composed of molecular-scale sheets of graphite called GA that roll
up to make a tube. CNT can be classified into single-wall nanotubes (SWCNT) and multiwall
nanotubes (MWCNT). SWCNT consists of single GA rolls, whereas MWCNT consists of two
or more coaxial tubes within a tube [26]. There are three common different methods used for
the synthesis of CNT: arc discharge, laser vaporization, and chemical vapor deposition (CVD)
[27]. Arc discharge multielectrode and CVD multiquartz tubes were designed and built to
produce CNT with high yield and that is more economic (Figure 6). Finally, Figure 7 illustrates
the different carbon structures between single-wall and multiwall CNT using transmission
electron microscopy (TEM).
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(A) Arc discharge multi-electrodes technigue
(1) Base frame, (2) lower tank, (3) fans for cooling, (4) valve, (5) upper tank, (&) carbon holder, (7) contral unit, (&)
electrical umit, (9) steeper motor, (10) nuts housing, (11) deionized water, (12) power screw, (13) bearing, (14)
cover, {15) pure graphite, (16) cover hand.
(B) CVD multi-quartz tubes technigue

(1) Base, (2) Set screw, (3) Bearing holder. (4) Motor, (5) Sprocket, (6) Argon cylinder, (7) Pressure gauge, (8)
Control valve, (9) Hydrogen cylinder, (10) Chain, (11) Quartz tube, (12} Ceramic sealant, (13) Exhaust gas, (14)
Bearing, (15) Fumace movable part, (16) Padlock, (17) Heater, (18) Catalyst position, (19) Control unit, (20)
Graphite rings, (21) Furnace fixed par, (22) Methane eylinder.

Figure 6. Fully automatic system for producing CNT using arc discharge multielectrode CVD multiquartz tube design
[28,29].

Figure 7. TEM images of (A) SWCNT and (B) MWCNT [29,30].
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2.3. Dispersion of UNC polymer

In the dispersion system, UHMWPE and nanofiller particle materials are dispersed in a
continuous phase with a different composition. Several methods of mixing techniques were
employed to prepare UHNSs, such as (a) hot plate and magnetic stir bar, (b) ultrasonic bath, (c)
ball milling, (d) twin-screw extrusion, and (e) three roll mill. It is worth mentioning that each
technique has different mixing conditions to improve the dispersion of nanofiller inside
UHMWPE polymer base. Most mixing conditions are focused on the mixing temperature and
mixing time. Figure 8 shows the dispersion techniques with different mixing parameters.
Finally, all the previous dispersion methods obtain UHNSs in powder shape expected Min-Lab
Extruder given in wire form and then cut into small pieces (pellets), as shown in Figure 9.

Minilah Extruder

<

Hot plate and
magnetic stir bar

. ¥

Ultrasonic bath Ball Milling Three-roll mill

-

Mixing time,

Feeding Time,

Stirring time, Mixing time,
Speed rpm, Temp. Temp. "C, Freq. Hz Temp.'C
C Salvent Mixing Time

Figure 8. Nanocomposite UHMWPE dispersion [31].

Figure 9. Compression conditions and hot press components [32].

2.4. Synthesis of UNC polymer

To produce the final sheet or film, hot press can be employed to compress the powder or pellet
UNC inside copper or aluminum die between two Teflon sheets to produce UNC sheets with
very fine surfaces and uniform thickness as shown in Figure 10. It is worth mentioning that
each type of polymeric material has different compression conditions depending on the
melting temperature and viscosity. This section focuses on UHMWPE compression conditions.
UNC can be found in two forms: powder or pellets. The powder shape can be produced by
magnetic stirring, ultrasonic bath, ball milling, and three roll mill, whereas the pellet shape
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can be produced by twin-screw extrusion. Table 1 shows the compression conditions of UNC
in powder and pellet shapes at 200°C and a pressure of 200 bar.

Fixed hot plate ' _ Compress Di

Movable hot plate ' UHN
Feflon sheet

Heating counter

Pressure counter

Figure 10. Hot press schematic drawing.

Powder Pellets
Step. no. Time (min) Pressure (bar) Time (min) Pressure (bar)

1 1 0 10 Without pressure
2 1 50 5 0

3 1 100 4 50

4 1 150 4 100

5 16 200 4 150

6 16 200

Table 1. Compression conditions of UNC [31,32]

2.5. UNC polymer characterizations

After preparing the UNC sheets using the previous steps, the following procedures were used
to study the effect of nanofiller adding on UHMWPE characterizations. In this section, the
author shows the effect of the feeding ratio of the CNT on the different properties of UHMWPE.
Also, other nanofiller additives such as GA and CNF are presented just for comparison.

2.5.1. Scanning electron microscopy (SEM)

SEM was used to examine the dispersion of nanofillers inside UHMWPE. Figure 11 shows the
fracture surfaces of virgin UHMWPE and UHMWPE reinforced by GA, CNT, and CNF. As
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clearly seen from the SEM images, the incorporation of CNT, GA, and CNF in the UHMWPE
matrix resulted in a drastic change in the topography of the fracture surfaces, whereas the
fracture surfaces of virgin UHMWPE are smoother.

Figure 11. SEM images of fracture surface of (A) UHMWPE, (B) GA/UHMWPE, (C) CNT/UHMWPE, and (d) CNF/
UHMWPE [24,33].

2.5.2. Differential scanning calorimetry (DSC)

DSC was used to investigate the thermal properties (crystallization temperature, melting
temperature, and lamellar thickness) of UNC. The tests were carried out in nitrogen ambient
environment with a heating rate of 10°C/min until 230°C, and then the specimen cools down
to room temperature with cold water [34]. The previous results showed that the melting
temperature and crystallinity degree increased by adding nanofiller, whereas the lamellar
thickness was decreased. This indicated that CNT acted as effective heterogeneous nucleating
agents to facilitate the crystallization of UHMWPE [35].

2.5.3. Rheological performance of GUC

UHMWPE has high viscosity () representing the main obstacle for blends with the nanofiller
materials; more precisely, high n means bad dispersion [36]. The parallel plate rheometry was
used to investigate the rheological properties of UNC, particularly viscosity and elastic
modulus. The tested samples were cut according to ASTM standard into round shapes having
a diameter of 25 mm and thickness of 1 mm. The tests conducted with following data gape 1
mm at stress-controlled rheometer in constant strain mode. The experiment was performed in
the linear viscoelastic regime at a temperature up to 180°C and frequency range from 0.005 to
100 Hz and the applied strain was controlled at 0.5% [37]. Unfortunately, all the previous
results showed that the viscosity of UHMWPE was increased by the addition of a nanofiller
and this led to bad dispersion [38]. To avoid this problem, Galetz et al. and Wood et al. used
PO as a solvent and assisted melt material during the mixing process, respectively, and then
extracted PO to decrease of UHMWPE,; the result was uniform dispersion approximately [24].

2.5.4. Mechanical properties

The manual press was used to prepare the standard tensile specimens according to ASTM
D638-10 standard or any standard. The mechanical properties of UNC standard specimens can
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be measured by universal testing machine with load cell of 500 N and crosshead speed of 10
mm/min. The results showed that the addition of nanofiller leads to significant improvement
in the mechanical properties with varying proportions, and the variance depends on the
percentage weight of the filler and dispersion technique. In general, the mechanical properties
of UHMWPE improved due to the increase of the crystallinity degree [39].

2.5.5. Wear behaviors

JRS are still not widely used to test UNC components due to economic reasons, especially as
the shape of the testing samples is more complicated. The pin-on-disk or ball-on-disk test rig
is recommended in these applications to overcome the previous problems (Figure 12). In this
case, the tested UNC sample may be flat or cylindrical shape sliding against stainless steel or
ceramic pin. The specific wear rate in this case depends on four parameters: applied normal
load, speed, test duration, and type of lubricant. Furthermore, the specific wear rate can be
calculated by the following equation.

Ball

Figure 12. (A) Pin-on-disc test rig model and (B) ball-on-disc model [14,35].

The previous results showed that the wear resistance of UHMWPE has been improved by
adding a nanofiller, especially CNT and GA, because CNT and GA have a high aspect ratio.
Also, the addition of CNT and GA leads to increase the melting temperature, which considers
the obstacle in wear progress [35]. The wear particles are created due to the continuous sliding
between UNC and the stainless steel pin, as thermal softening and the melting of the surface
layer materials occurred. The surface layer increases over time and causes several scratches
inside the wear track. In addition, the wear mechanism can be found in two forms: ductile or
brittle fractures. The brittle fracture is safer when compared to ductile fracture, because the
amount of materials removed in the form of particles is less.

A
We=__2M
PxFnxL

Where W, (10°*mm?*/Nm) is the specific wear rate, Am (mg) is the mass loss of the specimen
and measured by using a high sensitivity electronic weighing balance with accuracy
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(10*gram), p (g/ml) is the density of the specimen, F, (N) is the normal load and L (m) is the
total sliding distance.

Finally, Figure 13 shows the three wear mechanisms of UHMWPE reinforced by CNF, CNT,
and GA. Itis clear that the amount and length of the removed chips decrease with the addition
of CNF (as indicated in the images by circles). While adding CNT and GA, the removed chips
are converted to discontinuous chips or small particles, especially with GA, due to the high
aspect ratio of GA. Well-dispersed GA in UHMWPE provided a large surface area available
for the interaction between UHMWPE molecules and GA, which facilitates a good load transfer
to the GA network [24,40,41].

Figure 13. SEM images of worn surfaces of (A) CNF/UHMWPE, (B) CNT/UHMWPE, and (C) GA/UHMWPE.

2.5.6. Physical properties

2.5.6.1. Density

The density of UNC can be calculated with the Archimedes principle through weighing the
sample in air and ethanol as an immersion medium using a high-sensitivity electronic
weighing balance with accuracy (10* g). Previous studies showed that the density of
UHMWPE remained the same, because the ratio of nanofiller to the volume of nanocomposite
is very small and the densities of the nanofillers are very low [41].

2.5.6.2. Wettability

The wettability or contact angle (€) of UNC can be evaluated using a high-resolution camera
as shown in Figure 14. A 5 ul drop was deposited on the sample surface and 6 can be measured
after a few seconds. Any software, such as Image]J, can be used to capture and analyze the
contact angle. The results show that the contact angle increased with the addition of the
nanofiller due to the modification of the surface and improvement of the surface roughness
by adding nanofills [42].
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o Device base
Liquid drops

o . Carriage of camera
Y-Direction »

Shding rod

Sample holder High resolunon rotating
camera

Figure 14. Schematics of contact angle device measurement.

2.5.7. Biocompatibility

Biocompeatibility or cytotoxicity studies were conducted to show and evaluate the biocompat-
ibility of the UNC. Ge et al. and Huang et al. studied the effect of adding ultralow molecular
weight polyethylene and natural coral particles on the biocompatibility of UHMWPE [43,44].
The results showed that all cells are attached and spread, proliferate nicely, and grow in
synthesis sheets. For carbon fillers, the studies reported GA more than CNT with a slight
increase [45]. Therefore, the trend now is to use GA as a biocompatibility nanofiller.

2.5.8. Effect of UV radiation on wear resistance

It is supposed that replacement joints are exposed to the influence of some environmental
factors during daily life. These factors should be taken into consideration during the design
process to determine the extent of their impact on the performance and service life. Weather
tester equipment is used for simulating sunlight with a light source of fluorescence. The
experiment can be conducted according to the ASTM (G154-06 standard. The samples were
exposed to UV radiation for a period of 300 h at a temperature of 60°C without water conden-
sation or spraying cycle. The results showed that UV radiation has no effect on the wear
durability or any peeling off of the nanocomposite at the low number of cycles, with microvoids
appearing with the increase in the number of cycles [46].

2.5.9. Degrading action

In general, A] works in wet lubricant ambient environment to reduce the wear rate. Therefore,
nature’s lubricant might affect the degradation of UHMWPE, particularly mechanical and
physical properties. In this section, the prepared samples (UHMWPE and its composites) are
exposed to hyaluronic acid for different intervals (several months) and then studied for the
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effects on the performance. Hyaluronic acid is a simulated synovial liquid. Most previous
studies focused on pristine UHMWPE and modified UHMWPE. The results showed that the
performance of pure UHMWPE decreased, whereas the modified one had a small change as
a result of cross-linking that prevents their sliding in the presence of acid and thus increase
the polymeric resistance to the degradation action [47]. Unfortunately, there are no previous
studies focused on UHMWPE, except Yousef (under review). Regarding UHMWPE reinforced
by carbon nanofiller, the results showed that nanocomposites are more stable.

2.6. Summary

CNT, GA, and CNF are considered the common nanomaterial types used to enhance
UHMWPE using many methods for dispersion such as hot plate, magnetic stir bar, ultrasonic
bath, ball milling, twin-screw extrusion, and three roll mill. The hot press is used to compress
the UNC clay and then produce the sheets. The characterizations of the UNC sheets depend
on the percentage weight of the nanofiller and dispersion technique. The previous results
showed that the characterizations of UHMWPE improved by adding CNT and GA. Also, the
studies reported the biocompatibility of GA/UHMWPE more than CNT/UHMWPE with a
slight increase.

3. Nanocomposite polymer CNT/UHMWPE hip cup

This section presents a novel technique to produce a real polymer nanocomposite hip cup
using paraffin oil dispersion technique, which has been innovated in the recent years by Yousef
et al. [48]. In addition, the wear behavior of the hip can be investigated using an AJ simulator
(AJS) built especially for this by Yousef et al. (under research).

3.1. Synthesis of nanocomposite polymer hip cup

Previous studies have focused on the production of UNC fit for use in biomaterial applications
within the laboratory scale precisely for UNC thin sheets. These studies did not live up to the
actual implementation due to the high viscosity, which is considered as the main obstacle in
obtaining a regular dispersion during the mixing process even on the laboratory scale. This
was the motivation for Yousef to innovate the paraffin oil dispersion technique to produce
polymer nanocomposite bulk components. In this section, the new dispersion technique will
be employed after making some modifications to produce the CNT/UHMWPE hip cup as
explained in the following steps.

3.2. Materials

Three materials are used in this study for the synthesis of the real nanocomposite hip cup:
UHMWPE as a base material, CNT as a nanofiller material, and paraffin liquid (PL) as an assist
melt during the injection process.
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3.3. Synthesis of CNT/UHMWPE short bars

First, UHMWPE and CNT (0.5-1% wt.) were mixed together using (a) hot plate or magnetic
stir bar and (b) ultrasonic bath, ball milling, or three roll mill at different conditions to find the
optimum dispersion method and conditions to obtain CNT/UHMWPE clay. With regard to
the EX dispersion, it is not preferred in this case because it is more expensive. Second, the CNT/
UHMWPE powder is mixed with PL (2% wt.) at 125°C using magnetic stirring bar for 5 to 10
to absorb PL. Third, the injection moulding die, which was designed and manufactured by
Yousef et al., was used to synthesize short PNC bars with diameters of 45 mm and length of
80 mm (Figure 15). The following steps are followed in the production of the flanges and short
bars:

* CNT/UHMWPE clay is poured into a hopper machine.
* An electric heater increases the mixing chamber temperature to 140°C.

* When 140°C is reached, a screw thread begins to rotate to push the melt powder along the
heater.

* The liquid is injected into the molded die to form the short bar and then cooled to produce
the final shape.

N
l. %
A\
\
\
\
\
\
\
\
\
\
\
\
a

01) Supported movable die, 02-04) cooling water exit, 03) Movable die, 05) Supported fixed die, () Fixed
die, 07) Injected flange, 08) Die support with extruder head, and 02-04) Cooling water inlet,

Figure 15. Schematic drawing of the short bar injection die [49,50,51].

3.4. Manufacturing of CNT/UHMWPE hip cup

The lathe machine was employed to machining the short bar to realize that the final shape of
the hip cup has an inner diameter of 28 mm and thickness of 7 mm. In addition, external flange,
which is used to fix the hip cup on the test rig, can be machined by the lathe also.
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3.5. AJS design

This section presents a new approach to investigate the wear rate of CNT/UHMWPE hip cup.
The new simulator has been designed to address some of the frailties of the other hip test rigs
and to make it more flexible by controlling the following parameters: (i) dynamic weight value,
(if) length of leg and thigh, (iii) gait angle, (iv) linear velocity, and (v) dry or wet lubricant
conditions. The idea of the new design depends on preventing the upper human body from
moving in the front and back directions (X-direction) and allowing to move in the vertical
direction (Y-direction) only to overcome the reaction that results during the collision of the
foot with the ground (Figure 16). It is worth mentioning that the spring is used to generate the
dynamic load during the testing process and the length of the vertical movement is equal to
the spring deflection. Also, the stepper motor is used to rotate the quick-return mechanism
and thus move the ground as an oscillatory motion in the X-direction. The oscillatory motion
has been designed to simulate the real movements of the human body (reverse the reality; the
ground is fixed and the human body is moveable) and thus decrease the simulator size. In
addition, the oscillatory motion is responsible to rotate the leg link around the knee joint and
then the resulting rotational motion transfer to the thigh arm to begin the contact between the

Stand
/‘, Dynamic load
Spring _ | | I
Hip cup housing
L /Th1gh
Thigh lenght Stainless steel
I mime - Leg ball
Leg lenght Foot
! el Ground
Quick return
mechansim
Hydraulic
circuit
X

Figure 16. Joint Replacement Simulator.
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metal and polymer components. Furthermore, loosening occurs and two types of wear failure
mechanisms (sliding and rolling) appear. Finally, the simulator has the possibility to investi-
gate the wear under dry and wet conditions by adding the lubricant inside the hip cup housing.

3.6. Wear hip cup investigation

The wear rate in the new design depends on six variables, such as the length of the femur,
length of the tibia, gait angle, applied load, and metallic material (stainless steel or ceramic
material), in addition to the lubricant conditions. To simulate the operating environment,
usually the wear of the hip cup is investigated in dry or wet ambient environment. Most
previous studies use distilled water or synovial fluid (SF) as a wet lubricant. SF can be defined
as a natural lubricant and considered as the standard lubricant of these applications, because
SF consists of many biological molecules such as proteins, lipids, and polysaccharides leading
to improve the surface properties [51]. Distilled water is used as a simulated lubricant due to
it being more abundant compared to SF. Furthermore, it is difficult to take all the previous
variables into account during the testing process, but there are priorities that can be chosen
depending on the human age and environmental effects. The wear behavior in this case can
be evaluated by the weight or volume loss (in the form of mass loss) by weighing the tested
hip cup on a high-sensitivity balance with high accuracy (10 g) after and before every test.
The test can be repeated many times to determine the optimal percentage weight ratio of the
CNT in the UHMWPE matrix. To investigate the effect of CNT added on the wear mechanism
of the UHMWPE hip cup, optical microscopy is recommended to examine the worn surfaces.
Finally, it is expected that these variables will affect the service life and give the most accurate
values. Also, wear resistance will increase with the addition of CNT using the new dispersion
technique and obstruct wear progress due to the following causes:

* The addition of paraffin oil during the injection process to UHMWPE led to a decrease in
viscosity and then resulted in a good mixing (dispersed) with the CNT.

* Paraffin oil can be used also in this case as a lubricating oil. Similarly, CNT is used as a solid
lubricant even in the event of agglomeration.

* Previous studies showed that the melting temperature of UHMWPE grows when mixed
with the CNT. This process leads to the destruction of the surface layer because thermally
softening occurs early, thus, decreasing the wear rate.

4. Conclusion

In this chapter, the author reviewed an overview of the AJ, including its components, most
common polymeric materials used for these applications, reasons of failures, and characteri-
zation methods. Then, the author touched the methods of improving the performance of
polymeric materials through mixing it with several types of nanofiller materials using many
methods of dispersion. The chapter overview is focused on UHMWPE as a polymer base
and CNT as a nanofiller. In addition, some nanofiller materials such as GA and CNF are pre-
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sented also for comparison. The author presented a novel technique to produce a real UNC
hip cup that has high wear resistance using the paraffin oil dispersion technique. Finally, to
investigate the wear behavior of the new cup, AJS has been designed to be comparable to
the human body movement approximately to increase the accuracy of the results. Finally,
regarding the advantages of the polymer nanocomposite A] compared to the traditional AJ,
the wear resistance of the new joints will increase and thus increase the service life. The side
effect summarized in the traditional AJ has biocompatibility slightly better than the nano-
composite.
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Abstract

This chapter covers the preparation and properties of ultraviolet (UV)-curable nanocom-
positecontainingcarbonnanotubesasfillers. UV-curing technologyisof particularinterest
due to its unique properties such as rapid curing process and solvent-free formulation.
Alongsidewiththeadvantagesofutilizing this curing method, carbonnanotubesundergo
benefits including high aspect ratio, high transparency, and good mechanical proper-
ties. Carbon nanotubes (CNTs) are hollow cylindrical shaped configuration; consist of
one, two, or more walls with an interlayer of non-covalent van der Waals force acting
among the carbon atoms of various walls. Besides influencing the UV curing process, the
CNTs loaded UV-curable nanocomposites sustain modified surface, thermal, mechani-
cal, physical, and conductive properties which are discussed in this chapter. The health
and safety concerns of using these classes of nanocomposite are further discussed.

Keywords: Carbon Nanotubes, UV-Curable Coatings, Nanocomposites, Physical and
Mechanical Properties, Ultraviolet Radiation

1. UV-curable nanocomposite coatings

In recent years, polymer nanocomposite coatings have found many applications due to their
high strength, light weight, good fatigue, corrosion resistance, and superior optical properties
and appearance, controlled anisotropic properties and low costs [1-5].

The addition of inorganic materials to polymers is an important method to produce materials
benefiting each individual component properties. Theses composite materials are determined
by the components behavior, the degree of dispersion and the interfacial properties [6]. This
multi-functionality is important because polymer coatings should not only propose decorative
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or protective functions, but also should provide other demands such as electronic discharge,
superior mechanical properties, large operating temperature range, and good chemical
resistance [7-9].

Among nanocomposite preparation methods, ultraviolet (UV)-curing technique is largely
employed to produce hybrid materials, especially in form of films, developing polymeric
thermoset matrices. UV light allows a fast transformation of liquid monomer to solid films
with tailored physicochemical and mechanical properties. This is known as a fast,
environmental friendly method. Unlike traditional thermal curing, the substrate should not
be heated for curing, so it can be finished at room temperature, no solvent is used and the
complete conversion is obtained in seconds [6, 10-17].

Generally, nanocomposites are divided into two main categories: nanocomposites with filler
directly incorporated inside, and in-situ production of fillers.

The properties of final UV-cured nanocomposites are dependent on factors such as properties
of each component, size and shape of the fillers, morphology of system, and the nature of
interface between components. There properties are as follows: high stiffness, high strength,
and high dimensional stability, increased strength and toughness, high distortion temperature,
good mechanical damping, increased permeability to gasses and liquids, excellent electrical
properties, and low manufacturing costs.

In UV-curable nanocomposites, one should consider the absorption, refraction, and reflection
of UV light by the reinforcing fillers for not reducing the curing rate and conversion [18].

2. CNT-based UV-curable nanocomposites coatings

Among reinforcing fillers, carbon nanotubes (CNTs), appears as an interesting candidate [11,
12]. CNTs are gaining scientific and industrial interests due to their outstanding characteristics
such as high tensile strength and modulus, diffusion and transport properties, antivibration
and damping properties, low intensity and excellent electrical and thermal properties [19-23].

CNTs can be considered as graphene sheets rolled to form a tube. Depending on synthesis
route and reaction parameters, single-walled carbon nanotubes (SWCNTs), doubled-walled
CNTs (DWCNTs), triple-walled CNTs (TWCNTs), and multi-walled CNTs (MWCNTs) can be
formed (Figure 1). MWCNTs are grown of several independent tubes in concentric circles. The
electronic properties are depending on the number of graphene walls [22, 24, 25].

Various methods have been reported for CNTs synthesizes, arc discharge [26], laser ablation
[27-29], and chemical vapor deposition [30-32]. Arc discharge is the arc evaporation of
graphite in the presence of inert gas, so the CNT is formed on electrode during quenching. The
second method, laser ablation, vaporization of graphite is targeted by laser, then, CNTs are
formed on receiver during quenching. The chemical deposition method which is the most used
consists of decomposition of hydrocarbons over transition metal catalyst to form CNT [33].
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Figure 1. Schematic illustration of (a) SWCNT, (b) DWCNT, (c) TWCNT, and (d) multi-walled carbon nanotube
(MCNT) [25].

The diameter of CNTs is in the range of 5-40 nm, which is 2000 times thinner than a human
hair. The length is usually about 10 um and their aspect ratio is in the range of hundreds to
thousands and also they have strength s 10-100 times higher than the strongest steel at a
fraction of weight and possess electrical current transfer capacity 1000 times greater than
copper wire [1, 6, 13].

