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nterfacial characteristics of
polymer nanocomposites containing carbon
nanotubes

Junjie Chen, * Baofang Liu, Xuhui Gao and Deguang Xu

This paper provides an overview of recent advances in research on the interfacial characteristics of carbon

nanotube–polymer nanocomposites. The state of knowledge about the chemical functionalization of

carbon nanotubes as well as the interaction at the interface between the carbon nanotube and the

polymer matrix is presented. The primary focus of this paper is on identifying the fundamental

relationship between nanocomposite properties and interfacial characteristics. The progress, remaining

challenges, and future directions of research are discussed. The latest developments of both microscopy

and scattering techniques are reviewed, and their respective strengths and limitations are briefly

discussed. The main methods available for the chemical functionalization of carbon nanotubes are

summarized, and particular interest is given to evaluation of their advantages and disadvantages. The

critical issues related to the interaction at the interface are discussed, and the important techniques for

improving the properties of carbon nanotube–polymer nanocomposites are introduced. Additionally, the

mechanism responsible for the interfacial interaction at the molecular level is briefly described.

Furthermore, the mechanical, electrical, and thermal properties of the nanocomposites are discussed

separately, and their influencing factors are briefly introduced. Finally, the current challenges and

opportunities for efficiently translating the remarkable properties of carbon nanotubes to polymer

matrices are summarized in the hopes of facilitating the development of this emerging area. Potential

topics of oncoming focus are highlighted, and several suggestions concerning future research needs are

also presented.
1. Introduction

Carbon nanotubes were rst observed by Iijima1,2 nearly three
decades ago, and since then, they have been the focus of
considerable research.3,4 Carbon nanotubes can be categorized
as single-walled and multi-walled carbon nanotubes,1,2 and
a multi-walled carbon nanotube consists of multiple rolled
layers of graphene, as shown in Fig. 1. Carbon nanotubes have
generated tremendous scientic and technical interest over the
past decade due to their unique properties at the nanoscale.
Extraordinary physical and mechanical properties have been
reported for this form of carbon with a cylindrical nano-
structure.3,4 As a consequence, carbon nanotubes offer unique
opportunities for the development of fundamentally new
nanomaterials.

Due to the unique properties of carbon nanotubes, there has
been an increasing interest in the development of nano-
composite materials.7–10 In particular, the outstanding
mechanical properties are expected to have many advantages to
ring, School of Mechanical and Power
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85
develop the nanocomposite materials reinforced with carbon
nanotubes.11,12 As a result, there has been a large focus on the
research and development of carbon nanotube-based polymer
composite materials.13,14 The rst polymer nanocomposite
material reinforced with carbon nanotubes was reported by
Ajayan et al.15 in 1994. Since the realization of the remarkable
properties of carbon nanotubes, various advanced carbon
nanotube–polymer composite materials have been prepared by
using a variety of fabrication techniques.16,17 A broad range of
potential applications can be envisioned for the use of carbon
nanotube–polymer composite materials, and some examples of
their application are shown in Fig. 2.

There has been considerable research in attempting to
utilize carbon nanotubes as reinforcements for polymer
composite materials, and signicant progress has been
made.7–10 However, aer nearly three decades of research, the
potential of carbon nanotubes as reinforcement in polymer
composite materials has not been fully realized.11 To harness
the unique attributes of carbon nanotubes exhibited at the
nanoscale, it is necessary to resolve the issues related to the
basic principle of the nanoscale mechanical reinforcement of
polymer matrices with carbon nanotubes,11 as well as the
characteristics of the interface between the carbon nanotube
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Transmission electronmicroscopy images and schematic diagrams of carbon nanotubes, showing typical diameters of (a) a single-walled
carbon nanotube and (b) a multi-walled carbon nanotube. The microscopy image of the single-walled carbon nanotube is adapted with
permission from ref. 5. Copyright 2012, Springer Nature Limited. Themicroscopy image of themulti-walled carbon nanotube is adapted from the
“Endo Laboratory” website.6
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and the surrounding polymer matrix.18 To achieve the optimal
reinforcement with carbon nanotubes, it is of great importance
to understand the relationship between nanocomposite prop-
erties and interfacial characteristics.11,13

Great achievements have been made in the eld of carbon
nanotube–polymer composites during the past few years.11–17

However, poor dispersion and weak interfacial bonding remain
obstacles for effectively incorporating carbon nanotubes into
polymer matrices. There are still signicant challenges
encountered while exploring carbon nanotubes as ller mate-
rials to be overcome. It is oen difficult to achieve a uniform
dispersion of carbon nanotubes in the polymer matrix,11 as well
as to enable a strong interaction at the interface between the
carbon nanotube and the polymer matrix.18 Various attempts
have been made to effectively reinforce a polymer matrix with
carbon nanotubes.19–22