Among conductive fillers, CNTs offer the highest aspect ratio lead to higher transparency and
better mechanical properties than carbon black or metal nanofillers. The only consideration to
make is their black color and also the need of lowest possible concentration in formulation [24].
Besides, CNTs bear self-aggregation and poor solubility in water and organic solvents [34,
35]. In order to overcome these drawbacks, several approaches such as non-covalent and
covalent functionalization have been reported. Covalent functionalization is grafting macro-
molecules using both “grafting to” and “grafting from” methods. These approaches make the
CNTs to exhibit hydrophilic, hydrophobic, and amphiphilic properties [20, 21]. Non-covalent
functionalization approach includes solution mixing [36-38], melt mixing [39, 40], and in situ
polymerization [22]. It should be notice that the electrical properties of CNTs are influenced
by their structure and diameter of nanotubes [41].

CNTs-based nanocomposites are used in many application including strain sensors [42],
damage sensors [43], gas sensors [44], electromechanical actuators [45], conducting plastics-
photovoltaic devices [46], optoelectronics [47], electrostatic dissipation [48], electromagnetic
interference shielding [49], optical barriers [50], cost-effective transparent electronics [46],
composite mirrors [51], plastics with high thermal dissipation, and biomaterial devices [52,
53]. They also have optical properties that fall in to the following categories: photolumines-
cence, light emission and photonic properties, optical non-linearity, and optical limiters [54-
57].

3. Preparation of CNT-based UV-curable nanocomposites

To have a desirable CNT-based nanocomposite, homogeneously dispersion of CNTs within
the polymer matrix is required [58, 59]. It is also very important to stabilize the dispersion in
order to prevent aggregation of CNTs [60, 61]. Sonication and mixing are known to result in a
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good dispersion, but, the most proper method is surface functionalization of CNTs [62-66].

Though several mixing routes are known to disperse CNTs in polymer matrices including dry

powder mixing, solution blending, melt mixing, in-situ polymerization and surfactant-assisted

mixing [67-71]. Table 1 represents the advantages and disadvantages of known CNT func-
tionalization methods. By functionalizing CNTs, a direct bonding between the nanotubes and
polymer is formed [72]. Researchers have shown that the high dispersion of these CNTs is

achieved by sonication [20]. This functionalization is known to enhance the interface and load-

transfer in CNTs/polymer nanocomposites. Figure 2 reveals the functionalization of SWCNTs

by two macromolecules.

Method Principle Possible Interaction Reagglomeration
damages to with f-CNTs in
CNTs polymer  matrix
matrix
Chemical Side wall Hybridization of C atoms from Sp? to sp® * Strong *
method  pgfect Defect transformation * Strong *
Physical Polymer Van der Waals forces, n—m stacking _ Variable _
method  wrapping
Surfactant  Physical - Weak -
adsorption adsorption
Endohedral Capillary effect - Weak *

method

Table 1. Advantage and disadvantage of various CNT functionalization routes [33].

Commonly, solution method, a combination of dispersing CNTs in a liquid medium by

sonication, mechanical, and magnetic stirring mixing by the polymer solution, and finally

evaporating solvents is suggested to prepare a CNT-based UV-curable nanocomposite [7, 19,

54].

Figure 2. Different functionalized SWCNTs [73].
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Sonication is considerable step for breaking aggregates and entanglements of CNTs [20, 74,
75]. Homogeneously dispersed MWCNTs UV-curable resin by solution mixing method can be
achieved (Figure 3) [6].

Figure 3. SEM rift image of the morphology of AG/MWCNTSs UV-cured nanocomposite [6].

4. Characterization methods of CNT-based UV-curable nanocomposites

To characterize a CNTs/polymer nanocomposite, both the dispersion of nanofillers and the
interface between components must be studied. These two factors have massive influence of
the final nanocomposite properties.

The morphology investigation by the mean of dispersion is achieved by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) [19, 21, 41].

The photo curing process is perused by photo-differential scanning calorimetry (photo-DSC)
[10, 19, 21] and calculating gel content [7]. The kinetic of photopolymerization of nanocom-
posites is provided by real-time Fourier transform infrared spectroscopy (RT-FTIR).

Viscoelastic characterization, glass transition temperature (T,), Tan delta (the value of loss
factor), and damping values of the cured nanocomposites are carried out by dynamic me-
chanical thermal analysis (DMTA) and DSC [19, 23].

Thermal stability of the cured nanocomposite and its hardness can be investigated by ther-

mogravimetry [19] and nanoindentation [7, 19], pencil test [13], respectively.

5. Properties of UV-cured nanocomposite coatings based on CNT

In this section, the properties of CNTs based UV-cured nanocomposites are discussed. As
mentioned before, the final properties are influenced by the dispersion stated and interface
between CNTs and polymer. Having a well-dispersed CNTs within the polymer matrix results
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in good mechanical, physical, electrical, and thermal properties which individually will be
discussed. The addition of these filler to the polymeric matrices, influence the UV-curing
process, though enhance the final properties of the loaded composite such as conductivity,
surface and tribological properties, thermal and physical-mechanical of the cured nanocom-
posite.

5.1. Dispersion

The homogeneity and stability of CNTs in nanocomposites plays a significant role in the final
product. Figure 4 represents the TEM images of a CNTs/polymer nanocomposite. It reveals
even after sonication, some agglomerates are present. This suggests the use of wetting and
dispersing additives alongside with shear forces [10, 24].

Figure 4. The remaining agglomerates in TEM images even after sonication [19].

A good dispersion of CNTs within the polymer matrix (Figure 5) increases the physical and
mechanical properties of nanocomposite coatings [21].

Figure 5. SEM images of CNTs/polymer nanocomposite indicating good dispersion and interaction between nanofiller
and polymer matrix [21].
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5.2. Curing process

As mentioned in Section 1, the nanofiller may itself absorb the UV light, resulting to a com-
petition between photoinitiator and reinforcing nanofiller which can led to a less effective
curing process.

Figure 6 illustrates the absorption spectroscopy results of SWCNTs. As can be seen, CNTs have
light absorption in UV region.
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Figure 6. SWCNTs absorption spectroscopy.

To overcome this drawback, one can use higher UV light intensities and longer irradiation
times [7, 76]. Another approach to dominate this effect of CNTs. They used a hyper-branched
polymer (HP) in their formulation which caused an enhancement in final conversion. Their
results (Figure 7) reveal by the aid of HP in the CNTs/polymer nanocomposite, a higher
conversion in shorter time can be achieved.
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Figure 7. The effect of hyper-branches polymer in a CNT-based UV-curable nanocomposite [77].

Commonly used method for investigating curing process, kinetic of photopolymerization, and
curing behavior of UV-curable polymer is by photo-DSC, RT-FTIR and measuring the gel
content. In photo-DSC analysis, the heat of the photo-initiated polymerization reaction is
measured [4, 21, 77], In RT-FTIR method, the conversion of active groups is followed by
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monitoring the decrease in of those groups peaks in the conversion curves as a function of
radiation time (Figure 8) [7]. In this curve, the rate of polymerization (slope of the initial linear
segment) and the final value of conversion can be driven. It is perceived by using CNTs, both
the polymerization rate and the final conversion are decreased, but utilization of functionalized
CNTs, rises the T, of the system due to the formation of crosslinked polymer network,
hampering the mobility of active groups while the reaction progresses result in higher value
of conversion. This effect is more pronounced in UV-cured nanocomposite containing oxidized
CNTs.
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Figure 8. FTIR conversion curves for the neat cationically photocurable epoxy resin (CE) and it's composites at 1 wt%
of multi-walled CNTs (1% CNT) and 1 wt% oxidized of multi-walled CNTs (1% f-CNT) content [7].

The gel content values of the cured coatings can be obtained by the weight loss after being
adrift in solvent.

Table 2 represents the polymerization rate and gel contents of the neat polymer and the loaded
ones. The results suggest that the nanosize filler have great absorption of the UV-light, leading
to a strong shielding effect. It is revealed that these fillers reduce the generation of reactive
types at the initial of UV-induced reaction [7].

Sample Polymerization rate® (s™) Conversion® (%) Conversion® (%) Gel content (%)
CE 9.6 80 100 100

1% CNT 5.5 51 98 99

1% f-CNT 5.6 51 88 100

Values of the slope at the initial stages of the conversion-time curves.

*Value of the plateau in the conversion curves with a UV-light intensity of 35 mW/cm? and an irradiation time of 3 min.
Film thickness of 25 pum.

‘Determined by single spectra taken before and after 5 min of irradiation at 55 mW/cm?. Film thickness of 25 um.

Table 2. Conversion values and gel content of the nanocomposites with 1 wt% loading fraction [7].
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Furthermore, the addition in content of CNTs, influence the curing behavior of the nanocom-
posites. The more loading, leads to less curing conversion. This can be attributed to the
competition of UV absorption between the fillers and photoinitiators [77]. This reduction in
final conversion is shown in Figure 9.
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Figure 9. Curing behavior of photocurable epoxy acrylate with different CNTs content [77].

5.3. Surface properties

Surface properties of a UV-cured nanocomposite is divided into surface hardness and its
surface chemistry.

CNTs are unsaturated systems owning highly mobile electrons, depending on the polymer
chemistry, there would be distinct interactions [24]. Likewise, the functionalization type and
method is very important parameter to be controlled.

5.4. Tribological properties

One indication of good dynamic mechanical property of nanocomposite can be the elevated
surface hardness [7, 19]. Surface hardness can be measured by nano-/micro-indentation and

pencil test [20]. CNTs nanofillers are known to increase this property. These results are shown
in Figure 10.
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Figure 10. (a) Surface hardness values and (b) load vs depth curve [7].

CNTs have self-lubricating properties. In higher CNTs content in a nanocomposite, agglom-
erates are higher which increase the friction coefficient. Therefore, the tendency for matrix
fragmentation is enhanced, producing loose wear debris at the contact interface [19]. Fig-
ure 11 represents the friction coefficient of a UV-cured nanocomposite as a function of different
loadings. It is observed that wear rate is raised by the increasing of CNTs content.
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Figure 11. Friction coefficient (a) and wear rate (b) for CNT/polymer nanocomposite as a function of curing time by
UV-A irradiation cycles 12 and 24 h [19].

5.5. Conductivity

CNTs embedded in polymer matrix, are protruded from the surface, offer permanent electrical,
surface and volume conductivity [24]. In a CNT/polymer nanocomposite, the critical filler
content is called the percolation threshold. By formation of a CNTs interconnected tridimen-
sional network, a low-resistance path for the moving charge carriers is provided [54].

The geometry of nanofillers plays an important role in the formation of conductive pathways.
Using CNTs would increase both electrical conductivity and dielectric permittivity of the cured
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nanocomposite. This enhancement (Figure 12) is a proof of the formation of a conductive
network in polymer matrix [7].
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Figure 12. AC conductivity and permittivity vs frequency for nanocomposites at different loading [7].

By extrapolating the broadband AC conductivity, it is possible to obtain DC conductivity
values (Figure 13). In this figure, the filled areas represent the electrical percolation region for
each of nanocomposite differing in filler. It reveals that the most efficient nanofiller is MWCNT

[7].
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Figure 13. Values of the DC electrical conductivity of nanocomposite as a function of different nanofillers (CNT and
oxidized-CNT) [7].

Besides electrical conductivity, industry is interested in advantages of thermally conductive
polymer nanocomposite. These nanocomposites are light weight, corrosion resistant and easily
processed, which make them better candidate than metal parts. Using CNTs with its superior
efficient, thermal conductivity will overcome this demand [54].
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5.6. Dynamic mechanical properties

In analogy to neat polymers, filled nanocomposites are known to have higher T,. Figure 14
demonstrates the tan delta curves as a function of temperature for prepared nanocomposites.
The increased T, is followed by a shift in the maximum value of tan delta and a reduction in
damping. It can be revealed that CNTs would withhold the polymer chain movements led to
damping decrement and higher T,. By increasing the CNTs content, a stronger nanofiller/
polymer is attained, resulting in higher maximum value of tan delta and greater damping

effect due to the covalent banding between the components [77].
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Figure 14. Tan delta and E’ curve obtained by DMTA analysis for nanocomposites containing CNTs and functionalized
CNTs (f-CNT) [77].

Meanwhile, the changes in the modulus values driven by DMTA analysis are not significant
(Figure 15), although a slight increase in rubbery region is detected [7].
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Figure 15. Modulus obtained by DMTA analysis for different nanocomposites containing CNTs and f-CNTs [7].

It is well known that the addition of CNTs will raise the storage modulus and stiffness of the

nanocomposite (Table 3 Figure 16) [14, 19].



Carbon Nanotube-Based UV-Curable Nanocomposite Coatings
http://dx.doi.org/10.5772/62507

Samples Storage modulus® (MPa) Loss modulus® (MPa) T, (°O)
Neat 12 h 428 141 55

0.25 wt% MWCNT 12 h 570 166 58

0.75 wt% MWCNT 12 h 551 154 63
Neat 24 h 288 110 53

0.25 wt% MWCNT 24 h 507 135 58

0.75 wt% MWCNT 24 h 732 152 68
aData taken at 40°C.

Table 3. DMA results for neat polymer and nanocomposites [19].
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Figure 16. Storage modulus for neat resin and it’s nanocomposite at different loadings [19].

In nanocomposites, CNTs frequently turn in their direction within the polymer matrix. This
could improve the mechanical properties, likewise fatique resistance or bending strength. Even
in the case of no improving in mechanical properties, the good dispersion of CNTs would
prevent any negative impression on it [24].

6. Health and safety concerns

Using nanocomposites carrying nanofillers, some consideration must be count from fabrica-
tion of CNTs to the final application of the nanocomposite. The consideration for health and
safety of humans and environment.

The concern about CNTs is using its powder form and dusts. To prevalil this issue, dispersions
of polymeric wetting and additives of high molecular weight is suggested [24].

When embedded in polymer matrix, the concerns are about releasing of CNTs to the environ-
ment after the polymer degradation (Figure 17) [78].
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Figure 17. Schematic of releasing engineered nanomaterials (ENM) pathways from nanocomposite due to mechanical
degradation or chemical decomposition of the host materials [79].
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Figure 18. Conceptual model of engineered nanomaterial (ENM) released from UV-degraded polymer composite [79].
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Figure 18 represents the schematic of the UV exposure of nanocomposite filled CNTs and its
releasing procedure.

Researchers showed a good dispersion of CNTs within the polymer matrix may decrease the
releasing of nanofiller to the environment (Figure 19). It can be seen a large amount of
fragments are released from the bad dispersed material.

Figure 19. Electron microscope images of CNT/polymer composite with (a) good dispersion and (b) bad dispersion. (c)
and (d) show particles released from these material [79].

7. Conclusion

Filled UV-curable nanocomposites have gained attentions due to their low cost, improved
properties and being a fast and green process. Among nanofillers, carbon nanotube with their
unique properties as a nanofiller have been widely used. A challenge in these classes of
nanocomposite is the dispersion of the filler within the polymer matrix. Dispersion and the
interface between components play an important role in the final properties of the cured
nancomposite. A well-dispersed system led to better curing, enhanced mechanical properties,
improved thermal, and electrical behavior. Finally, the degradation of these nanocomposites
should take into account for the health of human and environment.
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Abstract

Following the development of the new electronic systems and communication
networks, the levels of electromagnetic contamination have risen dramatically in the
recent years. Every day, new studies appear searching for a way to mitigate the
electromagnetic interferences (EMI). At the same time, the rapid evolution of technol-
ogy forces the field to search for lighter and more efficient materials. The composites
using carbon allotropes (such as carbon nanotubes) and polymers as reinforcement are
gaining importance, due to the many advantages they exhibit in comparison to the
materials that were used until now. A great number of applications require absorp-
tion to be the main electromagnetic shielding mechanism, thereby making this review
necessary as a way to summarize the latest studies on CNT/polymer composites and
how to improve the absorption mechanism by changing the morphology and compo-
sition of CNTs.

Keywords: Carbon nanotube, Electromagnetic shielding materials, Electromagnetic
characterization, Nanocomposite, Electromagnetic absorber

1. Introduction

Electromagnetic interferences (EMlIs) occur when electromagnetic signals are unintentionally
transmitted from an emitter to another element by radiation and/or conduction, causing it to
behave in an unexpected way [1]. The problem arises from high-frequency signals coupled to
the main one that will radiate as they are conducted through and along the power wire. The
wire will behave as an antenna that will pick up other signals and transfer them to the circuit
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elements of the device [2]. EMIs, though part of our modern world, affect all electrical and
electronic devices, which are more indispensable everyday for the society. EMI shielding is thus
needed to suppress or attenuate electromagnetic radiation from emitters with materials that are
able to interact with those signals. Thus, one of the present needs is to find broad-band shields,
able to neutralize electromagnetic radiation in the GHz range. This requirement arises from the
fast development of electronics, which has led to microprocessors with greatly enhanced data
transfer speeds that operate at higher frequencies. Furthermore, the miniaturization and
manufacturing of such components demand high-performance and lightweight materials. Due
to the wide impact of telecommunications, several financially strong industrial sectors are
expectant about the progress of EMI shielding materials. These technological fields demand not
only efficient shields but also materials that meet specific criteria for each engineered design.
For example, chemical and corrosion resistance, lightweight, flexibility, tuneable morpholo-
gy, processing easiness and inexpensiveness are requirements that the materials must fulfil in
order to be applicable in flexible electronics (e.g., personal computers and mobile phones),
aerospace (e.g., satellite and aircraft’s manufacture) and automotive (e.g., integrated circuits)
industries [3]. In the field of aerospace engineering, a challenging sector is focused on military
stealth. For this specific purpose, radar-absorbing materials are needed. Much effort has been
done in this direction although absorption of electromagnetic energy remains challenging, due
to the need of accomplishing both low-reflection and high-absorption losses [2].

The exploration of new functional materials that enable to effectively block or filter broad-
band electromagnetic energy is an active field of research nowadays. Polymers offer several
advantages over traditional metals and ceramics used for EMI shielding. They can be easily
shaped; it is possible to prepare a variety of configurations and formulations and they are
substantially lighter. Although polymers are electromagnetically transparent, different strat-
egies are available to convert them into active electromagnetic shields. Graphite, carbon
black and carbon fibres were the first to be combined with polymers for the fabrication of
EMI shields [3-5]. The attention soon shifted to nanocarbons, since with lower-weight frac-
tions, more conductive composites could be obtained. In addition, to enable the entire cross-
section of a filler to be active in shielding, the dimensions of the conductive filler should be
less than the length of penetration of the incident radiation [6]. This penetration length is
usually very small for good conductors at high frequencies. Thereby, nanocarbon fillers are
adequate to shield in the GHz range. In this context, carbon nanofibres, nanotubes and gra-
phene, which have higher specific surface area and aspect ratio than their microscale ana-
logues, are promising candidates for the preparation of efficient EMI shielding composites.
Despite having been studied extensively in recent years, several factors affecting the per-
formance of nanocarbon/polymer composites as high-frequency electromagnetic shields re-
main unexplored or not completely understood up to date. Indeed, there are few reported
reviews on this application of nanocarbons [7-10], which show the need for new and repro-
ducible experimental data to facilitate the construction of realistic models to improve our
understanding.
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2. Electromagnetic shielding mechanism

When an electromagnetic wave (E;) impacts on a material (Figure 1), two waves are created
on the surface: a reflected wave (Ey) and a transmitted wave into the material (E_y). Inside the
material, a fraction of the wave (E, ;) may be dissipated as heat (E,) until it reaches the second
surface of the material. At this point, two new waves appear: one that is transmitted through
the surface (E;) and a new wave that is reflected into the material. This process is repeated
successively until it meets the criteria stated in equation 1:

E = ZER + ZEA + ZET (1)

Reflection

Figure 1. Mechanisms of attenuation of the incident EM power when it strikes a finite-dimensional media.

Both in the reflection and transmission processes, waves generated at each step may cause
constructive and destructive interferences depending on the sample thickness and frequency.
The reflection process on each plane of the material is what is called multiple reflections.
Therefore, the electromagnetic shielding efficiency, SE, of a material can be quantified as the
sum of three contributions: reflection, absorption and multiple reflections.

SE = SE, + SE , + SE, ?)

The electromagnetic shielding efficiency can be expressed as a function of: impedance
mismatch between the medium and the material (1, and 1), sample thickness (d) and skin

thickness (0):
n d 2d j
SE =20log| —— |+ 20I — | |+20log| 1- —
og( 4%] og[exp( 5)) og( exzﬂ( 5 ®3)

299



300 Carbon Nanotubes - Current Progress of their Polymer Composites

where the skin thickness is defined as the depth at which the field decreases to 1/e from its
initial value and is a function of frequency (f), permeability (1) and conductivity (o):

s=(nfuc)"” 4)

The impedance can be expressed as the relation between the electric and the magnetic fields,
where j accounts for an imaginary value and ¢ for the complex permittivity:

ﬂ:( j2rfu j 5

"1 o+ j2nfe

If the conductivity of the propagation medium is zero (0 = 0) and the conductivity in the con-
ductive material is(c > 27ife), equation 5 can be simplified as:

" {&J and 1, =(2”f “] ®)
O

&y

where the 0 index stands for the values in free space. Multiple reflections can be neglected
when the sample thickness is bigger than the skin thickness. In this case, the absorbed radiation
is high enough so that those constructive and destructive interferences cannot be produced,
and only two mechanisms are possible in the electromagnetic shielding process: reflection and
absorption. Taking this into account, and using equations 4 and 6, the electromagnetic
shielding (equation 3) can be expressed as:

SE{39.5+1010g(2;ﬂﬂ+[8.7d(n f,uO')m} "

Electromagnetic shielding can be determined from the reflection (R), absorption (A) and
transmission (T) coefficients as a function of the reflected, transmitted and incident powers
(Pg, Prand P, respectively), and therefore:

poBr B
I

R;T:
P

F] ;A:l—(R+T) (8)

In this way, the electromagnetic shielding can be expressed as:
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1 1 1-R
SE =1010g(?j;SER = IOIog(mJ;SEA = IOIog(Tj; 9

3. Measurement techniques

With a “Network Analyser,” it is possible to study the properties of electrical networks,
especially those associated with reflection and transmission of electrical signals, known as
scattering parameters, from a few MHz to 100 GHz. A two-ports network analyser emits
electromagnetic radiation (I) in the required frequency range from each side, and analyses the
reflected (R) and transmitted radiation (T) through the studied material. The three most
common configurations for measuring solid samples are waveguide, coaxial line and free
space arrangements (Figure 2).

MUT .
Incident (1) E Transmitted (T)

Reflccsed (R Network Analyzer
Waveguide Coaxial Line
- 8
MUT 2
Free Space ;
- | =

Figure 2. Configurations for EMI measuring solid samples.

Waveguide. Usually, it has a rectangular section. The sample is introduced at a precise distance
from the waveguide end. The size of the waveguide depends on the frequency range for which
it is prepared, and size decreases with increasing frequencies. The advantage of this system is
the easiness of the sample preparation. The disadvantage is the narrow range of frequencies
that can be measured. This causes that several waveguides are necessary to measure at high-
frequency ranges.

Coaxial line. The sample is introduced between the inner and the outer conductors at an exact
distance from the ends, and must be prepared as a rectangular toroid. For example, a coaxial
line for measuring frequencies from 0.5 to 18 GHz has an inner conductor of 3.04 mm and a
7.00 mm external conductor. The main advantage is that it is possible to measure at high-
frequency ranges on the same sample.
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Free Space. It is a non-contact measurement based on two opposing antennae, flanking the
sample. With this system, it is possible to measure a wide range of frequencies and to modify
the angle of incidence of radiation on the samples. The most important disadvantage of this
system is that the size of the samples must be considerably bigger than the previous techniques:
Dimension range is from 30-40 cm for a few GHz to 10-15 cm for frequencies near 20 GHz.

With a two-ports network analyser, the voltage ratio between the generated and the returning
electromagnetic waves for both ports is obtained (Figure 3).

Figure 3. Voltage generated and returning in a two-ports network analyser.

where V,, yV,, are voltages that come out of ports 1 and 2, respectively, and V,, yV,, are voltages
that return to ports 1 and 2, respectively. These voltages are related to the scattering parameters

()5 %Y%) w0
I/172 SZI SZZ I/aZ

as:

Therefore,
Vbl = SnVal + Sleaz and K;z = Sleal + Sszaz (11)

According to the maximum transfer theorem, if the opposite port is charged with an identical
voltage to the system impedance, then scattering parameters will be:

v, v, | v,
S =g Im.g In.g m
1 v, 2 v, 12 v, 21 v, (12)

If the material is homogeneous, then S;; = S, and S, = S,;. Therefore, S;; is the reflection
produced in the sample and S, is the transmission through the sample. The coefficients of
reflection, absorption and transmission powers will therefore be expressed as:



Carbon Nanotube Composites as Electromagnetic Shielding Materials in GHz Range
http://dx.doi.org/10.5772/62508

P
Ryl (13)
P 2
T :Fj :|S21| (14)
4=1=(R=T) =1~ (|5, +]s.") (15)

And therefore the shielding effectiveness is:

SE, = lOlog(lj :1010g[%] (16)
T s
1 1
SE :lOlog(—jlelog —_— 17
' — i (17)
- 1=ls |
SE, :1010g[—1 R]:l()log[—|s1;| ] (18)
T s

Shielding effectiveness gives information about the preferred deactivation mechanism, while
coefficients provide information on the fractions of the radiation lost by reflection and
absorption, when multiple reflections are neglected. Multiple reflections produced by the
interference of the reflected radiation in the first plane of incidence, and reflection produced
in the last plane of the material, originate constructive and destructive interference dependant
on the frequency. According to the Schelkunoff’s theory [11-13], multiple reflections can be
neglected when the sample thickness is larger than the skin depth, as mentioned above.

Figure 4 shows the skin depth as a function of frequency for samples with conductivities of
20, 30, 40 and 50 S.m™. In samples with a thickness of 4 mm, multiple reflections may be
negligible above 5 GHz. In Figure 4b, the effect of multiple reflections on measurements of
two different samples with the same thickness is shown. We can observe that the red sample
gives a signal close to 2 GHz while the black sample gives three signals close to 2, 5 and 9 GHz,
mainly due to the lower conductivity of the black sample. In order to avoid the sample
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thickness causing misleading reflections due to multiple reflections, the minimum frequency
for a shielding study must be 5 GHz for the sample in red and 11 GHz for the sample in black.

5
Multiple
redech Megligible multiple reflections
I ] RS —
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= (14
3 2]
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Frequency, GHz Frequency, GHz

Figure 4. (a) Skin depth as a function of frequency for samples with different conductivities. (b) Effect of multiple re-
flections of two samples with the same thickness and different conductivity. Colored rectangles show the frequency
range where multiple reflections are negligible.

4. Electrical properties of CNT composites

Electromagnetic shielding is closely related to the electrical properties of the composite.
Although several conducting particles have been studied, such as carbon black particles [14],
carbon fibres [15] or metallic fillers [16], CNTs have clearly demonstrated better properties due
to their high aspect ratio (L/d), higher strength and flexibility and lower density, making them
ideal as fillers.

There is a point, depending on the filler concentration in the composite, at which a conductive
pathis formed. This point has also been defined as the least concentration at which a composite
with conductive inclusions is capable of conducting direct current. This is known as “perco-
lation threshold,” the point at which conductivity increases greatly. Although a broad range
of polymers has been employed, there is a clear trend showing that with very small quantities
of carbon nanotubes, it is possible to achieve the required percolation threshold. Below the
percolation threshold, polymers behave as insulators for which conductivity, that increase
with temperature, is generally determined by thermally assisted hopping or charge tunnelling
between the charged particles [17]. On the other hand, when the percolation threshold is
reached, conduction through the polymer occurs. A schematic diagram of how percolation
threshold occurs is shown in Figure 5. Numerous studies have shown that the percolation
threshold depends strongly on the polymer type, synthesis method used, aspect ratio of the
CNT, how agglomerated these CNTs are in the polymer matrix and their degree of alignment
[18].
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Figure 5. Schematic variation of electric conductivity with filler volume fraction for conductive nanocomposites.

The conductivity in these composites can have different values depending on the kind of
conductivity that is measured. Conductivity can be measured either by direct current meas-
urements (DC) or by alternating currents (AC). Determining the conductivity of a composite
with direct current is quite straight forward, and there are several paths to achieve this. For a
sample with length L and cross-section A, conductivity is given by:

Opc=—— (19)

where R is the resistance which is measured applying a direct current and measuring a value
for the voltage through the use of Ohm’s Law. But this is not the only method available to
calculate DC conductivity. The DC conductivity of the composites can also be determined from
the frequency dependency of the AC conductivity graphs, as the value obtained for low
frequencies where the conductivity is independent of the frequency used. The value of this
plateau is the value of the DC conductivity. If the DC conductivity is known, then the perco-
lation threshold can be easily calculated by using the known percolation theory, which defines
an insulator-conductor transition and is stated as op=0,(p - p.)!, where 0, is a scaling factor, p
is the CNT weight fraction, p. is the percolation critical concentration and ¢ is a critical exponent
that governs the scaling law when close to the percolation threshold. This critical exponent is
expected to depend on the system dimensionality with calculated values of 1.33 for two
dimensions and a value of 2 for three dimensions [19]. The data can then be fitted to the
equation in order to obtain the best-fitting values for percolation threshold and critical
exponent for each case [20].

AC conductivity can be calculated as:
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0,.=2nfe¢ (20)

where fis the frequency at which the measurement is done, ¢, is the dielectric constant in free
space, ¢, is the imaginary part of the complex permittivity. It is therefore obvious that this
conductivity depends on the frequency used. This is the reason why DC conductivity remains
as a constant value when a sweep in frequency is done, whilst AC conductivity varies. To
understand fully how the changes in current affects the medium, it is important to notice that
carbon nanotubes in a dielectric medium can be compared to many capacitors inside the
composite.

The permittivity of a medium represents how much flux (or electric field) is generated per unit
charge in the medium. More electric flux is generated in a medium with lower permittivity
due to polarization effects. An efficient dielectric supports a varying charge with minimal
dissipation of energy in the form of heat. The real part of the complex permittivity (¢”) is related
to the stored energy in the capacitor when a polarization in the dielectric occurs. It can be
explained as the ability of a material to polarize as a response to an applied electric field. So,
the greater the polarization developed by a material in an applied electric field, the greater the
value of the dielectric constant. However,in the presence of an alternating current, this
polarization is different. As the alternating current switches, the direction of the field also
switches and the polarization of the dielectric needs to change in order to align with the new
direction. For this new orientation to occur, a small time known as relaxation time is needed
and this value is usually close to 10-11 seconds. However, if the frequency of the AC current
is higher than the relaxation time, the orientation of the dipole would not be able to keep up
with this change and hence will cease to contribute to the polarization of the dielectric.
Therefore, as the frequency of the AC current is increased, the value of the dielectric constant
drops, until it becomes equal to 1, which is the same as the dielectric constant of vacuum.
Dielectrics usually loose energy through two main mechanisms and this is known as the
dielectric loss parameter (¢ *); in conduction loss, a flow of charge through the material causes
energy dissipation, and the dielectric loss usually occurs due to the movement of the charges
in an alternating magnetic field as polarization switches direction. Dielectric loss is usually
highest around the relaxation or resonance frequencies of the polarization mechanisms as the
polarization starts to lag behind the applied field, which causes interactions between the field
and the dielectric polarization that result in heating. This must be taken into account when
calculating the AC conductivity, and thus the reason why it appears in the formula mentioned
above [21, 22].

5. Electromagnetic shielding of CNT composites

A wide range of values for EMI SE and conductivities have been reported in the literature over
the past few decades, depending greatly on the processing method, polymer matrix and carbon
nanotube type (Table 1). This part of the chapter is designed to be a comprehensive source for
polymer composite research including fundamental relationships between the CNT structure,
percolation threshold values, processing techniques, EMI SE and conductivity values. The
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results in most cases show an enhancement of the electrical conductivity by several orders of
magnitude, with the addition of CNT to the matrix.

Matrix CNT content Thickness (mm) Y SET (dB)  Frequency Reference
S/m (GHz)

PU 22 wt % 0.1 5 20 8-12 [23]
PU 10 wt% MWCNTs >0.2 124 29 X-band [24]
PU 5 wt.% SWCNTs 2 100 22 X-band [25]
PU 10 wt% MWCNT 2.5 790 416 X-band [26]
PU/PEDOT 30 wt% MWCNT 2.5 275 45 12.4 [27]
PU 76 wt% 1 2100 80 X-band [28]
Cellulose 9.1 wt% 0.2 375 20 15-40 [29]
Cellulose 0.45 vol% 0.01-0.02 1.80 20.8 8-12 [30]
PS 15 wt% N/A 0.1 19 8-12 [31]
PAN 2 wt% N/A 0.006 20 0.3-3 [32]
PMMA 40 wt% MWCNT 0.06-0.165 3000 27 0.05-13.5 [33, 34]
PMMA 10 vol% MWCNT 2.1 150 40 X-band [35]
Epoxy 15 wt% SWCNT 15 15 30 X-band [36]
pPC 15 wt% MWCNT 6 1000 28 X-band [37]
PTT 10 wt% MWCNT 1.5-2 30 42 Ku-band [38]
PVDF 3.5 wt% 1.1 100 17.7 X-band [39]
UHMWPE 10 wt% 1 100 50 8-12.5 [40]
PEDOT 15 wt% 2.8 1935 58 12-18 [41]
HDPE 18 wt% MWCNT 3 1000 58 0.5-1.5 [42]
PE 5 wt% 2.1 80 46.4 8-12 [43]
PCL 0.25 vol% 2 25 80 X-band [44]

Table 1. Electromagnetic shielding of some CNT polymer composites.

As a general trend, it can be observed that the addition of carbon nanotubes increases the
conductivity and electromagnetic shielding efficiency in the composites at the same frequency
value. Jia et al. [42] stated that to obtain 20 dB (the minimum commercially acceptable EMI
SE), a minimum conductivity of at least 1 S.m™ is necessary. It is worth mentioning that the
thickness of the sample is an important factor to consider [41], as thicker samples would display
higher EMI SE, as shown in equation 3. According to Pande et al. [33], multiple laminated
composites exhibit higher absorption capacities than bulk composites, due to internal reflec-
tions taking place between the boundaries of each layer. This effect can be compared to the
effect found on Salisbury screens.
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EMI SE and conductivity are affected greatly by the processing techniques used. Al-Saleh et
al. [39] compares various processing techniques and concludes that the best processing method
in order to obtain the best EMI SE is by melt mixing [45]. This technique is better than solution
processing [12], and at the same time solution processing is better than wet mixing [39].

When good EMI SE properties are required, melt mixing is the main technique used due to
several factors; first, the dispersion of the carbon nanotubes obtained with this technique is
much better than the one obtained with other techniques. Secondly, the nanotubes do not break
with melt mixing, unlike with techniques such as ball milling or co-precipitation, which gives
the composite a better conductivity overall and therefore enhances the electromagnetic
shielding properties. Ultimately, melt mixing does not use any solvents, making this technique
environmental-friendly unlike in-situ polymerization or solvent casting [46].

Some studies have shown that the percolation threshold depends strongly on the alignment
and aspect ratio of the filler used. On this regard, rod-like fillers such as carbon nanotubes
exhibit higher aspect ratios than spherical particles, allowing the percolation threshold to be
achieved with lower filler concentration. If the fillers stick together, in a process known as
agglomeration, the percolation threshold rises due to the aspect ratio being smaller as com-
pared to well-dispersed fillers. Again, continuing with the importance of aspect ratio, Gupta
et al. [26] and Huang et al. [35] demonstrated that the longer the CNTs the better the conduc-
tivity and therefore the electromagnetic shielding efficiency. Qin et al. [10] and Du et al. [18]
proved that a secondary mechanism affecting the percolation threshold exists: alignment
percolation. It was shown that aligned fillers tend to have higher percolation thresholds than
anisotropic oriented fillers. This is due to the probability of a conductive path forming in the
matrix being higher, than in oriented filler composites. Also, aligned fillers have worse
conductivity, as fewer contacts between the tubes exist [45].

The type of carbon nanotube used, being single-walled carbon nanotubes (SWCNT) and multi-
walled carbon nanotubes (MWCNT) the main types, also seems to have an effect on the EMI
SE parameters. Comparing SWCNTs to MWCNTs, it is possible to notice the greater number
of defects present in the MWCNT, which also causes higher permittivity. In a series of papers,
it has been studied that the defects and impurities of CNTs have become impediment to
properly describe the polarization mechanisms and ohmic losses of the composite materials
[41]. This makes MWCNT have higher EMI SE, with the main shielding mechanism being
absorption. However, other references analyse the differences in conductivity caused by the
type of CNT used, and it seems that the impact on conductivity depending on CNT type is
very small [42].

It is widely accepted that altering the carbon nanotube structure by functionalizing them
disrupts the conductivity of isolated nanotubes. However, there are exceptions to this rule, as
demonstrated by Tamburri et al. (2005) [22] where functionalizing the SWCNT with carboxylic
groups enhanced the conductivity in the composites by a factor of 140, as compared with the
unfunctionalized nanotubes which only showed an increase of 20 times the conductivity. This
functionalization also improved the dispersion in the matrix, outweighing the advantages as
compared to untreated carbon nanotubes. Apart from good EMI SE, composites must fulfil
some important requirements, such as enhanced mechanical properties [27], light weight [40],
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good processability [23-26], low cost [38] and environmental-friendly [29, 44]. This is the
reason why several polymer matrices have been studied in order to suit each and any of the
desired applications, in particular EMI SE.

Dielectric properties of the polymer used are important, as polymers with high permittivity
result in higher conductivities. The main objective is to search for conductive polymers (such
as PEDOT), in order to block the EM radiation. However, some polymers are not conductive
and alternatives for achieving high conductivities are searched. There are two main categories
of the polymers used to achieve conductive composites: intrinsically conductive polymers
(ICPs) and polymer composites with conductive particles. Polypyrrole and polyaniline are the
most frequently used ICPs. Non-conductive polymers have been added to these composites
to enhance the mechanical integrity of the mixture, as ICPs are normally brittle. Farukh et al.
[27] used polyurethane with the previously mentioned PEDOT, with the objective to obtain a
final composite with better elasticity, high impact strength and elongation properties. The
drawback in most cases is the high load of ICP that is needed to attain high conductivities,
which is detrimental for the processability of the blends. The alternative like mentioned above
is to insert conductive fillers in the polymer matrix. The fillers do not depend only on the
intrinsic electrical properties of the individual particles but also depend on the interparticle
interactions. On this regard, carbonaceous materials such as CNTs and graphene have been
used as conductive fillers, as they possess large conductivities with very low densities as
compared to metallic particles, providing the composite with very good electrical properties
and maintaining low weights.

From a theoretical point of view, four composites with a thickness of 4 mm and varying CNT
compositions, which can originate DC conductivities of 20, 30, 40 and 50 S.m™, are studied. If
the reflection and absorption shielding are calculated (Figure 6), it will be observed that
increasing the conductivity increases both shielding mechanisms.
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Figure 6. Reflection shielding and reflection coefficient (R) of specimens with 20 (O), 30 (0), 40 (A) and 50 S.m™ (V).
Absorption shielding and transmission coefficient through the first plane of incidence (1 - R) of specimens with 20 (m),
30 (®),40 (A)and 50 (V) Sm™.
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The absorption shielding is the preferred mechanism in all cases with values higher than 20
dB for samples with only 4 mm thickness, whereas the reflection is always less than 10 dB.
This would suggest that the predominant process is absorption. However, if the reflection
coefficient from equation 8 is calculated, the conclusions are not the same.

Figure 6 shows the reflection coefficient (R) and the transmission coefficient through the first
plane of incidence (1 - R). If these values are analysed, it is observed that between 60 and 90%
of the incident radiation is reflected, while the transmission coefficient is never over 40%. This
means that while the preferred shielding mechanism is the absorption, most of the radiation
will not be able to enter the material and therefore will be unable to absorb it.

We can conclude, from the previous explanation, that both reflection and absorption increase
with the conductivity of the material. High conductivity promotes both processes: absorption
increases but reflection is also favoured, so that just a small part of radiation is able to penetrate
into the material and behaves as a reflector. Low conductivity worsens both reflection but
mainly absorption, as more radiation is able to penetrate into the material and thus be
absorbed. Nevertheless, when conductivity is low, the multiple reflection process increases
and the material behaves as a reflector. Therefore, is high or low conductivity necessary? “That
is the question”.

Reflection process is located in the incidence plane, while absorption process depends on the
material thickness. Modification of the first incidence plane to decrease the impedance
mismatch between the medium and the material is therefore necessary.

In an attempt to minimize the reflection from a surface, it is useful to consider the physical
equations that represent the reflection process. This equation describes the reflection coeffi-
cient at an interface:

=T]M _770 =ZM_ZG
nM+770 ZM+ZO

7

(22)

where r is the reflection coefficient and n the admittance of the propagating medium
(subscript o for incident medium or air and M for the substrate). The admittance in this
equation can be replaced by the intrinsic impedance (Z = 1/n). The reflection coefficient falls
to zero when 1, =1, , or in other words the material in the layer is impedance matched to
the incident medium.

Absorbers can be classified into impedance matching and resonant absorbers (Salisbury
screens). Impedance matching (pyramidal) absorbers are shielding materials that reduce the
impedance step between the incident and the absorbing media. In resonant materials, the
impedance is not matched between incident and absorbing media and the material is thin so
that the power is not completely absorbed. Pyramidal absorbers [45] are typically thick
materials with pyramidal or cone structures extending perpendicular to the surface in a
regularly spaced pattern. The interface of these structures presents a gradual transition in
impedance from air to that of the absorber. The height and periodicity of the pyramids tend
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to be on the order of one wavelength. The disadvantage of pyramidal absorbers is their
thickness and fragility. They are usually used for anechoic chambers.

It is well known that a "Salisbury screen" is based on a sandwich structure of a dielectric
between two conductive sheets. When the electromagnetic wave is incident upon the first
layer, a portion of the radiation is reflected, while another portion penetrates into the dielectric
sheet towards the second conductive sheet. In the second plane of incidence, the reflection of
radiation occurs in the direction of the first plane of incidence and part of this is able to go
through this conductive sheet and towards the exterior. The reflected radiation in the first and
the second planes can produce constructive and destructive interference. Destructive inter-
ference occurs when the distance between the conductive sheets is a multiple of a quarter of
the wavelength (see Figure 7).

Salisbury Screem hemogeneous material
dielectric .
e : moderate conductivity
Resistive Metalic
foil foil
B — —_—
N | i —
1 1
i % i —d
L < L —
E interferences | ! interferences |
I [
A A
f= f=—
4.fs, 4s,
t t

Figure 7. Interferences between reflections produced over the first and second planes in a Salisbury screen and a ho-
mogeneous conductive material.

The process is equivalent in homogeneous material with moderate conductivity. In both cases,
a maximum electromagnetic shielding occurs at a certain frequency. In Figure 7, a qualitative
behaviour of (SE) with the permittivity in samples with thickness of 4 mm is shown. It is
possible to observe how a maximum displacement of the shielding occurs by increasing the
permittivity of the dielectric. In homogeneous materials with moderate conductivity, processes
of energy dissipation can exist. These processes that arise from the first to the second plane,
back and forth propagation of the waves, dissipate some of the radiation and therefore
interferences that should have been produced in the first plane are lower.

Another form to minimize the impedance mismatch between the medium and the sample is
the use of porous materials. To address the problem of the impedance mismatch when using
highly conductive carbonaceous nanoparticles, special focus on their microscopic organization
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should be taken. Optimally, a highly porous outer surface with a pore size similar to the
incident radiation would be required. In principle, when radiation impinges on the surface of
a porous conductive material, it becomes distributed among the pores and their walls. The
major portion of the reflected radiation will arise from reflections with the pore walls, being
reflections from the inner part of the pores a much smaller contribution. Therefore, the fraction
and size of the pores created on the surface of a conductive compound may be good tools for
modulating the phenomenon of electromagnetic reflection. If the process of reflection is
decreased, a larger fraction of the radiation will penetrate into the material, being able to
remove it by another mechanism (absorption). Different studies support this effect. For
example, Zhao et al. [47] studied the shielding behaviour of carbon fibre epoxy composites,
varying the thickness of the fibres and the size of the grid; the authors observed that when the
ratio grid size/thickness of fibre increased, the reflection of electromagnetic radiation de-
creased. These data confirm the possibility to decrease the impedances mismatch for mini-
mizing the reflection losses using porous structures in such a way that the walls are formed
by conductive fibres for increasing the absorption in the material.

An important consideration for the designer of absorbing materials concerns the absorption
efficiency with respect to weight. CNTs absorbing properties originate either from polariza-
tion, ohmic losses or multiple scattering due to the large specific surface area. There are
differences in absorbing properties depending on the type of CNTs [48]. As we have com-
mented previously, compared with single-walled CNTs (SWCNTs), multi-walled CNTs
(MWCNTs) have more defects due to their complicated structure and higher permittivity, and
their absorption is due to dielectric relaxation. The absorption properties of CNT composites
depend on multiple factors [4, 10]: interfacial polarization, particle geometry, fibre concentra-
tion and particle dispersion.

Composite materials with conducting fibres have a frequency-dependent effective permittiv-
ity. To characterize the electromagnetic properties of composite media, it is important to know
the electromagnetic parameters of a host (matrix, base) material and inclusions.

6. Trend in electromagnetic shielding materials

The development of new materials with the purpose of electromagnetic shielding has evolved
in the past few years towards the study of carbon structures. The three principal types of carbon
architectures employed for this purpose are carbon nanotubes and graphene.

6.1. Carbon nanotubes

Carbon nanotubes, in the form of cylindrical carbon molecules, exhibit high strength and count
also with high electrical and thermal conductivity due to their symmetry. These allotropes can
be formed by a single (SWNT) or several walls (MWNT), and the variation in their diameter
can vary greatly their electrical properties [46, 49]. As studied in previous sections, their aspect
ratio has a great effect in electromagnetic shielding applications. Carbon nanotubes have been
used in several investigations as reinforcements in host matrices, in order to accomplish a 3D
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shielding structure. In particular, Li et al. merged single-walled carbon nanotubes with a
polymeric matrix (15%), and a EMI SE of 15-20 dB was obtained for 1.5 GHz of frequency, a
frequency range dominated by reflection [50]. Increasing their weight percentage in the
composite enhances the shielding efficiency of the material but decreases its mechanical
properties and processability, so a compromise between these properties for each application
must be obtained. Figure 8 shows CNT foams synthesized by chemical vapour deposition
(CVD) with SE; of to 22 dB in almost the entire frequency window (1-18 GHz) for the 2.38 mm
thick CNT-foam slab [11]. CNT foams possess extremely low densities lower than 0.02 g cm™
and the higher specific shielding efficiency obtained of 1100 dB cm?® g".

Figure 8. (a) Specimens and coaxial airline used for EMI shielding measurements. (b,c) SEM images of sponges. (d)
TEM image of CNTs that are forming the sponges [13].

6.2. Graphene

Graphene can be regarded as the current state-of-the-art material in the study of EMI shielding.
It is a two-dimensional hexagonally-packed carbon structure, of sp? hybridization, where the
free carbon electrons align perpendicular to the plane, thus forming an out-of-plane 7 bond.
Graphene counts with high mechanical properties, charge carriers mobility, thermal conduc-
tivity and light weight and quantum Hall effect at room temperature. Its ability to form three-

313



314  Carbon Nanotubes - Current Progress of their Polymer Composites

dimensional structures is the main advantage that differentiates it from carbon fibres and
nanotubes, enhancing this carbon hybrid as a suitable candidate for the ES of structures, such
as radars.

Conductivity of graphene decreases as the layer increases, approaching to that of graphite.
This conductivity is determinant for the losses in reflection and conduction; on the other hand,
polarization loss is enhanced by the functional groups and defects. The decreased thickness
of graphene enhances the conduction loss due to the increase in conductive paths. Polarization
loss is the reason why chemically fabricated graphene is normally used for EMI shielding,
whose conductivity is, in fact, lower.

Over time, ultra-thin graphene composites arose, with which more than 20 dB of EMI SE could
be achieved. This mixture combines the excellent EMI shielding properties of graphene, with
the mechanical strength of the matrix material. Graphene has been blended with multiple
polymers, such as epoxy [51], polystyrene (PS) [52], polyethylene (PE) [53] and polyurethane
(PU) [54, 55], among others [56].

More specifically, as mentioned before, the possibility to form three-dimensional (3D) porous
foams with ithave been carefully studied in recent investigations. As porous carbon structures,
they count with excellent conductivity, and a high specific surface area can be achieved. With
these holes, reflection can be lowered, due to the decrease in the external surface of the
structure, and absorption can be enhanced, thanks to the multi-reflection inside the pores.
Figure 6 shows a pore structure inside a three-dimensional CNT structure.

In an investigation of Zhang et al. [57], a three-dimensional graphene porous structure was
fabricated by hydrothermal polymerization of a carbon source (a mixture of phenol and
formaldehyde) with GO (graphene oxide) in order to get these three-dimensional structures,
which were later activated chemically —with KOH —to achieve the conductivity and desired
surface specific area values. It is worth mentioning that surface specific area increases when
GO is combined with a carbon source: the carbon source or GO by themselves had much lower
values of specific surface area. The obtained material, few-nanometres long, had a specific
surface area of 3523 m*g™ and a conductivity of 303 S.m™.

Another type of graphene three-dimensional structures were the graphene sponge (GS)
scaffolds infiltrated in epoxy resin to form a GS/epoxy composite, built and studied by Li et
al. [58]. There are two main problems of manufacturing graphene-polymer composites. The
first is the reduced dispersion of graphene in a polymeric matrix, as a result of the graphene
sheets’ strong intermolecular connections and their high specific surface area; the second one
arises when low filler content is added, so that the graphene sheets are surrounded by polymer
chains, which affects the thermal and electrical conductivity of the composite material. It is
clear then that an optimum ratio of polymer/graphene is needed in order to avoid these
problems. In this study, the assembly into a three-dimensional sponge of GO sheets was
performed using a hydrothermal plus freeze-drying treatment, followed by a vacuum infusion
process to obtain the final composite. This method permits ease in the production, saving
resources (low cost) and can be applied at different scales.
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GO suspension was synthesized using the modified Hummers” approach. The GS obtained
had a density of 0.022 g.cm™, an ultra-low value for this property. The epoxy resin could be
infused into the GS because of its open pore structure. The size and of the GS did not change
after the vacuum process, showing that no shrinkage occurs. It could be stated that the
conductivity of the GS/epoxy composite was comparable to that of the GS. It is worth to
mention that the conductivity of the graphene sponges is isotropic; an effect accredited to the
random distribution of the reduced graphene sheets.

The thickness of these graphene structures is also of vital importance for the electromagnetic
shielding efficiency. Song et al. [59] proved in their investigation that the SE of graphene-based
structures increased with increasing thickness of the sponges: 28 dB for 2mm and 36 dB for 3
mm of thickness.

6.3. Graphene-CNT hybrid structures

In recent investigations, the possibility to blend large surface area, one-dimensional carbon
nanotubes within a high charge density, two-dimensional graphene matrix has been studied.
Generally, CNTs tend to agglomerate in organic dispersion; therefore, numerous efforts were
developed to disperse the CNT by using micelles, ionic liquids, surfactants, polymer wrapping
and other chemical functionalization approaches. It has been proved that GO could be a better
dispersant to form a stable dispersion of CNT and the resulted dispersion is a novel hybrid
named as graphene oxide-CNT (GO-CNT) [60]. Studies proved that GO-CNT and graphene-
CNT hybrid nanomaterials exhibit higher electrical conductivities, large specific area and
catalytic properties compared with either pristine CNTs or GO/graphene [61]. The strong m—
1 stacking interaction operating between graphene and CNT makes a three-dimensional
network for the hybrid material and provide exceptional stability [62]. The CNTs act as
conducting wires inside the already conducting graphene structure, thus promoting the
conductivity of the hybrid material. In particular, Mani et al. [63] compared the suitability of
graphene oxide (GO) structures merged with CNTs. GO was obtained by chemical oxidation
of graphite into graphite oxide, and subsequent exfoliation into monolayer graphene. It could
be stated that GO was more beneficial to obtain a stable dispersion of CNTs in its three-
dimensional structure. The forces between these two architectures were found to be m-7
interactions. In another study, Chen et al. [64] used graphene-MMCNTs structures to study
the EMI shielding of these hybrid structures. A shield of 80-90% of the power density could
be achieved with these sponges.

7. Conclusions

The latest techniques and strategies to develop new CNT/polymer composites with electro-
magnetic shielding properties have been reviewed. In composites with CNTs dispersed into
a polymeric matrix, better EMI SE results are obtained with the increase of sample thickness
and filler conductivity. Thus, it is possible to conclude that multi-walled carbon nanotubes
exhibit better shielding properties than single-walled carbon nanotubes. At the same time,
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having longer or better dispersed carbon nanotubes translates into lower volume fractions of
filler needed in order to reach the percolation threshold in the composite. At the same time,
the possibility of minimizing the reflection mechanisms in electromagnetic shielding leading
to purely (or mostly) absorbent materials has been proved. Equilibrium between the mor-
phology and the conductivity of the material must be searched, being this one of the reasons
why foams are gathering most of the attention in the field, as they allow the radiation to enter
through the porous surface and is then absorbed in the interior. At the same time, it possesses
the enormous advantages of being light-weight and easy to manufacture, opening the field of
these foams for new application. A theoretical introduction to the problem of electromagnetic
shielding has been introduced, showing an insight into the ways to calculate it and the
measuring equipment used at present for this purpose.
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Abstract

Water-dispersible carbon nanotubes (WD-CNTs) have great importance in the fields of
biotechnology, microelectronics, and composite materials. Sidewall functionalization is
apopular method of enhancing their dispersibility in a solvent, whichis usually achieved
by strong acidic treatment. But, treatment under such harsh conditions deviates from
green chemistry and degrades the structure and valuable properties of CNTs. Alterna-
tive safer and easier plasma method is discussed to produce functionalized CNTs (f-
CNTs). The /~CNTs remain dispersed in water for more than 1 month owing to the
attachment of a large number of carboxyl groups onto their surfaces. The WD-CNTs are
applied to produce conductive cotton textile for the next generation textile technolo-
gies. Nonconducting cotton textile becomes electroconductive by repeatedly dipping into
the f-CNT-ink and drying in air. The f-CNTs uniformly and strongly cover the individu-
al cotton fibers. After several cycle of dipping into the f-CNT-ink, the textile becomes
conductiveenoughtobeusedaswireinlightingupan LED. Asademonstrationof practical
use, the textile is shown as a conductive textile heater, where the textile can produce
uniformly up to ca. 80°C within ca. 5 min by applying an electric power of ca. 0.1 W/cm?>

Keywords: carbon nanotubes, plasma-functionalization, water dispersibility, electro-
conductive cotton, nanocomposites

1. Introduction

Carbon nanotubes (CNTs) possess a unique place in nanoscience owing to their exceptional
electrical, thermal, and mechanical properties [1]. They have found applicationsin areas diverse
as composite materials, energy storage and conversion, sensors, drug delivery, field emission
devices, and nanoscale electronic components [2]. Water-dispersible CNTs (WD-CNTs) have
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great importance in the fields of biotechnology, microelectronics, and composite materials [2—
5]. However, the stable dispersion of CNTs in solvent without changing their physical proper-
ties is a significant challenge and a prerequisite for their applications [6-8]. Sidewall function-
alizationis a popular method of enhancing the dispersibility of CNTs, whichisachieved usually
by oxidizing CNTs by strong acids or oxidative gases [6, 9-10]. But, treatment under such harsh
conditions deviates from green chemistry, and effect in the change of the CNT structure [9-11],
which markedly degrade their basic properties [6, 12]. To overcome these problems, alterna-
tive safer and easier functionalization methods should be considered. In this chapter, we will
discuss about different functionalization methods, especially, the method we have developed
in our laboratory to functionalize the CNTs to enhance their water dispersibility.

Possible applications of WD-CNTs will also be discussed, where we will demonstrate the
applications of the WD-CNTs to produce conductive cotton textile for the next generation
textile technologies. Integration of electronics is one of the smart applications of the textile,
which covers the applications in high-performance sportswear, wearable displays, new classes
of portable power, and embedded health monitoring devices [13-20]. Recently, interests on
the preparation of lightweight and flexible electrothermal materials have been increased for
the aviation and aerospace industries, microreactor technologies, and different kinetic systems
[14-20]. Resistive wires made of metal alloys have been used as the heat source in many
appliances, but in those cases flexibility is poor, and the heat is localized at the wires [20]. If
flexible cotton textile can be used as a heating element, it would offer a spectrum of advantages
over these traditional materials [13, 20-23].

2. Potential applications of CNTs

The properties of CNTs have caused researchers and companies to consider using them in
several fields [2, 24].

2.1. In composite technology

Because CNTs have the highest strength to weight ratio of any known material, combining
them with other materials into composites can be used to build lightweight spacecraft,
windmill blades to increase the amount of electricity generated, stronger bicycle components
made by adding CNTs to a matrix of carbon fibers, cables strong enough to be used for the
space elevator to drastically reduce the cost of lifting people, and materials into orbit. In
addition, new materials combined with nanosensors and nanorobots could improve the
performance of spaceships, spacesuits, and the equipment used to explore planets and moons.

2.2. In biotechnology

CNTs can easily penetrate membranes such as cell walls [25]. The long and narrow shape
makes them look like miniature needles, so it makes sense that they can function like a needle
at the cellular level [25]. Medical researchers are using this property by attaching molecules to
CNTs that are attracted to cancer cells to deliver drugs directly to the diseased cells. Another
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interesting property of CNTs is that their electrical resistance changes significantly when other
molecules are attached to the carbon atoms [26]. This property is utilized to develop sensors
that can detect chemical vapors such as carbon monoxide or biological molecules [26]. They
are also used to improve the healing process for broken bones by providing a CNT scaffold
for new bone material to grow on.

2.3. In electronics

CNTs can be used to increase the capabilities of electronics devices while reducing their weight,
size, and power consumption, for example display screens on electronics devices or highly
dense memory chips with a projected density of one terabyte of memory per square inch or
greater. CNT ink is used in inkjet printers for printable electronics devices.

2.4. In environmental issue

CNTs are being used in several applications to improve the environment. These include
cleaning up existing pollution, improving manufacturing methods to reduce the generation
of new pollution, and making alternative energy sources more cost effective. Inexpensive CNT-
based sensor can detects bacteria in drinking water. Because of the small size of CNTs with
high surface area, a few gas molecules are sufficient to change the electrical properties of the
sensing elements. This allows the detection of a very low concentration of chemical vapors.

2.5. In energy

Use of CNT in solar cells can reduce manufacturing costs as a result of using a low temperature
process instead of the high temperature vacuum deposition process typically used to produce
conventional cells made with crystalline semiconductor material [27]. They can reduce
installation costs by producing flexible rolls instead of rigid crystalline panels, and therefore
can be installed as a coating on windows or other building materials as integrated photovoltaic
[27]. CNTs can decrease the power needed to run reverse osmosis desalination plants because
water molecules pass through CNTs more easily than through other types of nanopores. They
are used to make current collecting layer for the cathode in batteries and as electrodes in
thermocells that generate electricity from waste heat. Combining CNTs with buckyballs and
polymers inexpensive solar cells can be produced by simply painting on a surface. CNT-based
supercapacitors do even better than batteries in hybrid cars by significantly reducing the
weight of the batteries needed to provide adequate power, increasing the available power, and
decreasing the time required to recharge a battery.

2.6. In consumer products

CNT has already found its way into lots of consumer products such as fabric, sporting goods,
cleaning products, food, building materials, and skin care. The composite fabric with CNTs
allows improvement of fabric properties without a significant increase in weight, thickness,
or stiffness.
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3. Functionalization of CNTs

CNTs in all their forms are difficult to disperse and dissolve in water or organic media [24,
28]. They are extremely resistant to wetting, which is very important for different applications.
A suitable functionalization of the CNTs, i.e., the attachment of chemical functionalities
represents a strategy for overcoming these barriers, and thus become an attractive target for
synthetic chemists and materials scientists. Functionalization can improve dispersibility [29]
and processibility, and will allow combination of the unique properties of CNTs with those of
other types of materials. Chemical bonds might be used to tailor the interaction of the CNTs
with other entities, such as a solvent, polymer and biopolymer matrices, and other nanotubes.
Functionalized CNTs might have mechanical or electrical properties that are different from
those of the unfunctionalized CNTs, and thus may be utilized for fine-tuning the chemistry
and physics of CNTs.

Covalent functionalization MNoncovalent functionalization

Sadewall functionalization n-slacking (Surfactant)

Endohedral funclionalization

Figure 1. Different possibilities of the CNT functionalization. (Reproduced with permission of from ©2002, John Wiley
and Sons [30]).

Both covalent and noncovalent functionalizations of CNTs are possible [6, 24, 31]. Different
possibilities of these are the sidewall functionalization, defect-group functionalization,
noncovalent exohedral functionalization with molecules through m-stacking, noncovalent
exohedral functionalization with polymers, and endohedral functionalization as shown in
Figure 1. Covalent functionalization is based on covalent linkage of functional entities onto
the nanotube’s carbon scaffold. It can be performed at the termini of the tubes or at their
sidewalls. Direct covalent sidewall functionalization is associated with a change of hybridi-
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zation from sp? to sp® and a simultaneous loss of conjugation. Defect functionalization takes
advantage of chemical transformations of defect sites already present. Defect sites can be the
open ends and holes in the sidewalls, which are terminated by carboxylic groups, and pentagon
and heptagon irregularities in the graphene framework. Oxygenated sites, formed through
oxidative purification, have also been considered as defects. A noncovalent functionalization
is mainly based on supramolecular complexation using various adsorption forces, such as van
der Waals” and n-stacking interactions. All these functionalizations are exohedral derivatiza-
tions. A special case is the endohedral functionalization of CNTs, i.e., filling of the tubes with
atoms or small molecules [6, 32]

3.1. Functionalization to increase water dispersibility

Figure 2. Section of an oxidized CNT, reflecting terminal and sidewall oxidation.

One of the most common functionalization techniques is the oxidative treatment of CNTs by
liquid-phase or gas-phase oxidation, introducing carboxylic (-COOH) groups and some other
oxygen-bearing functionalities such as hydroxyl, carbonyl, ester, and nitro groups into the
tubes. In this process, CNTs are treated by strong acids, such as refluxing in a mixture of
sulfuric acid and nitric acid [9, 10], “piranha” solution (sulfuric acid-hydrogen peroxide) [11],
boiling in nitric acid [12], or treating with oxidative gases, such as ozone [6, 33]. Upon oxidative
treatment the introduction of -COOH groups and other oxygen-bearing groups at the end of
the tubes and at defect sites is promoted, decorating the tubes with a somewhat indeterminate
number of oxygenated functionalities. However, mainly because of the large aspect ratio of
CNTs, considerable sidewall functionalization takes place (Figure 2) [34]. However, treatment
under such harsh conditions clearly deviates from green chemistry, and results in the opening
of the tube tips [9], shortening of the tubes [11], and fragmentation of the sidewalls [12]. These
markedly degrade their basic properties [6, 35]. Since reactivity is a function of curvature [36],
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the oxidative stability also depends on the tubes” diameter and on the production process
responsible for the tubes” dimensions [37].

The surface modification of CNTs can be carried out through a wide range of plasma processes,
which provide a cost effective and environmentally friendly alternative to other processes,
related to environmental issues [38] and biomedical applications [39]. Compared with other
chemical modification methods, the plasma-induced functionalization presents interesting
properties, is solvent-free and time efficient process. Moreover, this treatment allows the
grafting of a wide range of different functional groups depending on the plasma parameters
such as power, gas used, duration of treatment, and pressure [40]. In addition, the amount of
functional groups can also be tailored. This is important since having saturation of these groups
on the surface can alter the electronic conductivity of CNTs. The most common plasma
treatment of CNTs is the low pressure RF cold plasma, which is successfully used to bind
oxygen [41], hydrogen [42], and fluorine groups [43]. It has been observed that a complete
purification of CNTs can also be reached out after their treatment in glow discharges (RF or
MW) [44]. However, it was also observed that the average diameter of CNTs decreases with
treatment duration. Therefore, the nature of the plasma gas is important, because oxygenated
ions or radicals are very reactive in the etching processes. However, destruction of CNT
sidewalls is also observed for other less reactive plasma gas such as CF, or Ar [45, 46].
Moreover, it was shown that UV photons promote the defunctionalization of moieties grafted
on the CNTs [47]. A probable solution could be the reduction of the power supplied to the
plasma or duration of the treatment to limit destruction of the sidewalls. In this work, RF
plasma is used to functionalization the CNTs using a parallel plate capacitively coupled
reactor.

4. Methodology of the research

Here, an environmentally friendly approach to functionalizing CNTs has been described,
which is developed to attach -COOH groups onto their surfaces, and carried out under a wet
condition using citric acid solution in RF (13.56 MHz) oxygen plasma [48, 49]. CNTs are first
pretreated supersonically in ethanol. Then they are wetted with citric acid solution and
subsequently treated using oxygen plasma including citricacid and water. This method is safer
than the methods available in the literature, as no hazardous reagents are used here. The
surfaces of the CNTs are chemically functionalized with -COOH groups, and they can be easily
dispersed in water. To achieve the main objective of avoiding the destruction of the structure,
which could change the valuable properties of CNTs, the functionalize conditions are opti-
mized in each step. The functionalized CNTs can be used as a multifunctional coating material
in improved electronic applications [3], in energy storage devices [50], as well as in the
pharmaceutical industry, particularly in the area of drug delivery or as components of
biosensors [4, 51]. They are also highly suitable as a filler component for water-soluble polymer
composites [4].
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4.1. Functionalization of CNTs

A flow chart of the functionalization process is shown in Figure 3 and the setup of the plasma
reactor, indicating the dissociation of oxygen, water, and citric acid molecules is shown
schematically in Figure 4. 20-30 mg of CNT powder (Sigma-Aldrich, outer diameter = 10-30
nm, inner diameter =3-10nm, length =1-10 um, purity >90%) is added to 20 mL of pure ethanol
(Wako Pure Chemicals Co., purity >95%) and sonicated at room temperature using a super-
sonic homogenizer (Sonics Vibra cell, VC 130, Sonic & Materials Inc., f = 20 kHz, 6.0 mm ¢
probe) at an input power of 15 W for 60 min.

i

Drying [}

Washing
and Drying

-’

|5

i

N\
Soaking in citric
acid solution

= O et
Supersonic treatment RF oxygen plasma treatment
in pure ethanol in wet condition
1.5 fngiml, at 20 kHz, With ICJ2 flow ca. 5 200w

19

» and for 60 min at ca. 400 Pa, 13.56 MHe, fort-15 min.

FCNTs in water
I/ f-CNTs Ink

Figure 3. The flow chart of the functionalization process with the optimum treatment conditions and the schematic of
the functional group attachment.

The suspension is dried under reduced pressure and soaked in 0.15 mole (5 ml) of citric acid
(Wako Pure Chemicals Co., assay >98%) solution for more than 24 h. The CNTs in the solution
are then placed on the lower electrode (SUS, 50 mma) of a plasma reactor as shown in Figure
4, which is evacuated to ca. 400 Pa using a rotary pump at a very slow rate. When the wet phase
starts to disappear, oxygen gas is introduced into the reactor at a rate of 5 sccm and the
background chamber pressure is kept at about 400 Pa. Though the water molecules, and part
of the citric acid molecules evaporate, it is considered that they remain inside the chamber and
in the gas container connected to the chamber, and contribute to the functionalization process.
Then the plasma reaction is carried out for about 15 min by an RF input power of P, =200 W,
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Figure 4. Schematic diagram of the plasma reactor.

f=13.56 MHz. The reflected RF power is minimized (< 20 W) by controlling the matching
network during the plasma reaction. It is noted that when the samples become fully dried
before starting the plasma reaction, they are less reactive for the oxygen plasma. However,
when the plasma started in the wet phase, the water molecules and part of the citric acid
molecules evaporate with the processing time, and considered to remain inside the chamber
and in the gas container connected to the chamber, contributing to the functionalization
process. After the treatment, the CNTs are washed at least three times using pure water (Wako
Pure Chemicals Co., distilled water) and dried under reduced pressure at room temperature.
It is observed that approximately 13% of the CNTs are lost by the oxygen plasma, which is
measured from the mass difference of the samples before placing in the citric acid and after
the final washing process.

4.2. Characterizations

The dispersibility and dispersion stability of CNTs are primarily observed by mixing 20 mg
of CNTs in 10 mL of pure water with bath sonication for 2 min, then keeping the mixture
undisturbed for more than 20 days. To confirm the dispersion stability of the pristine, and
plasma-treated CNTs (hereinafter denoted as p-CNTs and f~CNTs, respectively ca. 1.0 mg of
the dried sample is mixed with 8.0 mL of pure water with brief sonication for 2 min in a bath
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sonicator (Iuchi Japan, US-1, 110 W, 38 kHz) so that the they are dispersed homogeneously.
Then the sample is placed in a quartz cuvette (1.0 x 1.0 x 4.5 cm?) and the change in the
absorbance (Abs) at a wavelength of 250 nm is observed for 4 h using a UV-visible spectrometer
(JASCO V-630). Here, the wavelength is chosen corresponding to the maximum absorbance
region of the UV-visible spectra, because according to Beer’s law, the relationship between the
absorbance and the concentration of the absorbing particles remain linear up to higher
concentration in this region as compared to other region [52].

FT-IR spectroscopy is used to identify the chemical groups attached onto the CNTs. Approx-
imately 0.5 mg of the dried sample is dispersed in 1.0 mL of propanol, and the mixture is
uniformly coated on a CaF, substrate (Sigma Koki Co., 20 mm diameter and 1 mm thickness),
dried, and measured using an FT-IR spectrometer (Shimadzu Co., 8700, 100 scans averaged).
The spectra in this thesis are presented after baseline correction.

The dispersibility of the CNTs is also observed by a TEM (JEOL JEM-1400 Plus, acceleration
voltage of 120 kV), and their structural quality is measured by a Raman spectrometer (JASCO
Co., NR-1800, A =532 nm). For thermal analyses a thermogravimetric analyzer (Rigaku Thermo
plus TG8120) is used, which is operated under air ambient at a heating rate of 10 K/min from
room temperature to 973 K [48].

4.3. Preparation of the cotton nano-composites

f~CNT ink p-cotton Dipping

Figure 5. Coating scheme of the f-CNTs/cotton textile.

To obtain the cotton composite, f-CNTs are dispersed into water to produce stable [49]. A piece
of 100% cotton (p-cotton) textile of ca. 24 mesh/inch with thread diameter of ca. 0.25 mm is
repeatedly dipped into the 0.25-1.0 wt% of the f~CNT ink and dried at room temperature. The
steps of the f~CNT loading process in the cotton textile are shown in Figure 5. The textile sheet
is dipped and dried repeatedly until the electrical resistance becomes of the order of several
kQ for an area of 5 x 5 cm? To calculate the amount of the loaded f~CNTs (W,,), the cotton
textile is weighed before dipping in the f-CNT ink and after drying it sufficiently.

4.4. Measurements

Electrical resistance, R = V/I, of the textile is obtained from the current, I, in the circuit, and
potential drop, V, across the sample measured by a digital multimeter (Iwatsu VOAC 87,
Japan). A dc voltage, V;, is applied by a regulated power supply (Kikusui Electronics PAB
350-0.2, Japan) between two Nickel electrodes (thickness of 0.15 mm, 40 mesh, Nilaco Co.,
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Japan) of width D placed on the coated cotton textile at a distance L. The sheet resistance (R;)
of the textile is then calculated using the formula: R, = R/(DxL). The coating uniformity of CNT
on the cotton fibers is confirmed by the SEM images taken by a JEOL JSM 6510LV SEM at an
operating voltage of 20 kV, and the thermal stability of the textile is observed by a TG/DTA
(Rigaku Thermo Plus TG 8120). The temperature of the ~CNTs/cotton textile is measured using
athermometer (AS ONE TM-301) and an infrared camera (FLIR i3, emissivity 0.95, focus length
= 6.8 mm). A standard washing test is also performed on the coated textile using a standard
launder meter to study the toughness of the f~CNTs on the cotton fibers.

5. Results and discussions

5.1. Functionalization of CNTs

The enhancement of dispersion stability is confirmed from visual observation of the mixer of
CNTs in pure water and measuring the settling speed for a dispersion using the absorbance
data of the UV-visible spectroscopy as shown in Figures 6(a) and (b), respectively [48].
Attachment of the functional groups onto the CNTs is studied by a Fourier transform infrared
(FT-IR) spectrometer (Shimadzu Co., 8700, 100 scans averaged). The FT-IR spectra of the p-
CNTs and f-CNTs are presented in Figure 6(c) after the base line correction. The f-CNT
spectrum shows additional peak compared to that of the p-CNTs at ca. 1713 cm™, which
corresponds to the C=O stretching bonds, and the broad band at ca. 3200 cm™ corresponding
to the O-H/-OH bonds [48]. Therefore, carboxyl groups are considered to be attached on the
CNTs after functionalization.
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Figure 6. (a) Photographs of the dispersion of 20 mg of p-CNTs and f-CNTs in 10 mL of pure water using 2 min of bath
sonication. (b) Settling speed, dn/dt, calculated from the Abs (250 nm) versus time graphs for the p-CNTs and f~CNTs.
(c) FT-IR spectra of the p-CNTs and f~CNTs.
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Figure 7. (i) TEM images of the (a, c) p-CNTs, and (b, d) ~CNTs in two different magnifications. (ii) Raman spectra of
the (a) p-CNTs, and (c) /~CNTs.

The improved dispersion of the f~CNTs is further confirmed from the transmission electron
microscope (TEM; HITACHI High Technology Co., H-7500, acceleration voltage of 100 kV)
images as shown in Figure 7(i). Compared to the p-CNTs, the dispersibility of the f-CNTs is
enhanced clearly as shown in Figure 3(a) and 3(b). In the higher magnification images, it is
observed that the structural quality of the CNTs remain similar after the citric-acid-assisted
RF plasma functionalization, which is also confirmed from the Raman spectroscopy as shown
in Figure 7(ii), which are normalized and bodily shifted in the intensity axis. [48]. Because,
Raman spectrum is considered to be an important tool to study the CNT structure [53, 54] and
is widely used to assess the amount of defects [55, 56]. The defect-induced D band appears at
ca. 1350 cm™, which indicates the amount of disordered carbon in the CNT structure, and its
intensity, I, corresponds to the degree of disorderness. The G band ca. 1600 cm™ corresponds
to the graphitic (ordered) carbon, and its intensity, I, corresponds to the amount of ordered
carbon. Therefore, the ratio, I/Ig, is used to estimate the change in structural quality of CNTs
after functionalization in different processes. Defect density corresponding to I/ for the p-
CNTs and f~CNTs are observed to be 1.05 + 0.02, and 1.08 + 0.03, respectively. The changes are
very small, and also no distinct changes are observed in terms of the Raman shift. These suggest
that the CNT structure and the chemical composition of the interior of the CNTs are almost
unaffected by the ultrasonic and plasma treatments.

On the basis of the above results, the basic functionalization scheme of the CNTs by the citric-
acid-assisted oxygen plasma treatment is summarized in Figure 8. CNTs are long, web-like,
and remain strongly aggregated. When they are dispersed in ethanol by the supersonic
treatment, ethanol molecules enter the aggregated parts of the CNTs and weaken the attractive
forces between them. When the sonicated CNTs are placed in the citric acid solution, the citrate
and hydronium ions attack their weak parts. During the plasma reaction, oxygen, water, and
citric acid molecules or ions are fragmented to generate oxygen containing ions, radicals, and
CO or CO,, which react with the defect sites [56-58]. The CO and CO, are oxidized to form
—COOH groups and attach to the CNT surfaces [59]. Also, the attached -OH groups are further
oxidized to form -COOH groups [58, 60]. These functional groups enable the CNTs to readily
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Figure 8. A model of the functionalization process of CNTs [48].

disperse in water due to hydrogen bonds formed between the carboxylic acid groups and water
molecules [61]. The negatively charged surfaces of the CNTs repel each other and prevent them
from coagulating. The polar interactions of the functional groups with the water molecules
reduce the settling speed of the f-CNTs [56].

Hussain et al. functionalized CNTs by H,O plasma treatment under controlled environment.
Through the controlled functionalization process the electrochemical properties of the CNTs
were modified, expanding the range of potential applications of the f-CNTs in the field of
energy and environment [62]. The different oxygen containing groups attached on to the
surfaces of the nanotubes change the physicochemical properties of the CNTs. After the plasma
treatment, the specific capacitance of the CNTs increased from 23 up to 68 Fg™'. Hordy et al.
[63] functionalized the grown CNTs via an Ar/O,/C,H, capacitively coupled RF plasma
discharge. CNTs are grown directly from a stainless steel mesh and are subsequently plasma
functionalized in the same reactor. The functionalized CNTs removed from the substrate are
found to remain stable for extended periods of time. But in this case acidic pre-treatment step
were followed and the process needed some complicated steps. Chen et al. [56] worked on
attaching functional groups other than oxygen containing groups on to the CNTs, such as
amine groups by using a microwave-excited NH;/Ar surface-wave plasma. This functional
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group improved the hydrophilicity of CNTs, though the atomic composition and structural
properties of the f-CNTs were compromised.

5.2. Properties of the cotton nanocomposites

When the p-cotton textile is dipped into the f~CNT ink it becomes easily coated with the f~CNTs.
After sufficient amount of loading (>5.0 wt%), the coated textile shows measurable resistance,
R. The schematic setup of the resistance measurement is shown in Figure 9(a). This is owing
to the formation of conducting path on the cotton fibers. R values of the coated textile are
observed to vary linearly with L. As W,, increases with the dipping-drying cycles, R, of the f-
CNTs/cotton textile decreases gradually as shown in Figure 9(b). The f~-CNTs/cotton textile
becomes conductive with R ca. 9.65 kQ)/sq, when W,,, is ca. 18.5 wt%. After first and second
dipping cycles, only parts of the textile become poorly conductive. However, after 5-6 cycles
of dipping, the variation of R, along the width or length becomes very small indicating the
homogenous coating of the cotton textile. Comparing the R, of the f~CNTs/cotton textiles (ca.
10%kQ)/sq) with those of the p-CNTs/cotton textiles (ca. 10°kQ/sq) for the same W,,, itis realized
that homogenous dispersion of the CNTs is very important in the coating process. When
thickness of the f-CNTs/cotton textile is, b = 0.5 mm, the bulk resistivity, p = [R (D x b)]/L, is
calculated to be ca. 2.3 kQ.m, and the conductivity, o =1/p, is ca. 0.43 S/m.
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Figure 9. (a) Schematic setup of the sheet resistance (R,) measurement. (b) The R, versus the loaded f-CNTs, W,,, in the
cotton textile [49].

SEM images of the p-cotton and f~CNTs/cotton textiles at different magnifications are presented
in Figure 10. It is observed that the f-CNTs coat the cotton fibers uniformly, and are firmly
attached to them as shown in the cross sectional view of the fiber in Figure 10(c). Cotton has
hydroxyl groups in the cellulose fibers [13, 22, 64], which enable the f-CNTs to form strong
hydrogen bonds with the surfaces of the fibers, resulting in the high density network coating
[13, 65, 66].
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(a) (b) (d)

p-cotton fiber

ECNTs on cotton fiber

(c)

ECNTs/cotton

Figure 11. (a) Comparison between the p-cotton (upper) and f~CNTs/cotton (lower) textiles. (b) Schematic of the fiber
coating. (c) The f~CNTs/cotton textile acting as a conducting path in the emission of an LED. (d) The textile after a
standard washing test for 30 min, (e) SEM image of the cotton fiber after the washing test.
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After dipping in the f-CNT ink, the p-cotton textile becomes black as shown in Figure 11(a),
which is owing to the formation of CNT network armor on each cotton fiber as shown
schematically in Figure 11(b). After 10 cycles of dipping in 0.5 wt% f~CNT ink, the resulting f-
CNTs/cotton textile becomes conductive with o more than ca. 0.20 S/m. As a demonstration of
the conductivity, an LED device connected to a dc source can be easily powered through the
prepared conducting textile as shown in Figure 11(c). It is observed that the f-CNTs cannot be
removed from the coated textile after normal washing, and the f~CNTs/cotton textile remain
as black as it is just coated. To study the toughness of the /~CNTs on the cotton fiber, a piece
of ~CNTs/cotton textile is washed in a standard launder meter with detergent/DI water (0.5
g/L) at a temperature of 40 + 2°C with a revolution rate of 0.67 Hz for 30 min. It is observed
that only a very little portion of the loaded f-CNTs are removed from the textile and lots of
CNTs still remain on the fiber as shown in Figure 11(d) and (e), suggesting the high level of
toughness of the -CNTs on the textile.

Thermal conductivity of the f~CNTs/cotton textile is observed to be ca. 0.045 W/mK, which
suggests ca. 70% improvement. It is conjectured that strong bonding between the f-CNTs and
the cotton fibers ensure better heat transfer in the textile [22, 66]. From the thermogravimetric
study, it is observed that the final combustion of the f~CNTs/cotton textile is delayed by ca.
100°C as compared to p-cotton, signifying the improved thermal stability of the textile. This
improvement in thermal stability is due to the uniform coating of the cotton fibers by the f-
CNTs, because thermal stable CNTs act as armor for the cotton fibers protecting them from
burning in a relatively lower temperature. The combustion processes of the p-cotton and f-
CNTs/cotton textiles are studied by hanging them on a metal supporter, and then igniting
simultaneously by a gas flame. It is observed that the p-cotton textile catches fire immediately
and burns quickly to ashes completely. However, the ~CNTs/cotton textile becomes charred
only, which provides direct evidence of improved flame retardancy.

5.2.1 The textile as a low powered flexible heater

The above results strongly suggest that the f-CNTs/cotton textile can be used as an electro-
thermal heating element. The electric heating behavior of the patterned textiles is evaluated
by measuring the changes in the resistance and temperature under V;, =10 x 60 V. When few
layers of such f-CNTs/ cotton textiles (5 x 5 cm?) is stacked together, the resultant R values
become low enough to produce heat applying small voltages based on the Joule heating from
electric power [67, 68]. When V,, is applied through a four layered such textile of R, ca. 1.67
kQ/sq as shown schematically in Figure 12(a), it is observed that heat starts to radiate from the
textile indicating the increase in temperature with time as presented in Figure 12(b). The little
difference between the thermocouple-based and infrared-based measurements shown in
Figure 12(c) validates the data obtained from the measurement, which is because of the slow
response of the thermocouple owing to the slow heat propagation [69]. Temperature of the f-
CNTs/cotton textile can be increased above 60°C within 5 min depending on the applied
voltage.
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Figure 12. Heating and cooling temperatures of the f~CNTs/ cotton textile of R, = 1.67 kQ)/sq using a dc power supply.
(a) Schematic of the heat measurement setup. (b) Heating and cooling temperatures at the center of the textile with
time measured by a thermocouple. (c) The increase in ultimate temperature of the f~CNTs/cotton textile with input
power (inset: thermal image at Vi, = 60 V showing the uniform heating of the textile). (d) Changes in the temperature
and current after repeated bending.

When an electric power of approximately 0.1 W/cm? is applied to the textile its temperature
increases uniformly to ca. 84°C, which is shown in the IR image of Figure 12(c). The white color
indicates the area over which the temperature reaches more than 90% of the maximum
temperature. Temperature homogeneity of this textile as heating element is better than those
made with only stainless steel yarns, because in the latter case, heat is produced and localized
only at the conductive yarns [21, 70]. Uniform distribution and dissipation of heat allow the
heating element to be located in close proximity to the heated area in order to maximize
warmth/heat production/output, to minimize response time, and to eliminate hot spots. The
samples with four layers show a temperature increase of ca. 40°C (ca. 0.1 W/cm?) within 0.5
min. The heat releasing ability is also high for the coated textile, which is observed from the
exponential decrease of the temperature to the room temperature within few minutes. The
temperature of the water could be raised more than 80°C inserting the textile heater into it.

The flexibility of the textile as heating element is studied by measuring the changes in the
temperatures within 20 cycles of bending over a time frame of 80 min. It is observed that with
repeated bending, the current conducting through the heating textile does not change signif-
icantly, and the decrease in temperature is very small as shown in Figure 12(d). These indicate
that the flexibility of the textile is high, which along with the temperature homogeneity
suggests the use of the f~CNTs/cotton textile as a flexible heating element. These lightweight
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textiles can be configured and cut into any size or any shape, and are useful for portable heating
system. For heating up to ca. 90°C, a power of 0.1 W/cm?is required, which is much lower than
that of the conventional wired heater (ca. 0.3 W/cm?) [71]. This allows more efficient heating
with less energy, which will find potential applications in garments and in transportation to
improve thermal comfort.

Mattana et al. [72] employed nanoscale modification of natural cotton fibers with conformal
coatings of gold nanoparticles, deposition of thin layers of the conductive polymer poly(3,4-
ethylenedioxithiophene) and a combination of these two processes to obtain conductive cotton
from plain cotton yarns. The electrical and mechanical properties of these yarns are improved
to be successfully used as conductors, in order to bias electronic devices. They demonstrated
the possibility of realizing a fully textile circuit, including passive and active elements, and
paves the way for a future complete integration between electronics and textiles. Kotov groups
in their communication showed the coating of cotton yarn with CNTs and polyelectrolytes
[19]. Their method provides a fast, simple, robust, low-cost, and readily scalable process for
making e-textiles. Even though the cotton yarn became slightly harder after being coated with
SWNTs, it is still very flexible and soft, both of which are important for the wearability of
electronic fabric.

It was informed that CNTs have toxic effects. Isolated CNTs in human body would make
damage to the organic cells. In order to avoid these effects the textile can be covered with some
additional fabric or by other means before using it in different applications, by which direct
contact to the human body or diffusion into the air could be avoided.

6. Summary

Functionalization of CNTs is very important to realize their applications in modern techno-
logical advancements. A safe method has been developed to functionalize CNTs. In the
sequence of treatments, CNTs are pretreated in pure ethanol using a supersonic homogenizer,
wetted using citric acid solution, and plasma treated using RF oxygen plasma. By the plasma
reaction in the presence of water vapor, O, and citric acid, plasma species interact with them
to create many kinds of ions and radicals. They attack the CNT surfaces and activate a large
number of sites to enhance the attachment of -COOH groups onto their surfaces. These
attached groups significantly enhance the dispersion stability of the CNTs in water. Therefore,
we are able to produce highly stable dispersed f-CNT ink, where the structural integrity of the
f-CNTsis conjectured to be preserved, which is verified by the Raman and TEM measurements.

Nonconducting cotton textile becomes electroconductive by repeatedly dipping into the stable
f-CNT ink and drying in air. The f~CNTs uniformly and strongly cover the individual cotton
fibers, which remain attached even after 30 min of standard washing. After several cycle of
dipping into f~CNT ink, the textile becomes conductive enough to be used as wire in lighting
up an LED, and its conductivity becomes more than 0.20 S/m depending on the loaded content
of f-CNTs in it. The thermal conductivity of the textile is enhanced by ca. 70%, and the thermal
stability and flame retardancy are also improved. As a demonstration of practical use, the
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textile is shown as a conductive textile heater designed with parallel electrodes. The temper-
ature of the f-CNTs/cotton textile can be increased homogeneously to ca. 80°C within ca. 5 min
by applying an electric power of ca. 0.1 W/cm?, which is much less than the power required
for conventional wired heater. In our process, the dispersion of the CNTs are achieved by
functionalizing them with a safe and surfactant-free method of plasma treatment, which helps
to avoid impurities as well as to preserve the properties of the CNTs to be incorporated in the
cotton fibers.
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Abstract

“Smartly” functionalized carbon nanotubes (CNTs) constitute an actively pursued
research topic in the fields of nanomaterials and nanotechnology. The development of
highly efficient and selective methodologies for dispersing CNTs in the liquid phase has
not only made efficient separation and purification of CNTs possible, but also opened the
doors to many fascinating material and biological applications. Very recently, the
developmentof CNThybrid systemswith controlled stimuli-responsivenesshasachieved
significant breakthroughs. This chapter outlines the state of the art within this vibrant
research area, and examples from the most recent literature are selected to demonstrate
progress in the preparation of CNT composites, the physical properties of which can be
readily switched by various external stimuli (e.g., pH, photoirradiation, solvent,
temperature, etc.).

Keywords: carbon nanotubes, chemical functionalization, stimuli-responsiveness, re-
versibility, nanomaterials, supramolecular chemistry

1. Introduction

Since the first synthesis of carbon nanotubes (CNTs) by Ijima in 1991 [1], CNT-based materi-
als have attracted tremendous interest from both academia and industry. Indeed, CNTs along
with other nano-sized carbon materials (e.g., fullerenes and graphenes) have taken the central
stage of the present research of nanoscience and nanotechnology, and it is easily foreseeable
thatresearch efforts dedicated to these topics will continue to grow in the future [2]. For decades,
the extraordinary structural and physical properties of CNTs have promoted extensive
investigation aimed at their synthesis, processing, and functionalization, which in turn create
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a wide range of applications in electronics [3, 4], optics [5], environment [6], biology, and
medicinal science [7, 8].

CNTs are carbon allotropes in a tubular shape with nanoscale diameter (ca. 1-2 nm) and high
aspect ratio. Generally speaking, CNTs can be classified as single-walled carbon nanotubes
(SWNTs), double-walled carbon nanotubes (DWNTSs), and multi-walled carbon nanotubes
(MWNTs). A SWNT can be viewed as a single layer of graphene sheet rolled up in a cylindrical
shape, while the DWNTs and MWNTs are similar carbon nanostructures but made of two or
more layers of SWNTs, in which the smaller diameter tube(s) coaxially nested in the larger
one(s). The exact structures of SWNTs differ by the ways of rolling the graphene sheet, which
can be described using their specific chiral indices (1,/m) and chiral angles O(n,m). As illustrated
in Figure 1, SWNTs with chiral indices of m = 0 or n = m are achiral and often referred to as
zigzag and armchair tubes, respectively. Other combinations of n and m define the family of so-
called chiral nanotubes. The electronic properties of SWNTs significantly depend on their
chiralindices. When |1 —m| =3q where gis an integer, the nanotube is metallic or semi-metallic,
whereas for all other cases the nanotubes are semiconducting in nature.
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Figure 1. (A)—(C) Illustration of the formation of SWNTs with various chiral indices by rolling graphene sheets.

The synthesis of CNTs can be done in several ways, for example, arc discharge, laser ablation,
chemical vapor deposition (CVD), and others [9]. However, all the currently existing processes
for CNT production generate mixtures of various CNTs, amorphous carbon, and/or residual
metal species. For this reason, post-treatment of as-produced CNT products becomes a
critically important and indispensable step toward the application of CNTs [10], since removal
of the unwanted impurities can give rise to considerably improved performances for CNT-
based electronic and optoelectronic devices, while the purity of CNTs plays a key role in
reducing or averting undesired toxicity and side effects in biological and medicinal applica-
tions. Another significant technical challenge encountered in the application of CNTs is the
extremely low solubility and hence very poor processability of pristine CNTs in common
solvents. The very large hydrophobic m-surface of CNTs makes them prone to aggregation
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(forming bundles) through m-stacking and van der Waals interactions. Breaking the bundles
into individual tubes is an energetically costly process that usually relies on chemical modifi-
cations to overcome the strong inter-tube attractions. There are two general approaches for
preparation of functionalized CNTs (f~CNTs), namely covalent [11] and non-covalent [12, 13].
The covalent method involves the attachment of certain molecular functionalities to the
sidewall and/or the defects/ends of CNTs through covalent bonds. As such, not only very high
solubility or dispersity in the solution phase become readily achievable, but new chemical and
physical properties can be introduced to the f~CNTs. One significant limitation of the covalent
functionalization is that it inevitably converts a number of sp? carbons into sp? on the sidewall
of CNTs, which is an unwanted scenario for applications where the integrity of graphene-type
backbone of CNTs must be retained to keep their pristine electronic and mechanical charac-
teristics. In this respect, the non-covalent approach has been deemed as an intrinsically better
alternative due to its non-destructive nature.

The generally employed strategy for non-covalent functionalization of CNTs relies on the use
of certain dispersing agents (i.e., dispersants) to break CNT bundles. Application of external
forces, commonly ultrasonication or mechanical stirring, allows the dispersants to be assem-
bled on the surface of CNTs via non-covalent binding forces (e.g., m-m stacking, CH-m, van der
Waals, and charge transfer interactions). As such, CNT bundles could be exfoliated, resulting
in individualized (or dispersed) tubes encapsulated or wrapped with dispersants to form
stable suspension. Up to now, a vast array of chemical species, ranging from conjugated
molecules, synthetic polymers, surfactants, peptides, to biopolymers and DNA molecules, has
been demonstrated to show effectiveness at dispersing CNTs in various solvents [10, 12-14].
The scope of this topic is rather broad and encompasses an enormous body of literature.
Generally speaking, the purposes of dispersing CNTs are multi-fold and significantly de-
pendent on the requirements of specific applications. For instance, effective exfoliation and
dispersion of CNTs in organic solvents allow CNTs to be readily blended with other functional
polymers to form new composite materials with enhanced mechanical and electrical properties
[13, 15]. Dispersion of CNTs into aqueous media with biocompatible matrices opens the doors
to exciting biological and medicinal applications of CNT hybrids [8, 16]. Many initial studies
on CNT dispersion were primarily aimed at enhanced dispersity and compatibility with
various solvents and matrix materials. As the research moved on, it was observed that certain
dispersants exhibited selectivity in binding with CNTs of certain electronic types, diameters,
and chirality. The ramification of such behavior was quickly recognized and exploited for
various purposes. As mentioned above, as-produced CNTs are structurally heterogeneous and
contain significant amounts of impurities. In the past decade, a great deal of research efforts
has been dedicated to the purification of CNTs through selective non-covalent functionaliza-
tion, particularly the studies of sorting SWNTs have been greatly advanced [17, 18]. Very
recently, remarkable breakthroughs have also been achieved in the fabrication of high-
performance nanodevices using purified CNTs [19-23], which in turn fuels up the develop-
ment of CNT processing/purification methods featuring excellent efficiency and cost-
effectiveness.
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In short, the present knowledge and techniques for dispersed CNT systems and subsequent
applications have been considerably expanded, thanks to the continued efforts of material
chemists on the design and synthesis of novel molecular and macromolecular systems as
functional dispersants or agents for CNT modifications. Indeed, the current design of CNT
dispersants and development of related processing methods have already surpassed being
merely a single-parameter issue of improving dispersity. Rather, the objectives of research
have turned out to be more and more diversified and application-oriented. In the following
sections, our discussions are firstly focused on a newly emerging topic—reversible dispersion
and release of CNTs regulated by rationally designed stimuli-responsive molecular and
supramolecular systems—which has attracted rapidly growing attention in recent years. In
the second part, the recent progress in polymer-functionalized CNT composites that show
controlled responsiveness to one or more environmental stimuli is described.

2. Dispersion and release of CNTs: a microscopic and supramolecular
perspective view

Effective dispersion of CNTs requires sufficient energy input (e.g., mechanical stirring, shear
mixing, ultrasonication) to disrupt the inter-tube attractions, with the amount of dispersion
energy dependent on the length and diameter of CNTs as well as solvent nature and temper-
ature. It has been found that stable dispersion of CNTs could be formed with certain solvents,
such as 1,2-dichlorobenzene [24], CS, [25], and particular organic amides [26, 27]. For the
majority of commonly used solvents, however, the surface of CNTs dispersed in them must
be subsequently modified to prevent re-aggregation of CNTs from occurring, and this can be
realized by having the CNTs’ outer surface adsorbed or encapsulated with solvophilic layers.
In this sense, effective CNT dispersants should contain the unit(s) having sufficient affinity for
the graphitic surface of CNTs (henceforth referred to as the graphenophile). To the grapheno-
philes various solubilizing groups can be attached, the presence of which dictates the dispersity
of the functionalized CNTs in different solvents or matrices.

In the literature, a large array of molecular and macromolecular motifs has been reported to
give satisfactory graphenophilic performance. In the category of small molecules, planar
structurally rigid polycyclic aromatic hydrocarbons (PAHs) have been known to easily adsorb
on the surface of CNTs through a combination of hydrophobic and -7t interactions [28, 29].
Examples of such PAHs include pyrene, naphthalene, and phenathrene, which carry the fused
aromatic backbones, mapping out the segmental hexagonal arrangement on the sidewall of
CNTs. It is worth noting that since the initial study by Dai and co-workers [30], pyrene has
become a popularly employed anchoring group allowing facile assembly of CNT supermo-
lecular constructs imparted with various optoelectronic properties [31-34] and biologic
activities [35-38] By the same token, highly m-extended heterocyclic aromatic compounds,
such as phorphyrins, [39], phthalocyanines [40], and tetrathiafulvalenes [41, 42], have been
found to show strong non-covalent interactions with CNTs, rendering the resulting hybrid
systems intriguing photophysical and optoelectronic properties. Besides the small molecule-
based systems, m-conjugated polymers have been widely used in CNT dispersion as well [15].
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In these conjugated polymers, arene groups are embedded in the repeat units, which collec-
tively engender strong binding to CNTs via m-mt stacking. Experimental observations and
molecular dynamic (MD) simulations have demonstrated that the polymer backbones with a
certain degree of flexibility would favor wrapping around the CNTs in different fashions [43,
44]. DNA or RNA molecules can interact with the CNT sidewall via -1t stacking. In particular,
single-strand DNA (ssDNA) oligomers and polymers have been extensively explored as
SWNT dispersants and the interactions were found to be sequence-dependent [45-51]. Such
properties have enabled fascinating applications including precise sorting of SWNTs, DNA
sequencing, and chemical sensing applications [52]. Indeed, for many CNT dispersants
developed so far, aromatic functional groups (i.e., graphenophiles) are the essential structural
components, and the resulting CNT supramolecular assemblies are usually stable and do not
dissociate easily. On the other hand, the dispersion of CNTs can be realized by utilizing other
types of non-covalent binding forces. For example, the hydrophobic interactions between
surfactants and CNTs in water. Typical surfactants such as SDS are known to adsorb on the
surface of CNTs with their hydrophobic tails (e.g., alkyl chains), while their hydrophilic
cationic or anionic heads directly interact with water molecules. Recent experimental and
theoretical modeling studies [53-55] have shown that surfactant molecules can assemble into
various arrangements of micellar structures, which effectively encapsulate individual CNTs
to form well-dispersed stable suspensions in aqueous media.

With the wide range of CNT dispersants studied over the past decade, fundamental under-
standing of their non-covalent interactions with CNTs at the molecular and supramolecular
levels has been continually developed by state-of-the-art spectroscopic and microscopic
analyses as well as high-level theoretical simulations. Knowledge in this field is highly
instructive to the design of more sophisticated CNT-dispersing methods that are transferrable
to the application of CNT-related materials in science and technology. One topic receiving
much attention in the recent research of CNTs is the reversible dispersion and release of CNTs
under the control of external stimuli, such as irradiation, chemical reactions, and solvation
effects. Basically, to generate stable CNT dispersion in the solution phase, the CNT surface
needs to be functionalized or encapsulated with dispersants to a sufficient degree. This in turns
makes the dissociation of CNTs from dispersants not an easy task; for instance, many polyar-
omatics and rt-conjugated polymers are known to irreversibly adsorb onto the surface of CNTs,
which makes it extremely difficult to remove them from CNTs by physical means (e.g., solvent
rinsing). An efficient approach to release CNTs out of a well-stabilized dispersion is to reverse
the attractive forces between the dispersants of CNTs into repulsive interactions, such as the
strategy schematically illustrated in Figure 2. Generally speaking, a chemical process (e.g., acid-
base interactions, redox reactions, and photodegradation) that leads to the reversal of the
dispersants from being graphenophilic to graphenophobic would be useful for triggering the
release or re-aggregation of CNTs. On the other hand, various supramolecular means (e.g.,
metal coordination, conformational changes) can also offer sufficient driving forces to induce
CNT release. For all the methods perceivable, it is essential for the CNT dispersants to show
responsiveness to external inputs one way or another. The following section provides an
overview of the recent progress in this field, and the detailed discussion is organized according
to the type and mechanism of stimuli-responsiveness.
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Figure 2. Schematic illustration of release of CNTs by changing the dispersants from being graphenophilic to graphe-
nophobic.

3. Recent advances in reversible dispersion and release of CNTs with
stimuli-responsive dispersants

3.1. By acid-base interactions

Acid-base interactions are probably the most straightforward ways to drastically alter the
chemical and physical properties, for instance, changing from neutral to cationic/anionic, from
organic solubility to water solubility. For this reason, this approach has become the actively
pursued one in this field. Das and co-workers [56] recently developed a series of cholesterol-
based amino acid carboxylates 1 and dipeptide carboxylates 2 (Figure 3) as dispersant for
SWNTs as well as for graphene oxide (GO). Herein, the dispersants are amphiphilic, with the
structurally rigid, hydrophobic cholesterol unit acting as the graphenophile to interact with
the sidewall of SWNTs and the carboxylate-appended tails being hydrophilic. All the disper-
sants were able to disperse SWNTs in water, forming stable colloidal solutions. Compounds
2 with dipeptide moieties were found to bring about better dispersity than the mono amino
acid-containing compounds 1. Upon lowering the pH of the SWNT-2c colloidal suspension by
adding 1N HCI, the carboxylate anions were converted into carboxylic acids, which in turn
reduced the stability of the colloidal suspension as evidenced by zeta potential analysis. As a
consequence of this, SWNTs were found to precipitate out of the aqueous solution. Addition
of NaOH to increase the pH of the mixture converted the carboxylic acid groups back to
hydrophilic carboxylate anions and re-generated the SWNT dispersion in water. Moreover,
the SWNT dispersions engendered using compounds 1-2 as dispersants were tested to show
cytocompatibility and potential biological applications. Later on, Das and co-workers reported
another class of cholesterol-dipeptide amphiphiles 3 (Figure 3), which were designed to be
highly sensitive and responsive in the pH range of tumorogenic environment (ca. pH 5-6) [57].
With these dispersants, SWNTs were well suspended in PBS buffer at pH 8. The SWNT-3
assemblies could be further loaded with an anticancer drug DOX. At pH 6.0-6.5, precipitation
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of SWNTs occurred and concomitantly the drug DOX was released. This performance is useful
for specific drug delivery to cancer cells.
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Figure 3. Cholesterol-based carboxylates amphiphiles 1-4 enabling reversible SWNT dispersion in water under pH
control.

Based on a similar acid-base exchange concept, Huang and co-workers [58] recently synthe-
sized a pH-responsive pillar[6]arene 4, the backbone of which was decorated with water-
solubilizing carboxylate groups (Figure 4). In their work, a pyrene compound 5 was first
anchored to the sidewall of MWNTs via -7t stacking. The resulting hybrids were insoluble in
water; however, addition of pillar[6]arene 4 to the functionalized MWNTSs under sonication
resulted in guest-host complexation taking place on the CNT sidewall. Of great interest was
that the water solubility of resulting MWNT supramolecular assemblies could be reversibly
switched by pH control. Under basic conditions, the carboxylic groups were deprotonated to
form carboxylate anions, making the complexed MWNTs water-soluble. Upon acidification,
the MWNTs were found to precipitate out of water. This work provided an elegant example
of using pH-sensitive guest-host chemistry to achieve reversible dispersion and release of
CNTs. Nevertheless, it is worth remarking that this work did not clearly address whether the
complexation between 4 and 5 was altered on the CNT sidewall with changing pH, and such
an issue may deserve further investigation.
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Figure 4. Reversible dispersion and release of MWNTs by pH-sensitive guest-host complexation between pil-
lar[6]arene 4 and pyrene derivative 5.

In 2015, Bryce and Lambert [59] synthesized a total of 13 amphiphilic surfactants, the structures
of which were made of a pyrene head (hydrophobic) and various hydrophilic tails ending with
carboxylate groups. Similar to the design of numerous other CNT dispersants, the pyrene
group here was employed to act as a strong graphenophile to irreversibly link the surfactant
molecules to the surface of CNTs. The performances of these pyrene-based surfactants in terms
of MWNT dispersion in aqueous media were assessed. In particular, the authors examined the
pH responsiveness of two of the surfactants 6 and 7 (Figure 5) in aqueous NaCl solution, and
found that the corresponding MWNT-surfactant complexes could be reversibly dispersed and
re-aggregated under basic and acidic conditions. A working mechanism for this acid-base-
triggered MWNT dispersion was proposed based on the switching between hydrophobicity
and hydrophilicity in different pH environments (see Figure 5).
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Figure 5. Pyrene-based surfactants 6 and 7 that show pH-responsiveness in dispersing MWNTs. The inset scheme was
adopted from reference [59] with permission.

A novel dumbbell-shaped 2-ureido-6[1H]-pyrimidinone (UPy)-based fluorene derivative 8
(Figure 6) was recently devised by the Bao group [60] for selective and reversible dispersion
of semiconducting SWNTs. In their design, fluorenyl group was chosen as the graphenophile
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to promote selectivity for semiconducting SWNTs, while the two UPy terminal groups enabled
8 to self-associate into supramolecular polymers through H-bonding interactions at high
concentration. As illustrated in Figure 6, the supramolecular polymers of 8 selectively
dispersed semiconducting SWNTs allowing for the separation of metallic and semiconducting
tubes from as-synthesized SWNTs. Moreover, semiconducting SWNTs could be quantitatively
released from the suspension by addition of 1% TFA solution, which induced the disassembly
of the supramolecular polymers by breaking the H-bonds within them. Compared with many
covalent polymer dispersants, this supramolecular polymer approach offers advantages in
terms of releasing dispersant-free SWNTSs and easiness in reusing the fluorene-UPy monomer
8.
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Figure 6. Selective dispersion and quantitative release of semiconducting SWNTs using a pH-sensitive H-bonded su-
pramolecular polymer.

In addition to the above-mentioned rationally designed CNT dispersant systems, some other
pH-sensitive molecules and biopolymers have also been reported to induce reversible
dispersion/precipitation of CNTs in aqueous media. For example, Sun and co-workers [61]
reported that 1-pyreneacetic acid after deprotonation under basic conditions could be non-
covalently functionalized on nitric acid-treated as-produced SWNTs to form stable dispersion
in water. Upon acidification, 1-pyreneacetic acid was quantitatively removed to yield purified
SWNTs. The easy recovery and reuse of dispersants make this method potentially useful for
large-scale CNT processing and production. Bhattacharya et al. [62] in 2014 reported that the
dispersion of SWNTs with ss-DNA oligomers was pH-sensitive. At pH 7, the ss-DNA oligom-
ers wrapped them around SWNTs to effect debundling and dispersion in water. Under acidic
conditions (e.g., at pH 3.5), however, the ss-DNA oligomers underwent a reversible structural
change leading to unwrapping and precipitation of SWNTs. This method shows the potential
in separating metallic and semiconducting SWNTs. Wang and Chen [63] discovered that poly-
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L-lysine was capable of dispersing SWNTs in water at pH < 9.7, presumably driven by
hydrophobic and cation-rt interactions. When the basicity was increased to pH 9.7, poly-L-
lysine adopted an a-helix conformation and the ammonium groups were deprotonated into
amino, and these changes led to precipitation of SWNTs.

Apart from typical protic acids, CO, has been utilized as a form of acid to trigger reversible
release of CNTs from corresponding CNT-dispersant assemblies in solution. In 2010, Zhang
and co-workers [64] reported the use of N,N-dimethyl-N’-(pyren-1-ylmethyl)acetimidamidi-
nium (PyAH") as a CO,-responsive dispersant to control the dispersion and aggregation of
SWNTs. The PyAH* system was functionalized on the surface of SWNTs through -t stacking
and the hydrophilic amidinium group rendered the SWNT-PyAH* assemblies water soluble.
Reversible interconversion between amidinium and amidine could be done by bubbling the
solution with CO, or argon, and this chemical behavior allowed the water solubility of PyAH
* functionalized SWNTs to be turned on and off by alternated bubbling of CO, and argon.
Following this strategy, Feng and co-workers [65] in 2013 designed and synthesized a class of
functionalized polystyrenes 9 (Figure 7) using reversible addition-fragmentation chain
transfer (RAFT) polymerization and click reactions. To the backbone of polymers 9 were
grafted pyrene and amidine groups. The pyrenes induced binding of the polymers with
SWNTs, while the amidine units gave rise to CO,-sensitivity. With these polymers, reversible
dispersion and aggregation of SWNTs were achieved both in water and in a mixed solvent of
water and methylene chloride by simply bubbling CO, or N, into the SWNT/polymer suspen-
sion.

0-QI0d A0 @
SWHNT aggregates Disparsed SWHNTs

Figure 7. Reversible dispersion and aggregation of SWNTs using CO,-responsive polymers 9 as dispersants.

3.3. By photoirradiation

Photoirradiation offers an effective way to trigger conformational and bonding changes in
molecules, and therefore photo-responsive systems have found wide applications in molecular
switches and photochromic devices [66]. In the field of CNT dispersion, photo-responsive
dispersant systems have been explored, but not yet to a very large extent.

In 2008, Zhang and co-workers [67] developed poly(ethylene glycol) 10, the structure of which
contains a photo-reactive terminal moiety of malachite green derivative (PEG-MG). It was



Functionalization of Carbon Nanotubes with Stimuli-Responsive Molecules and Polymers
http://dx.doi.org/10.5772/64078

found that SWNTs could be dispersed in water with the aid of 10 under sonication. Upon
irradiation of the SWNT-10 suspension with UV light, the MG moiety underwent a C-C bond
cleavage reaction to form PEG-MG"* cation 11. After standing in air for a few hours, the PEG-
MG cation was gradually dissociated from SWNTs resulting in the precipitation of SWNTs
out of water. This work demonstrated that re-aggregation of non-covalently functionalized
SWNTs can be achievable by light control; however, the involvement of an irreversible photo-
induced bond breaking step would not make the dispersion/release sequence repeatable in
multicycles. Indeed, the authors noted that the dispersion and release of SWNTs could “only
stand one recycle probably because of the fatigue of the photo reaction.” Kappes and Mayor in 2011
developed a fluorene-based polymer, the structure of which bears photo-cleavable o-nitro-
benzylether moieties [68]. The presence of fluorene units made the polymer quite selective for
dispersing semiconducting SWNTs in toluene. Upon photoirradiation of the resulting
suspension for a short period of time, SWNT precipitation was observed as a result of photo-
induced depolymerization reactions. This method presents an easy way to selectively disperse
SWNTs and cleanly remove the dispersants afterwards. Nevertheless, like the previous
method reported by Zhang [67], the use of photo-cleavage reactions hinders multicycle
reversibility (Figure 8).
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Figure 8. Dispersion and re-aggregation of SWNTs in water by a photo-reactive PEG-MG dispersant 10.

Inavery recent report, Feng and co-workers [93] devised a photo-controlled method to achieve
reversible dispersion and re-aggregation of SWNTs by means of photoswitchable guest-host
chemistry. In their work, a pyrene-attached cyclodextrin 12 was used in combination with an
azobenzene-terminated poly(ethylene glycol) 13 as the dispersant system (Figure 9). In the
trans form, azobenzene-PEG 13 readily formed a supramolecular guest-host complex with
cyclodextrin 12, while the pyrene head group of 12 anchored the complex to the sidewall of
SWNTs to effect good dispersion in water. Upon photoirradiation with UV light, the azoben-
zene unit underwent a trans-to-cis isomerization, which consequently broke the complexation
of 12 and 13. The decomplexation caused precipitation of SWNTs from the aqueous phase. The
azobenzene could be further isomerized back to the trans form after exposure to sunlight for
24 hours. Sonication for about 10 min then led to the re-formation of SWNT dispersion in water.
The authors reported that the dispersion and re-aggregation of SWNTs could be repeated in
multicycles under the control of UV and sunlight, which testifies to a very good reversibility.
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Figure 9. Reversible dispersion and release of SWNTs in water using photo-regulated supramolecular guest-host com-
plexation.

The easy synthesis and controllable photo-switchability of azobenzene have made it a popular
building block in the design of photo-responsive CNT dispersants, but one important issue
related to it warrants particular attention. It has been noted in some previous studies that when
the azobenzene unit is tightly bound to the surface of CNT, the cis-to-frans photoisomerization
behavior may vanish due to the quenching effect of CNTs on the excited state of azobenzene
[69, 70]. It was reported that the effect of photoisomerization in combination with other types
of controls (e.g., thermal) [71] could effectively remove the dispersants out of the surface of
CNTs.

3.3. By redox chemistry

There are many redox-active systems known to undergo facile reversible electron transfers
under the controls of either chemical or electrochemical means, and often a reversible redox
reaction is associated with a dramatic conformational change in the substrate. Such properties
can be utilized to exert control over the dispersion and release of CNTs, if the dispersants are
rationally designed to carry certain redox-active units. In 2008, Ikeda and co-workers [72]
developed a Cu-based redox-active complex 14 (Figure 10) as CNT dispersant. When the
oxidation state of 14 was Cu(ll), the complex was found to be able to disperse CoMoCAT
SWNTs in chloroform. When ascorbic acid was added to the suspension of SWNT/14, Cu(II)
was reduced into Cu(l) species. Accompanying this reduction, precipitation of SWNTs
immediately occurred because the Cu(I) complex did not interact with SWNTs as strongly as
the Cu(Il) complex did. Re-dispersion of SWNTs could be achieved by bubbling air through
the mixture, which converted the Cu(I) back to Cu(Il). As such, SWNTs could be reversibly
dispersed and released in chloroform by switching the oxidation state of the Cu center in
complex 14.
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Figure 10. Cu complex 14 developed by Ikeda [72] for reversible dispersion and release SWNTs via redox control.

A class of highly electron-donating organic compounds, namely tetrathiafulvalene vinylo-
goues (TTFV), has been investigated by Zhao and co-workers as redox-responsive units to be
integrated in redox-regulated “smart” molecular and polymer systems [73]. In general, a TTFV
unit can undergo a simultaneous two-electron transfer to form a dication in the presence of a
chemical oxidant (e.g., iodine) or under controlled electrochemical conditions. As shown in
Figure 10, this redox process is reversible and associated with a dramatic conformational
change from pseudo cis (neutral) to frans (dication). Taking advantage of such properties, a
series of TTFV-based conjugated polymers 15a-c was synthesized by the Zhao group [74, 75].
The presence of electron-donating TTFV units here not only enabled redox-control to be readily
exerted, but also endowed these polymers with high efficiency in dispersing SWNTs in various
organic solvents, such as chloroform, toluene, and THF. The SWNT/15 suspension in organic
solvents was very stable. Upon addition of iodine as oxidant, an immediate color change to
dark green was observed, which is indicative of the formation of TTFV dication. Accompany-
ing this oxidation, SWNT precipitation was formed. In this method, excess iodine was needed,
which complicated the separation and recovery procedure of the TTFV polymers. The addition
of trifluoroacetic acid (TFA) was discovered to be not only very effective in inducing the
precipitation of SWNT, but more efficient in recovering the polymers by simple neutralization
with base. Herein, the exact effect of acidification on TTFV has not been completely clarified;
however, it is believed that TTFV would undergo dramatic conformational changes after
protonation, given that tetrathiafuvalene (TTF), the parent structure of TTFV, was known to
form cation and radical cation species by protonation [76]. In 2014, Adronov and co-workers
[77] prepared a TTFV-fluorene copolymer 16 (Figure 11). The inclusion of fluorene in this
polymer brought about good selectivity for small-diameter semiconducting SWNTs to be
dispersed in organic solvents. Triggered by TFA addition, the selectively dispersed SWNTs
were efficiently released from the suspension and collected as dispersant-free pristine
nanotubes. The polymer dispersant 16 was easily recovered after neutralization and could be
reused in multicycles. This method provides an efficient way to sort nanotubes with specific
chiral indices out of as-produced SWNTs.
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Figure 11. Conjugated polymers 15 and 16 containing redox-active TTFV units as CNT dispersants.

3.4. By temperature control

The control over dispersion and release of CNTs can also be achieved using temperature-
sensitive dispersants. For example, Wang and Chen in 2007 investigated the dispersion of
SWNTs with temperature-responsive poly(N-isopropylacrylamide) [63]. SWNTs dispersed
with this polymer were observed to precipitate when heated at a temperature higher than the
lower critical solution temperature (LCST), while re-dispersion of SWNTs could be done by
cooling and sonication. Later, Theato and Grunlan [78] prepared a pyrene-functionalized
poly(N-cyclopropylacrylamide) which could disperse SWNTs in water at temperature lower
than LCST. When the temperature was increased above LCST, the polymers surrounding the
SWNTs underwent a conformational change from coil to a globule-like shape. The authors
proposed that such a transformation reduced the steric layer thickness that hinders SWNT
aggregation.

Most recently, a family of pyrene-based non-ionic surfactants was synthesized and studied by
Bryce and Lambert [79]. Of these compounds, two surfactants 17 and 18 (Figure 12) were found
to exhibit very good performance in reversible dispersion and aggregation of MWNTs in 0.6
M aqueous NaCl solution. Upon heating the MWNTs dispersion with either of these surfac-
tants at 85 °C for 15 minutes, precipitation of MWNTSs was observed. The resulting precipitate
was stable for several hours after cooling. With gentle shaking, dispersion of MWNTs was
readily attained. The temperature-controlled dispersion and precipitation of MWNTs could
be repeatedly executed, testifying to the excellent reversibility of this method. The remarkable
performance in terms of reversibility was attributed to two factors: (i) The pyrene group
strongly anchored the surfactant molecules to the surface of MWNTs, which prevented the re-
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bundling of precipitated MWNTs. (ii) The LCST transition of the surfactants switched the
surface of the surfactant-functionalized MWNTs from being hydrophilic to hydrophobic.
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Figure 12. Temperature-sensitive surfactants 17 and 18 that allowed reversible dispersion and precipitation of MWNTs

under thermal controls.

3.5. By solvent control

Compared with the aforementioned types of stimuli-responsiveness, the tuning of solvent
properties is a much easier way as it neither involves multiple steps of addition and separation
of chemical species, nor requires significant energy inputs (e.g., light, heat). In practice, the
design of systems with specific solvent-responsiveness at the molecular level is not a trivial
task, since solvation is a rather complex issue to be thoroughly understood. Inspired by the
type of organic oligomers (i.e., foldamers) [80, 81] that change their conformations in different
solvent environments, Moore and Zang in 2010 prepared a 13-mer of olig(m-phenylene
ethynylene) 19 [82]. In a nonpolar solvent, chloroform, oligomer 19 adopted a flexible non-
folded conformation, which allowed it to wrap around SWNTs through m-rt stacking, resulting
in a stable dispersion of nanotubes. Increasing the solvent polarity by addition of acetonitrile
caused the oligomer to self-aggregate into a rigid, helical structure. As a result of this confor-
mational change, the oligomer was unwrapped from the SWNTs, releasing the SWNTs as

precipitate (Figure 13).
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Figure 13. Solvent-controlled wrapping and unwrapping of SWNTs with oligo(m-phenylene ethynylene) 19.

In 2013, Mulla and Zhao [83] reported the synthesis and properties of a series of linear and Z-
shaped mt-conjugated oligomers with redox-active dithiafulvenyl (DTF) groups attached to the
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terminal positions. Some of the oligomers showed very good performance in dispersing
SWNTs in organic solvents. Of great interest was a Z-shaped oligomer 20 (Figure 14) that
showed high efficiency of dispersing SWNTs in chloroform (ca. 0.29 mg nanotube/mL).
Addition of an equal volume of hexanes to the chloroform suspension resulted in immediate
precipitation of SWNTs. The good dispersity and solvent-dependent effect were attributed to
the presence of DTF groups, as the parent oligomer without DTF terminal groups was found
to give no dispersing effect at all. By the same token, Zhao and co-workers later designed and
synthesized poly(phenylene butadiynylene) 21 (Figure 14), the backbone of which was click-
functionalized with DTF-terminated side chains[84]. This polymer showed a high selectivity
in dispersing (6,5), (7,5) and (7,6) semiconducting SWNTs in organic solvents (e.g., toluene,
chloroform). Addition of hexanes to the suspension of SWNT-21 in chloroform also led to
precipitation of SWNTs. Thermogravimetric analysis (TGA) showed that after addition of
hexanes, most of the dispersant 21 had been stripped off the surface of SWNTs and only 7.7%
wt of dispersant still remained on the released SWNTs. The solvent-controlled SWNT disper-
sity exhibited by the DTF-functionalized mt-conjugated oligomers and polymers can be easily
applied to large-scale SWNT processing and purification. In the meantime, fundamental
studies on the solvent-regulated SWNT-polymer adsorption-desorption equilibrium are
warranted to devise better solvent control over efficient and selective SWNT dispersion and
release by this method.
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Figure 14. Dithiafulvenyl-functionalized conjugated oligomer 20 and polymer 21. Inset photographic images: (A)
SWNTs dispersed in chloroform with 20, (B) SWNTs released after addition of hexanes.

Bonifazi and co-workers [85] in 2011 reported a strategy of solvent-controlled hydrogen
bonding interactions to achieve reversible dispersion and release of MWNTs. In their work,
H-bonding supramolecular polymers were respectively assembled by complementary H-
bonding recognition between di(acetylamino)pyridine-terminated molecules (22 and 23) and
uracil-terminated compounds (24-26). The supramolecular polymers were able to strongly
interact with MWNTs, yielding stable dispersion in nonpolar solvents. Addition of H-bond
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breaking solvents (e.g., MeOH, DMSO) to the MWNT/H-bonding polymer hybrids induced
depolymerization and hence released MWNTs from the solution (Figure 15).
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Figure 15. Molecular building blocks 22-26 that formed supramolecular polymers for solvent-controlled dispersion
and release of MWNTs.

4. CNT-polymer composites responsive to single or multiple external
stimuli

Stimuli-responsive polymers show the intriguing behavior that their shapes, physical,
electrical, and optical properties can be significantly changed in response to small variations
of environmental conditions, such as pH, temperature, electrical field, ionic strength, solvent,
and so on [86, 87]. As such, stimuli-responsive polymers have been widely used as active
building blocks to develop advanced nanomaterials and molecular devices. Investigations on
functionalization of CNTs, either covalently or non-convalently, with stimuli-responsive
polymers have been actively carried out over the past decade. In 2008, Pan and Hong [88]
contributed a review article outlining the progress in designing f~CNTs that showed respon-
siveness to a range of external stimuli and potential applications in biosensing. A prominent
advantage of synthetic polymers lies in the versatility of structural tuning and modifications
to bring about synergistic effects and/or multiple functions in one system. Most recently, there
has been a growing effort in developing “smart” polymer materials that are responsive to
single or multiple stimuli so as to achieve more sophisticated applications. The following
section hence highlights the most recent progress in the design and application of stimuli-
responsive CNT-polymer composites.

In 2014, Luo et al. prepared CNT composites by mixing MWNTs with shape memory polyur-
ethane (SMPU) through a transfer method [89]. The composites showed good electrical
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conductivity and improved hydrophilicity. Of significant interest, the CNT-SMPU composites
were found to exhibit dual-stimuli responsive shape memory behavior upon exposure to water
and electrical stimulation. The authors proposed that the presence of CNT in the composites
facilitated the water diffusion to accelerate shape recovery, while the formation of CNT
networks in the composites provided a conductive pathway enabling Joule heat to stimulate
the shape recovery. Overall, the incorporation of CNTs in the composites led to enhanced
shape memory performance, while the responses to electrical stimulation resulted in much
faster shape recovery than water.

In 2012, Yuan and co-workers prepared a copolymer through free radical polymerization of
N-isopropylacrylamide (NIPAM) and an ionic liquid monomer, 1-ethyl-3-vinylimidazolium
bromide (EVImBr) [90]. The NIPAM moieties imparted the copolymer with thermo-sensitivity,
while the EVImBr units assisted in the dispersion of CNTs by strong polarization interactions
and responded to ionic strength in solution. Figure 16 schematically illustrates the unique dual
stimuli-responsiveness of MWNTs dispersed by this copolymer. Aqueous dispersion of
MWNTs with this copolymer was found to retain stability when heated to 60 °C or mixed with
excess KBr. Only the combination of heating and KBr addition led to the precipitation of
MWNTs. The authors claimed that this method was advantageous in terms of allowing precise
and designable control of CNT dispersion over a wide temperature range and at a desired
temperature.
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Figure 16. Dispersion and precipitation of MWNTs in aqueous solution of a dual stimuli-responsive copolymer of NI-
PAM and EVImBr. Adopted from reference [90] with permission. Copyright 2012 American Chemical Society.

In 2016, Mandal and co-workers used RAFT polymerization to synthesize a type of cationic
poly(ionic liquid) 22, namely poly(triphenyl-4-vinylbenzylphosphonium chloride)s (P[VBTP]
[Cl]s) (Figure 17A) [91]. These polymers showed double responsiveness towards halide ions
and temperature (upper critical solution temperature-type) in aqueous solution. The authors
reported that one of the polymers with M, =40,000 g mol™ could effectively debundle MWNTs
in water to form well-dispersed suspension (Figure 17C). In response to the addition of NaCl
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and temperature, P[VBTP][CI] 22 acted as a “smart” dispersant to control the dispersion and
precipitation of MWNTs in the aqueous phase (see Figure 17B).

{A) (B8) {c)
~ . .

2s°C - awec
PP Gl Agglomerated
MWCNT
.. . ®
ispersed
e R s

Figure 17. (A) Structure of P[VBTP][CI] 22. (B) Photographic images showing the dispersion and precipitation of
MWNTs in an aqueous solution of 22 in response to addition of NaCl and temperature. (C) TEM image of MWNTs
coated with 22. Adopted from reference [91] with permission.

Barner-Kowollik and co-workers recently synthesized cyclopentadienyl end-capped poly(N-
isopropylacrylamide) (PNIPAM-Cp, 23, Figure 18) by RAFT polymerization and Cu-catalyzed
alkyne-azide coupling [92]. This polymer was then covalently attached to the sidewall of
SWNTs via the Diels-Alder reaction at different temperatures. At low temperature (cooled by
anice bath), stable dispersion of the functionalized SWNTs was attained in water by sonication.
As the temperature increased, the polymer chains responded by collapsing onto the CNT
surface. As aresult, the CNT dispersion became destabilized, leading to the aggregation of the
functionalized SWNTs. This work demonstrates that covalent functionalization can be a
method of choice to effectively modify/switch the physical properties (e.g., dispersity) of CNT-
based nanocomposites.
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Figure 18. Synthesis of thermo-responsive functionalized SWNTs 24 via the Diels-Alder reaction.

5. Conclusions and perspectives

The literature survey discussed above has demonstrated that stimuli-responsive molecular
and macromolecular systems can be successfully applied to attain reversible dispersity of
CNTs in solutions as well as sensitive changes in other physical properties. Each type of the
external stimuli aforementioned exhibits certain advantages and offers promising opportuni-
ties for the preparation of “intelligent” nanohybrids with improved properties and enhanced
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performance than conventional CNT-based materials. On the other hand, significant chal-
lenges are still present, which require continued research efforts to address both the funda-
mental and practical aspects. For the systems based on chemical or photochemical stimuli,
controllability and tenability of the reversibility of the chemical and supramolecular reactions
involved are the key issues to investigate. Besides the currently used methods (e.g., acid/base,
photoisomerism, redox, hydrogen bonding), new design concepts and ideas can be developed
from related stimuli-responsive molecular and biological systems already established in other
fields. For methods relying on relatively simple physical inputs (e.g., temperature, solvent
polarity), molecular modeling studies are of great value for gaining in-depth mechanistic
understanding and more reliable and predictive theoretical models for the design of task-
specific and better performing stimuli-responsive CNT-based systems. In this light, recent
advances in molecular dynamic (MD) simulations of various CNT systems have paved a way
for achieving this goal. Overall, the major drivers of technological advancements in CNTs are
their wide-ranging applications, while new research thrusts are expected to emerge from
synergistic efforts by the theoretical, synthetic, materials, and engineering communities.
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Abstract

Electrothermal bimorph actuators have been widely researched, comprising two
layers with asymmetric expansion that generate a bending displacement. Actuation
performance greatly relies upon the difference of the coefficients of thermal expansion
(CTE) between the two material layers. Since traditionally used bimorph materials
have positive CTE values, the generated displacements are restricted because of their
relatively low CTE difference. Currently, the synthesis and characterization of carbon
nanotube (CNT)/polymer composite actuators are topics of intense research activity.
CNTs have been attracting much interest because of their superior electrical, thermal
and mechanical properties. In addition, the negative CTE value of CNTs in the axial
direction has been investigated analytically, leading one to expect that the CTE of the
composites in a direction parallel to the CNT alignment will drastically decrease by
containing the aligned CNTs into polymer materials. In this chapter, an experimen-
tal method for determining the CTE of a CNT in the axial direction is discussed. Based
on this result, we demonstrate an electrothermal bimorph actuator having a large
bending displacement and high force output using an aligned CNT-reinforced epoxy
composite and thin aluminum foil. Performance characteristics including power and

work output per unit volume versus frequency are also reviewed.
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1. Introduction

Electrothermal actuators, which have a displacement/force output at low-voltage operation
conditions and a simple fabrication process, are good for applications such as precise-track-
ing positioning devices, artificial muscles and manipulators [1-3]. One of the electrothermal
actuationschemesis the so-called bimorph effect [4], where two materials with different thermal
expansions are combined in a bimorph cantilever. The thermal expansion mismatch between
the two layers of the cantilever can produce a bending displacement when current is passed
through the component. Traditionally used bimorph materialsinclude metals, metal oxides and
silicon [1, 5-7], most of which have a positive coefficient of thermal expansion (CTE). There-
fore, the generated displacements of these bimorph materials are restricted because of the
relatively low CTE difference between them.

Currently, the synthesis and characterization of carbon nanotube (CNT)/polymer composite
actuators are topics of intense research activity [8-10]. CNTs have been attracting much interest
because of their potential applications as a next-generation electronic material. In particular,
their superior electrical, thermal and mechanical properties, including high electrical and
thermal conductivity [11, 12] and extremely high mechanical strength exceeding 100 GPa [13],
make them a candidate material for nano- and microscale actuators, composites and electronic
devices. In addition, the negative CTE of CNTs in the axial direction has been investigated
analytically [14-17], and is found to be much lower than that of polymer materials. Thus, it is
expected that the CTE of the composites in the direction parallel to CNT alignment will
drastically decrease with the addition of aligned CNTs into the polymer material. However,
there is no experimental study on the axial CTE of CNTs. Therefore, for such applications,
knowledge of the CTE of CNTs is crucial.

Recently, Zhang et al. [18]have developed continuous multiwalled CNT (MWCNT) sheets by
directly drawing MWCNTs from super-aligned MWCNT arrays. The MWCNT sheet fabrica-
tion technology has allowed aligned MWCNT-reinforced polymer composites to be prepared,
where the resultant composites possess a high MWCNT volume fraction and achieve a high
Young’'s modulus [19-23]. In addition, because these kind of MWCNTs have high aspect ratios
and are well-aligned in the composites, it can be expected that an evaluation of the CTE of the
composites in the MWCNT alignment direction makes it possible to evaluate the axial CTE of
the MWCNTs.

In this chapter, to determine the axial CTE of MWCNTs, the CTE of aligned MWCNT-
reinforced epoxy composites in the MWCNT alignment direction is measured and the axial
CTE of the MWCNTs is estimated using the rule of mixtures. We have found that the MWCNTs
in the axial direction possess a negative CTE, and that the CTE of the composites in the
MWCNT alignment direction became negative with the addition of more than 10 vol.%
MWCNTs. Based on this result, we demonstrate an electrothermal bimorph actuator with a
large bending displacement and a high force output by using an aligned MWCNT-reinforced
epoxy composite and thin aluminum foil. Because the thermal expansion mismatch between
the composite layer and the aluminum layer is enormous, the same temperature rise leads to
a larger bending actuation of the structure compared with the conventional electrothermal
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bimorph actuators. Furthermore, because the Young’s modulus of the composite is expected
to be enhanced by including aligned MWCNTs in the polymer matrix as mentioned above, the
force output of the actuator comprising the composite is also expected to increase.

2. Experimental procedure

2.1. Sample preparation

The MWCNTs were grown vertically on an oxidized silicon wafer substrate with chemical
vapor deposition using C,H, and FeCl, as the base material and the catalyst, respectively.
Hereafter, the vertically aligned MWCNTSs grown on a substrate are referred to as MWCNT
arrays. The detailed procedure for the fabrication of MWCNT arrays has been reported
elsewhere [24]. The average diameter and length of the MWCNTSs were 39 nm (15-57 nm) and
>600 um, respectively. The MWCNT monolithic sheets were drawn out of the MWCNT arrays
and wound onto a rotating plate (Figure 1a). In this study, five kinds of stacked MWCNT
monolithic sheets (50250 layers) were prepared.

MWCNT array
! K e

Figure 1. (a) Photograph and (b) SEM image of a MWCNT array and aligned MWCNT sheet.

Aligned MWCNT/epoxy composites were prepared by a hot-melt prepreg method [21],
wherein the MWCNT monolithic sheet was pre-impregnated with an epoxy matrix. A partially
cured epoxy resin (B-stage epoxy) with a release paper was used as the starting materials,
where the epoxy resin comprised bisphenol-A type epoxy, novolac-type epoxy and an
aromatic diamine curing agent. A stacked MWCNT monolithic sheet about 20 mm wide and
about 45 mm in length was placed on a polytetrafluoroethylene sheet and covered with the
epoxy resin film with the release paper. The epoxy resin was then impregnated into the
MWCNT monolithic sheet at 90°C for 3 min between the steel plates of the hot press (AS ONE
AH-4015, Japan). After peeling off the release paper from the MWCNT sheet now impregnated
with the epoxy resin (prepreg sheet), the prepreg sheet was cured at 130°C for 1.5 h at the
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pressure of 1 MPa using the hot press, forming a film specimen. To evaluate the actuator
properties, an aligned MWCNT-reinforced epoxy composite/aluminum laminate was pre-
pared. The prepreg sheet was prepared under the same processing condition as mentioned
above. Subsequently, after peeling off the release paper from the prepreg sheet, aluminum foil
was stacked on the prepreg sheet and cured at 130°C for 1.5 h at the pressure of 1 MPa using
the hot press.

2.2. Evaluation of mechanical properties and CTE

Tensile tests of the aligned MWCNT/epoxy composites were performed using a tensile test
apparatus (Instron Model 5965, USA) with a 50 N load cell. Strain was measured by a laser
displacement meter (Keyence LS-7600, Japan) with a resolution of 0.1 pm, whereupon the
Young’'s modulus was calculated from the slope of the stress-strain curve. The thickness and
width dimensions of the tensile testing samples were measured by a scanning electron
microscope (SEM). The gage length was about 18 mm and the testing speed was 0.2 mm/min,
and at least three samples were tested from each batch of composites. Uniaxial tensile tests of
individual MWCNT were carried out with a manipulator inside the vacuum chamber of the
SEM [25, 26]. Further details of the experimental procedure are described elsewhere [26]. In
this study, the diameter of the individual MWCNTs was measured from transmission electron
microscope (TEM) images, wherein 23 MWCNTSs were observed and measured. The in-plane
MWCNT alignment distribution for the composites was observed using an SEM (JEOL
JSM6510, Japan) and a TEM (JEOL JEM-2100F, Japan). A thin sample for TEM observations
was prepared using a focused ion beam milling machine (Hitachi FB2200, Japan), with a
machined area that was approximately 20 pm wide, 4 pm deep and 0.3 um thick.

We measured the CTE of the aligned MWCNT/epoxy composite films using the experimental
setup schematically shown in Figure 2. The dimensions of the composite film sample were 19
x 2 x 0.019 — 0.030 mm? (length x width x thickness), where the length is along the direction
parallel to the MWCNT alignment. The sample was placed on a hot plate and the temperature
measured by a thermocouple placed in contact with the composite sample. The length change
was then measured by the laser displacement meter in the temperature range 30-60°C and
with a heating rate in the range of 1.8-79.0 K/min. In this study, we evaluated the average CTE
of the composites in the above-mentioned temperature range. The formula for the CTE of the
composites, a,, was given by

AL/L
A== 1)
AT
where L is the initial length, AL is the change in length and AT is the change in temperature
(30 K) of the composite sample. The slope of the curve AL/L vs. AT over the temperature range
was obtained using experimental data to determine ..
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Controller
(Laser displacement meter)

Thermocouple

Data logger
" Sample

ot plate

Temperature controller Laser displacement meter

Figure 2. Schematic illustration of experimental setup for determining the CTE of MWCNT/epoxy composites.

2.3. Evaluation of actuator properties

The experimental setup used to characterize the actuator performance is shown in Figure 3.
To evaluate the actuator property, an electrothermal actuator was prepared using the compo-
site/aluminum laminate, where the MWCNT volume fraction in the composite layer was 27
vol.%. As shown in Figure 3a, a U-shaped actuator was formed by cutting out the middle part
of the composite/aluminum laminate, where the CNT-aligned direction is parallel to the length
direction of the U-shaped actuator. The dimension of the entire U-shaped actuator was 20 x 5
x 0.038 mm?® (length x width x thickness), wherein the width of each beam was around 2 mm.
A gold coating was sputtered onto the surface of the composite layer to decrease the contact
resistance between the composite layer and the copper electrodes and to enhance the conduc-
tivity in the composite layer. The edge of the sample was masked during deposition by a
polyimide tape to prevent electrical shorting on the sidewalls of the sample by the gold layer.
The top end of the sample was sandwiched between glass plates and the composite layer was
then attached to two copper electrodes. The free length of the actuator was 16 mm. The sample
was suspended vertically in a glove box chamber and a DC voltage was applied using a power
supply (KEITHLEY 2400, USA). The square waveform input voltage on the composite layer
was controlled using a Labview program, and the bending of the sample was captured by the
laser displacement meter. The sample surface temperature during actuation was measured
using infrared thermography (Apiste FSV-1200, Japan), where the temperature data were
obtained from the bare surface of the composite layer. Calibration of the thermography was
performed by also heating the sample on a hot plate and using a thermocouple placed on the
composite layer to measure the sample temperature. The emissivity of the composite was
determined based on the thermocouple temperature measurements. The temperature,
displacement and applied voltage values were automatically recorded every 200 ms to a text
file using data logger (Graphtec GL220, Japan).
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Controller (Laser displacement meter)

Figure 3. Schematic illustration of (a) the U-shaped actuator and (b) experimental setup for determining bending dis-
placement of the U-shaped actuator.

3. Results and discussion

3.1. Mechanical properties

A MWCNT array prepared in this study is shown in Figure 1b. Because of their high areal
density and the strong interaction between MWCNTs, well-aligned MWCNT monolithic
sheets are produced easily from the MWCNT array by pulling [24]. To evaluate the Young's
modulus of individual MWCNTs, uniaxial tensile tests of single MWCNTs were carried out
using a nanomanipulator system. The Young’'s modulus averaged from the values obtained
from 23 MWCNTs was 210 GPa.

A SEM image of the MWCNT distribution in the composite is shown in Figure 4a. The majority
of the MWCNTs are aligned, although some MWCNTs are inclined with respect to the
alignment direction. A TEM image shown in Figure 4b shows the morphology of the internal
structure of the composites, where itis seen that the epoxy resin penetrates thoroughly between
the MWCNTs. The TEM image indicates that the densely aligned MWCNT composites are
successfully fabricated using the present processing method with only a limited amount of
pores, which are marked by black arrows (Figure 4b).

The dependence of the Young’s modulus of the composites upon the MWCNT volume fraction
is shown in Figure 5, where it is seen to increase linearly with the increasing MWCNT volume
fraction. The Young’s modulus of the composite containing 27 vol.% MWCNTs reaches 56.8 +
3.9 GPa, which is one order of magnitude higher than that of randomly oriented CNT/polymer
composites [27]. In these MWCNT/epoxy composites, the MWCNTSs possessed a high aspect
ratio (length/diameter >15,000) and were aligned along the same direction. This suggests that
the composites prepared in this study can be modeled as continuous fibers aligned in parallel
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within the epoxy matrix [28]. Therefore, the Young’s modulus of the composites in the direction
of the MWCNT alignment, E,, may be expressed using the rule of mixtures [28] such that

E =(-V)E, +V,E,, )

where E,, and E; are the Young’s moduli of the epoxy and the MWCNTs, respectively, and V;
is the MWCNT volume fraction. Using Eq. (2), the Young’s modulus of the MWCNTs is
calculated to be 200 GPa, which is close to the Young’s modulus of the individual MWCNTs
measured by the uniaxial tensile tests (210 GPa). The solid line in Figure 5 is a regression line
provided by the least-squares regression analysis (the regression coefficient R* is calculated to
be 0.97). These results suggest that the Young’s modulus of the composites in the direction of
the MWCNT alignment can be evaluated by the rule of mixtures.

@ P Tr—
7
/

|

Adignmant

B jm

Figure 4. Aligned MWCNT/epoxy composites showing in-plane MWCNT distribution acquired by (a) SEM and (b)
TEM. The MWCNT volume fraction is (a) 27 and (b) 22 vol.%.
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Figure 5. Young’s modulus of the aligned MWCNT-reinforced epoxy composites as a function of MWCNT volume
fraction.
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3.2. Coefficient of thermal expansion

We evaluate the CTE of the aligned MWCNT/epoxy composites. Figure 6a shows the variation
of the thermal strain of the composites in the axial direction of the MWCNT alignment and of
pure epoxy as a function of temperature change. The thermal strain of the epoxy increases with
the increasing temperature, and the CTE of the epoxy is 7.0 x 10° K. The CTE dramatically
decreases, however, with the addition of 9 vol.% MWCNTs, and thermal contraction can be
observed in composites containing more than 11 vol.% MWCNTs. The dependence of the CTE
upon the MWCNT volume fraction is shown in Figure 6b, where it can be seen that, though
some variations are observed, the CTE tends to decrease with the increasing MWCNT volume
fraction. Ultimately, the CTE of the composite containing 27 vol.% MWCNTs is 0.7 x 10> K™.
As mentioned above, the composites prepared in this study can be modeled as continuous
fibers aligned in parallel within the epoxy matrix. Thus, the CTE of the composites in the
direction of the MWCNT alignment, a,, may be expressed using the rule of mixtures [28] such
that

a,(~V)E, +a,V,E,
o - L, 3)
1- Vf)Em + V/Ef

where a,, and a; are the CTEs of the epoxy and MWCNTs, respectively. As mentioned above,
the epoxy resin penetrates thoroughly between individual MWCNTs (Figure 4b). Thus, it may
be reasonable to substitute the Young’s modulus of the individual MWCNTs for E;in the rule
of mixtures. Substituting E,, = 2.5 GPa, E; =210 GPa and «,, = 7.0 x 10° K™ into Eq. (3) and
performing the least square regression analyses for the data shown in Figure 6b, the value of
a;is calculated to be —1.1 x 10° K™. The solid line in Figure 6b is a regression line provided by
the least-squares regression analysis (the regression coefficient R? is calculated to be 0.98).
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Figure 6. (a) Thermal strain of composites as a function of the temperature change. (b) Coefficient of thermal expansion
of the composites as a function of the MWCNT volume fraction.
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Some numerical and theoretical studies have been performed on the CTE in the axial direction
of the CNTs. The axial CTE values of single-walled CNTs (SWCNTs) and MWCNTSs reported
in previous studies [14-17, 29, 30] are summarized in Table 1, where the majority of the
previous studies have predicted that the CNTs contract axially below the temperature of 400
K. The thermal expansion of solids is well understood in terms of Griineisen theory [31], and
whether a solid expands or contracts upon heating depends upon the balance between phonon
modes with positive and negative Griineisen parameters. At low temperatures, transverse
acoustic modes that correspond to the out-of-plane atomic vibrations of the crystal lattice may
exhibit negative Griineisen parameters. Schelling et al. [14] have reported that the CTE in the
axial direction for SWCNTs is —0.9 x 10¢ K™ at room temperature, and this fact is associated
with the negative Griineisen parameters. The axial CTE value of the MWCNTs measured in
this study is in reasonable agreement with those of the CNTs reported previously [14-17].

Material CTE (K™) Temperature (K) Method Ref.
(10,10) SWCNT -0.9x10° RT Theory 14
(10,10) SWCNT 25x10° High Theory 14
(10,10) SWCNT -12x10° 400 Simulation 15
(5,5) SWCNT -02-3.6x10° 250-1600 Theory 16
(9,0) SWCNT -0.4-33x10° 250-1600 Theory 16
(100,100) SWCNT -1.6x10° 300 Simulation 17
MWCNT 0--1.0x10° 300 Simulation 17
(5,5) SWCNT 3.9x10° 300-800 Simulation 29
(10,10) SWCNT 2.4 x10° 300-800 Simulation 29
(10,10) SWCNT 0-2.1x10° 0-2000 Simulation 30

Table 1. Full list of the axial CTE of CNTs. Shown are the CNT type, axial CTE of the CNTs, temperature range and
method.

3.3. Actuator properties

The cross-sectional view of the laminate comprising the composite containing 27 vol.%
MWCNTs and aluminum thin foil is shown in Figure 7. The SEM image indicates that the two
layers are tightly bonded to each other using the present processing method without delami-
nation in the laminate. The composite layer and aluminum layer have thicknesses of about 30
and 8 um, respectively. We now evaluate the bending actuation of the U-shaped actuator.
Figure 8 shows the bending actuation performance and temperature variation of the U-shaped
actuator. When a DC voltage of 3.0 V was applied, the actuator began to bend immediately
and the free-end displacement of the actuator reached 3.0 mm. The free end returned to its
initial position after the power source was cut off. The bending displacement was almost
identical to the temperature variation during the actuation process.
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Figure 7. SEM image showing the cross-section of the composite/aluminum laminate.
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Figure 8. Photographs of an actuator (a) without and (b) with an applied DC voltage of 3.0 V. (c) Bending displacement
and temperature variation of the actuator with an applied DC voltage of 3.0 V.

The dependences of the displacement upon the applied voltage and temperature are shown
in Figure 9a and b. The glass transition temperature of the epoxy used in this study was 130°C,
so we evaluated the bending displacement of the actuator at a temperature range of 30-120°C,
below the glass transition temperature. The bending displacement is proportional to the
temperature change and to the square of the applied voltage, and reaches 7.6 mm under a DC
voltage of 5.2 V, which suggests that the actuation mechanism is owing to the Joule heating.
The CTE of the composite in the MWCNT alignment direction has been measured to be -0.7
x 10¢ K (Figure 6). Thus, upon applying an electric voltage on the actuator, the composite
layer is directly heated and shrinks along its length. The aluminum layer, however, is heated
up by the heat that diffuses from the composite layer and results in a thermal expansion. The
vast thermal expansion mismatch between the composite layer and the aluminum layer is
expected to cause a large bending displacement for the actuator under electric stimulation. The
temperature dependence of the force output is shown in Figure 9c. The force output, F, is
calculated by the following equation while assuming that the bending displacement is equal
to that of a cantilever model subject to a tip concentrated load:
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where 0 is the bending displacement, E is the Young’s modulus, I is the second moment of
inertia and L is the length of the actuator. The subscripts 1 and 2 for E and I refer to the
composite layer and aluminum layer, respectively. Figure 9c shows that the force output is
nearly in line with the temperature change, and reaches 9.0 mN at 5.2 V. Figure 10 shows the
vibration amplitude and calculated force output of the actuator at the square wave voltage
with different frequencies. With an increasing frequency higher than 0.25 Hz, both the
vibration amplitude and the force output gradually decrease. According to the thermal
actuation mechanism, the maximal vibration frequency of the actuator is determined by its
heat generation and dissipation rate. For the electrical-induced thermal actuator, the heating
and cooling rate will lag the rate of the current charge at a frequency higher than 0.25 Hz, which
leads to the decrease of the vibration amplitude and force output.
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Where an actuator must operate cyclically, considerations of frequency and power become
relevant. The maximum power output per unit volume, P,,,, is defined by

t
Rnax = I/Vmax/E = 2.meax > (5)

where ¢ is the period of time, fis the frequency and W,,,,, is the maximum work output per unit
volume. The W,,,, is calculated by

F.35
Wmax = max — max s (6)
8wL(h, +h,)

where w and h are the width and thickness of the actuator, respectively. Because the actuator
prepared in this study was stimulated with a square wave voltage, the maximum work output
per unit volume was divided by one-half of the period of time to calculate the maximum power
output per unit volume. Figure 11 allows for a comparison of the frequency and power output
per unit volume, wherein the dashed lines link actuators that can produce equal W,,,, in each
cycle. In addition to the experimental results of this study, Figure 11 gives some literature data
for the previously reported CNT composite electrothermal actuators [8, 9], conventional
electrothermal microactuators consisting of metals, ceramics and silicon [1, 5] and other kinds
of bending actuators [32-34]. Chen et al. [8] have fabricated a 30-mm long aligned MWCNT-
based polydimethylsiloxane (PDMS) composite electrothermal bimorph actuator (the thick-
ness of the composite layer and PDMS layer was 20 and 750 um, respectively) and achieved a
bending displacement of 9.5 mm at a DC voltage of 40 V. Seo et al. [9] have fabricated a 33-
mm long electrothermal actuator based on a PDMS slab sandwiched by upper and lower active
layers of SWCNT/PDMS composites (the thickness of the composite layer and PDMS layer
was about 0.5 and 500 pm, respectively). They reported a large bending displacement of 3.5
mm at a DC voltage of 60 V. Wang et al. [32] have prepared and evaluated a RAINBOW
(reduced and internally biased oxide wafer) actuator consisting of a reduced electromechani-
cally passive layer and an unreduced piezoelectric lead zirconate titanate (PZT) layer. Wang
et al. [33] have investigated sulfonated poly(styrene-ran-ethylene) (SPSE) as a new ion-change
membrane for use in ionomeric polymer-metal composite (IPMC) actuators. Cottinet et al. [34]
have studied an IPMC actuator using a Nafion membrane and MWCNT buckypapers. The
Young’'s moduli of the silicon, silicon oxide, silicon nitride, titanium tungsten, SPSE membrane,
Nafion membrane, MWCNT buckypaper and PZT used in the above previous studies were
estimated based on the literature values [1, 5, 32-34]. On the other hand, no information of the
Young’'s moduli of the CNT composites and PDMS has been given in the literature [8, 9]. Thus,
we estimated the Young’s modulus of the composites using the rule of mixtures. We substi-
tuted E,, =0.85 MPa and E;=480 GPainto Eq. (2) to estimate the Young’s modulus of the aligned
MWCNT/PDMS composite prepared by Chen et al. [8]. These values have been reported in
the literature [26, 35]. In case of the actuators prepared by Seo et al. [9], the SWCNTs were
randomly oriented in the composite layers. Therefore, we estimated the upper and lower limits
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of the composite’s Young’s modulus using Eq. (1) and following Eq. (7), respectively [28], such
that

Ef Em

E,:{ﬁer} . 7)

The Young’s moduli of PDMS (0.85 MPa) and SWCNTs (1200 GPa) have been reported in the
literature [35, 36]. As shown in Figure 11, the actuator prepared in this study has higher values
of power and work output per unit volume than that of the CNT composite actuators [8, 9]
and IPMC actuators [33, 34]. This is mainly owing to the high Young’s modulus of the
actuator’s constituents and the large bending displacement of the actuator. Although the
actuators prepared by Chen et al. [8] and Seo et al. [9] can produce a large bending displace-
ment, the thick pure PDMS layer may limit its force output. On the other hand, the actuator
prepared in this study exhibited its large bending displacement and high force output because
of the aligned MWCNT-reinforced epoxy composite and thin aluminum foil. The RAINBOW
actuator [32] (7.0 x 1.02 x 40.0 mm?® (length x width x thickness)) has a large power output per
unit volume under the frequency of 250 Hz even though the bending displacement is in the
range of 600 um. This is mainly because the piezoelectric actuator provides the high force
output at high operating frequency. On the other hand, the RAINBOW actuator may provide
a power output per unit volume comparable to that of the IPMC actuators [33, 34] with a
frequency between 0.05 and 2.5 Hz. In addition, its work output per unit volume is < 10™* mJ/
mm?, which is one order of magnitude lower than that of the actuator prepared in this study.
The dimensions of the actuators prepared by Yang et al. [1] and Boutchich et al. [5] were 500
550 x 40-400 x 3.5 um?® (length x width x thickness). Even though the dimensions of the actuators
prepared in this study are much larger than those of the actuators prepared by Yang et al. [1]
and Boutchich et al. [5], it exhibits comparable or higher power and work output per unit
volume under the frequency of 1.0 Hz. Furthermore, the applied voltage is 1-2 orders of
magnitude smaller than that of the CNT composite electrothermal actuators [8, 9] and the
RAINBOW actuator [32], which is almost identical to that of the IPMC actuators and electro-
thermal microactuators [1, 33, 34]. By employing microfabrication technology including
photolithography, the dimensions of the electrothermal actuator can be decreased to the
microscale with a length of hundreds of micrometers. Thus, the rate of heat dissipation as well
as the frequency of the generated actuation can be greatly enhanced owing to the enhancement
of the large surface-to-volume ratio. In addition, it is expected that the applied voltage may be
potentially reduced because of the decrease in the electrical resistance of the actuator. In view
of the significance of the Young’s modulus and thermal expansion mismatch in these actuators,
further studies should be carried out to miniaturize the CNT composite actuator. By develop-
ing CNT composite microactuators, a wide range of micro- and nanoscale applications can be
envisioned where mechanical motion is needed at high displacement, high force and high
speed, such as micromanipulation, optomechanical and electromechanical switches and
mirrors, microfluidic valving and pumping, heat regulation and artificial muscles.

387



388 Carbon Nanotubes - Current Progress of their Polymer Composites

.| CNT compeosite electrothermal actuators
(1) Aligned MWCHNT/PDMS composite-PDMS
(Input voltage = 40V, Ref [8])
| (2) SWCNT/PDMS composite-PDMS composite
{Input voltage = 80V, Ref [9])
~~| Electrothermal microactuators
(3) Silicon-silicon dioxide
_ {Input voltage = 8V, Ref [1])
(4) Silicon nitride-litanium tungsten
{Input power = 55m\W, Ref [5])
Plezoelectric actuators
(5) Piezoelectric lead zirconate titanate (PZT)
{Input voltage = 108Y, Ref [32])
IPMC actuators

(6) Sulfonated poly(styrene-ran-athylene) (SPSE)
{Imput voltage = 3V, Ref [33])

(7) Nafion-MWCNT buckypaper
(Input voltage = 7.3V, Ref [34])
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Figure 11. Actuator power output per unit volume as a function of frequency for this work (data points) and published
reports (colored areas). The dashed lines link actuators that can produce equal maximum work output per unit volume
in each cycle.

4. Conclusions

Combining an alighed MWCNT-reinforced polymer composite possessing a negative CTE in
the MWCNT alignment direction with aluminum foil, we created a composite/aluminum
bimorph that affords unique opportunities for the development of novel electrothermal
actuators. The bending displacement and force output of the actuator, comprising an epoxy
composite containing 27 vol.% MWCNTs and thin aluminum foil with a free length of 16 mm,
reached 7.6 mm and 9.0 mN under a DC voltage of 5.2 V, respectively. Furthermore, the
actuator fabricated in this study exhibited higher values of power and work output per unit
volume than those of the actuators reported in previous studies with frequencies between 0.05
and 0.5 Hz. This was mainly owing to the high Young’s moduli of both the composite and the
aluminum layers as well as the huge mismatch of the CTEs in the composite/aluminum
bimorph. The Young’s modulus of the composites increased linearly with the increasing
MWCNT volume fraction. The composite containing 27 vol.% MWCNTs produced the highest
Young’'s modulus, with a value of 56.8 + 3.9 GPa. We have also shown that the axial CTE of
the MWCNTSs was deduced to be -1.1x10° K™ from the CTE values measured on the aligned
MWCNT/epoxy composites using the rule of mixtures, and the CTE of the composite contain-
ing 27 vol.% MWCNTs was —0.7 x 10> K™. In this study, we indicated contributions from three
sources toward the increased bending displacement and force output in the actuator: (i)
preparing the MWCNT/polymer composite to have a high Young’s modulus and a negative
CTE with the aid of an aligned MWCNT monolithic sheet; (ii) choosing materials with a high



Application of Aligned Carbon Nanotube-Reinforced Polymer Composite to Electrothermal Actuator
http://dx.doi.org/10.5772/62509

Young’s modulus and a large CTE as the second layer in the laminate; and (iii) designing the
dimensional parameters of the actuator.
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Abstract

This chapter gives a brief overview of the preparation, characterization, and analytical
applications for combinations of polymers and carbon nanotubes (CNTs) that have been
prepared in different ways, which are used as an electrode material. For this purpose,
multiwalled or single-walled CNTs are composed of different types of conductive
polymers. The preparation of CNT-conducting polymer composite electrodes was
explained by their deposition order. Chemical and morphological surface characteriza-
tions of composite electrodes were presented by scanning electron microscopy,
transmission electron microscopy, atomic force microscopy, cyclic voltammetry, and
electrochemical impedance spectroscopy. In addition, CNT-based polymer composite
electrode usage in sensor applications for trace organic/inorganic compounds and energy
applications is discussed in the last part of this chapter.

Keywords: Carbon nanotubes, conducting polymers, composite electrodes, metal
nanoparticels scanning, electron microscopy

1. Introduction

Recently, considerable attention focused on nanometer-sized structures, which show great
catalytic activity due to their high surface area to volume ratio and their effective properties
such as magnetic, optical, electronic, and catalytic activity. Carbon nanotubes (CNTs) are one
of the most attracted materials in this field. The historical roots of CNTs started in the 1960s
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when Roger Bacon produced graphene sheets rolled into scrolls, which were supported by
microscopic and diffraction results. CNTs were actually discovered by Sumio lijima in 1991,
who published CNTs as “helical microtubules of graphitic carbon,” and these soon are known
as multiwalled CNTs (MWCNTs). Two years later, Iijima published another type of 1.37-nm-
diameter single graphene cylinder, which today are known as single-walled CNT (SWCNTs).
Whereas MWCNTs consisted of more than one rolled graphene that is telescoped, SWCNTs
only formed fromasingle graphenesheet. Thewrapping of the graphenesheettoformcylindrical
nanotubes can occur with differentangels. CNTs are sorted by this angle values as zigzag, chiral,
and armchair, which affect their property that resulted in the metallic (armchair) or semicon-
ducting (zigzag) CNTs [1].

CNTs have excellent thermal and electrical conductivity and large surface area compared to
the other carbon-based materials. Moreover, CNTs formed with sp? bonded carbons that are
stronger than sp and sp® bonds that provide the improved properties, such as flexibility and
tensile strength [2, 3]. CNTs are insoluble in water due to their nonpolar nature, although they
can be covalently or noncovalently functionalized, which make them preferable to incorporate
with different compounds to obtain multifunctional materials as electrode modifiers [4, 5]. The
special properties of CNTs, such as easy functionalization ability, high surface area, and unique
thermal, mechanical, and electrical properties, make them an appealing component for
composite materials, which resulted in the attraction of great interest on CNT-based compo-
sites [6, 7].

A composite material is a mixture of different components, which is homogeneous when seen
in macroscopic scale and heterogeneous in microscopic scale and shows better physical and
chemical properties than those of the individual components used alone. In the case of using
CNTs as a conductive component, conducting polymers (CP) attracted great interest among
all other secondary components due to their high conductivity to weight ratio and special
optical and mechanical properties, which were first reported in 1994 by Ajayan et al. [8, 9].
CNT-polymer composites not only have taken all the advantages of the individual
components, such as mechanical and optical properties, electrocatalytic activity, electrical
conductivity, and charge density, but also have improved them by a synergistic effect. For this
reason, these composite materials can achieve an efficient electrocatalysis [10, 11]. CNTs and
polymers can be bound to each other covalently or noncovalently. Conjugated polymers or
free electron pair containing heteroatoms in organic polymers can interact with CNTs via van
der Waals, m-stacking, or hydrophobic forces, which correspond to noncovalent bonding.
Another way is called covalent chemical bonding or grafting that puts together CNTs and
polymers with strong chemical bonds by “grafting to” or “grafting from” approaches [12].

CNT-CP composites found a wide range of application field, such as biomedical applications
[13], orthopedic implants [14], treatment of periodontal diseases in dentistry [15], and detector
for volatile organic compounds [16]. In addition, due to their easily functionalized character-
istic and improved electrical and mechanical properties, CNT-CPs have attracted great
attention as electrode material for sensing and energy applications [17-20].
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2. Preparation of CNT-CP composite electrodes

2.1. Synthesis, purification, and dispersion of CNTs

CNTs can be produced mainly by three different methods: laser ablation, electric arc discharge,
and chemical vapor deposition (CVD). CVD provides the synthesis of aligned SWCNTs or
MWCNTs with more controllable diameters and lengths. The purification protocol of CNT is
an important issue that changes the catalytic activity of CNTs, such as heating the CNTs at
temperature under decomposition, chemical treatments with concentrated HNO; reflux with
H,SO, or HC, or hydrogen peroxide (H,0O,) reflux. Dispersing nanotubes at the individual
nanotube level is critical for the improved performance of CNTs in most applications, which
mainly are sorted as water-soluble dispersions of CNTs with adsorbed surfactants, such as
sodium dodecyl sulfate (SDS), dodecyl-benzene sodium sulfonate, and cetyltrimethylammo-
nium bromide, and dispersions of CNTs in organic solvents, such as dimethyl formamide,
dimethyl acetamide, tetrahydrofuren, and dimethyl pyrrolidone [21, 22].

2.2. Preparation pathways of CNT-CP composite electrodes

Different procedures for immobilizing the CNT-CP composites onto electrode (E) surface have
been described as follows: (i) electropolymerization of monomers after CNT modification on
bare electrode surface (CP/CNT/E), (ii) CNT modification after monomer electropolymeriza-
tion on bare electrode surface (CNT/CP/E), and (iii) CP and CNT can be modified together on
bare electrode surface (CNT-CP/E). These CNT-CP preparation pathways are shown with a
diagram in (Figure 1). The activity and synergistic effect of the prepared CNT-CP composite
electrodes towards organic or inorganic compounds can be changed by a preparation pathway
that also affects the thickness of the polymer on bare electrode or CNT surface, polymer
growth, and surface porosity of the resulting composite. In most of the studies, CNT-CP
composites were prepared by following the first pathway [23].

T

h-f Drupping T '

Figure 1. Schematic illustration for preparation pathways of CNT-CP composite electrodes.
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2.2.1. CP/CNT/E

The first step for the preparation of CP/CNT-modified electrode is to modify CNTs on bare
electrode surfaces, which can be achieved by mainly two ways: dropping the appropriate
volume of CNT dispersion on the bulk electrode surface and remains until dispersant evapo-
ration or using the CNT paste electrode that was prepared by mixing CNT and mineral oil.
The second step involves the electrochemical deposition of CPs on CNT-modified electrodes,
which can be achieved by following the one of the two routes: electropolymerization of CP on
CNT/E by applying repetitive potential cycles with cyclic voltammetry (CV) or by applying
constant potential with certain time.

Pyrrole (Py), which is one of the most commonly used CPs, was electropolymerized on CNT/
E surface mostly by CV [24-26]. Polypyrrole (PPy) was formed on single-stranded DNA
(ssDNA)/MWCNT paste electrode in the range 0 to +0.75 V versus saturated calomel electrode
(SCE) with 50 mV s™ for six cycles in 0.1 M PBS (pH 7.0) containing 0.05 M Py and 2.0x10° M
32-mer probe oligonucleotide for the electrochemical detection of DNA hybridization [27]. In
another study, electrodeposition of PPy film on CNT/glassy carbon electrode (GCE) was
carried out from an aqueous solution containing 0.02 M tiron and 0.01 M Py by potential cycling
between 0.0 and +0.8 V (vs. Ag/AgCl) at a scan rate of 50 mV s™ for a total of five scans [28].

Poly(aniline) (PANI) and poly(flavin adenine dinucleotide) (FAD)-modified CNT composite
electrodes were prepared by CV, which was performed using the mixture of 50 mM aniline
and 1 mM FAD in pH 2.28 aqueous solution that was polymerized with consecutive cycles
over a suitable potential region from -0.35 to 1.0 V at 50 mV s [29]. In other study, the
electropolymerization of thiophene and derivatives was carried out using different techniques,
such as CV and chronoamperometry. The electropolymerization via CV was carried out with
varied potential cycles between 0 and -1.7 V versus Ag/AgCl at 50 mV s in sodium perchlo-
rate, acetonitrile, or H,50, [30-33]. The polymerization with chronoamperometric technique
was achieved with the deposition of poly(3,4-ethylenedioxythiophene) (PEDOT) at 1.1 V for
90 s by immersing the (3-cyclodextrin (3-CD)-SWCNT/GCE in aqueous solution containing
0.01 M EDOT and 0.02 M LiClO, [34].

2.2.2. CNT/CP/E

The first step for the preparation of CNT/CP/E is the electropolymerization of CP on bulk
electrode surface using CV [35] and chronoamperometry [36, 37]. PEDOT/GCE was obtained
individually by one-step electropolymerization of 10 mM monomer on GCE surface in 50 mM
LiClO, by applying a constant potential of 1.1 versus SCE with 90 s deposition time, which
was followed by the modification of CNTs on PEDOT/GCE surface by the drop-dry technique
[38].

2.2.3. CNT-CP/E

The codeposition of CNT and CP has several advantages, such as using fewer amounts of
chemicals and obtaining more uniform surfaces. The homogeneous existence of both compo-
nents in composite films provides high catalytic activity and sensitivity [39]. CNT-CP/E is
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generally prepared by the immersion of bulk electrode into the supporting electrolyte
containing both CNT and monomer, which is attached to the electrode surface by CV [40-45]
or chronoamperometry [46]. CNT-CP electrodes that contain PPy as CP were prepared by
applying eight potential cycles from -0.2 to 0.8 V at 0.1 V s™ scan rate in 0.1 M PPy+0.2 mg/mL
SWCNTs+0.1 M SDS solution [47]. In another study, CNT-CP composite electrode was
prepared by chronoamperometry, which used PEDOT as CP. PEDOT-SWCNT composite on
the platinum (Pt) disk electrode surface was prepared by immersion of Pt disk electrode in
0.05 M phosphate buffer solution (pH 6.5) containing 0.02 M EDOT, 1 mg mL* SWCNT, 0.02
M sodium N-lauroylsarcosinate, and 0.02 M LiClO, followed by the constant potential
polymerization at 1.1 V versus SCE for 60 s [48].

3. Characterization of CNT-CP composite electrodes

The developments in composite materials have increased demand for characterization
techniques to improve the function and quality of structures. The characterization of CNT-CP
composite properties is important in many research fields of material science, including
heterogeneous catalysis, semiconductor thin-film technology, corrosion resistance, and studies
of the behavior and functions of biological membranes. For this purpose, CNT-CP composite
electrodes are characterized by electrochemical impedance spectroscopy (EIS), X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and atomic force microscopy (AFM).

EIS is generally used to improve the understanding of multistep reactions, such as diffusion
impedance, charge transfer, double-layer capacitance, and solution resistance. The charge
transfer resistance (Rct) value was obtained from a semicircle diameter of Nyquist plot at high
frequencies that were related to dielectric and insulating characteristics of the electrode/
electrolyte interface [49]. In Nyquist diagrams, a straight line with a slope of approximately
45° was related to a mass transport process via electroactive compound diffusion [50].

SWCNTs are a well-defined system in terms of electronic properties compared to the MWCNTs
that Zhang et al. composed —poly(styrene sulfonic acid) sodium salt (PSS) with SWCNT on
GCE surface to form the CNT-CP composite electrode. They showed the EIS results of bare
GCE, SWCNT-modified GCE, and PSS film-modified GCE SWCNT/PSS-modified GCE in the
presence of 5.0 mM K;[Fe(CN)]/K,[Fe(CN)s] and 0.1 M KClI to compare the activity of the
surfaces. The EIS of GCE- and SWCNT-modified electrode has close Rct values of 121 and 253
), respectively, which are shown as a line that corresponds to the diffusion-controlled
electrode process. The negative PSS film and the probe ion [Fe(CN)¢]*** result in a larger
repulsion effect, where PSS/GCE shows a much higher interfacial Rct (7.21x10° ), whereas a
lower Rct (4.13x10% Q) value was obtained in the case of PSS film-modified GCE. This behavior
is attributed to the higher conductivity and larger surface area of SWCNTs in PSS film that
facilitates the electron transfer [51].

XPS, also known as electron spectroscopy for chemical analysis, is generally used to identify
the chemistry of solid surfaces. The sample is irradiated with monoenergetic X-rays causing
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photoelectrons to be emitted from the sample surface. An electron energy analyzer determines
the binding energy of the photoelectrons. The energy of photoelectrons is characteristic of the
target material, and the measurement of the energy spectrum (number of count vs. kinetic/
binding energy) provides valuable information about the top 2 to 20 atomic layers depending
on the material studied. From the binding energy and intensity of a photoelectron peak, the
elemental identity, chemical state, and quantity of all elements, except helium and hydrogen,
in the periodic table are determined. Karim et al. synthesized and characterized the SWCNT-
poly(thiophene) (PTh) composites. XPS analysis enlightened the chemical composition of
SWCNT-PTh. Although there is no s2s or s2p spectrum observed in the case of SWCNTs, the
s2p core level is formed in the spectrum by the addition of PTh to nanotubes. The s2p core-
level spectrum of PTh and SWCNT-PTh can be divided into at least two spin-orbit-split doublet
(s2p3/2 and s2p1/2) peaks at approximately 163.6 and 163.7 eV, which were related to the sulfur
atoms [52].

SEM is a useful technique to obtain information about the surface morphology of electrode
surface. TEM is also used for the same purpose, which has the ability to show the more detailed
image about surface in atomic size with narrow focusing areas. Both techniques use electron
beams for getting information about the material surface but collect different electrons for
imaging.

Lin et al. studied MWCNT and PEDOT to form CNT-CP composite electrodes, which also
contain FAD. They identified the surface morphologies of PEDOT, PEDOT-FAD/MWCNT,
and MWCNT/PEDOT-FAD-modified indium tin oxide (ITO) electrodes with SEM, where the
last two correspond to the electrode modification with MWCNT before and after the electro-
codeposition of PEDOT and FAD. SEM images obviously represent the importance of modifier
order, which are exactly different from each other. These modified electrodes show a globular
shape, except for MWCNT/PEDOT-FAD, and this can be attributed to the coverage of all
MWCNT surface by polymer film. The location of the MWCNTs after the electrocodeposition
of PEDOT and FAD is more compact in the composite electrode [31].

Au nanoparticle-modified bromocres