The issue related to the uniform dispersion of carbon
nanotubes is critical to efficient reinforcement in polymer
nanocomposite materials.23 Much effort has been devoted to
improve the dispersion of carbon nanotubes, such as the use of
This journal is © The Royal Society of Chemistry 2018
physical treatment,13 surfactants,21 and chemical functionali-
zation of the surface of carbon nanotubes.22,23 Additionally,
strong interfacial bonding is critical to take full advantage of the
exceptional properties of carbon nanotubes. Functionalization
has been suggested to be an effective approach to acquire high-
performance nanocomposite materials because of the ability to
signicantly improve the dispersion of carbon nanotubes and
to greatly enhance the bonding at the interface.23

Much attention has been focused on the characteristics of
the interface. To improve the properties of the polymer nano-
composites reinforced with carbon nanotubes, it is necessary to
have a better understanding of the characteristics of the inter-
face at the nanometric level.24,25 The interface plays a signicant
role in the stress transfer between the carbon nanotube and the
polymer matrix, and the consequent improvement in nano-
composite properties. The characteristics of the interaction at
the interface have been widely studied,24,25 and great achieve-
ments have been made in this eld, as reviewed by Rahmat and
Hubert.18 Unfortunately, it remains unclear how to optimize the
interface for mechanical reinforcement. Furthermore, there is
RSC Adv., 2018, 8, 28048–28085 | 28049
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Fig. 2 Examples of the potential application of carbon nanotube–polymer composite materials.
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still a lack of understanding of the interaction at the interface.
To unlock the potential of carbon nanotubes, it is important to
fully understand the underlying mechanism responsible for the
interfacial interaction at the molecular level to further optimize
the interface in polymer nanocomposite materials.26

There is a large number of literatures about the topic dis-
cussed here, but a limited number of relevant previous review
articles13,18,22–34 are available. Fig. 3 shows how the number of
English language refereed journal articles in carbon nanotube–
polymer composite materials has steadily increased since 2010.
In recent years, the number of publications dealing with various
Fig. 3 Recent English language refereed journal publications related
to carbon nanotube–polymer composite materials. The data are
collected from the Engineering Village© web-based information
service. The number of publications dealing with various aspects of the
polymer composite materials has increased markedly in recent years.

28050 | RSC Adv., 2018, 8, 28048–28085
aspects of the polymer nanocomposite materials containing
carbon nanotubes has increased markedly. As a consequence,
an overview article is required, and the objective of this paper is
to address this need. Most of the relevant journal articles have
been published since 2010, so that is the focus of this review.

While signicant insights have been achieved in this eld,
there are still many critical issues that need to be addressed to
harness the maximum benets from the remarkable properties
of carbon nanotubes. In this paper, the recent advances in the
development of carbon nanotube–polymer composites are
reviewed, and the progress, remaining challenges, and future
directions of research are discussed. Special emphasis is placed
on the characteristics of the interaction at the interface.

2. Dispersion and characterization
techniques
2.1. Dispersion of carbon nanotubes

The advantages of carbon nanotube–polymer composites
include improved stiffness, strength, and fracture toughness.
Unfortunately, the expected improvement in the properties of
these polymer composites has not been fully realized. Their
properties have been found to be critically dependent upon the
degree of the dispersion of carbon nanotubes, the interfacial
adhesion between the carbon nanotube and the polymer
matrix, and the alignment along the principal axis of applied
force.18,23 To employ carbon nanotubes as effective reinforce-
ment in polymer composite materials, it is important to achieve
uniform dispersion of carbon nanotubes within the polymer
matrix. The synthetic methods of the polymer nanocomposite
materials have overwhelmingly focused on improving the
degree of the dispersion of carbon nanotubes, given the fact
This journal is © The Royal Society of Chemistry 2018
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that uniform dispersion can signicantly improve the proper-
ties of these nanocomposite materials.23

Much effort has been devoted to the fabrication of the
composite materials. There are a number of effective methods
for fabricating polymer nanocomposites with high mechanical
or physical properties.23,26 The potential of carbon nanotubes as
reinforcements has not been fully realized due partly to the
difficulties associated with the dispersion of carbon nanotubes.
Considerable progress has been made in the development of
the techniques targeting good dispersion.35–38 Hence, the prin-
ciples and features of these dispersion techniques are briey
summarized here.

Various methods have been proposed to improve the
dispersion of carbon nanotubes in a polymer matrix. The most
common method used to disperse carbon nanotubes is the
ultrasonication technique. High-power ultrasonication is an
effective method to disperse carbon nanotubes in a polymer
matrix, but is only suitable for dispersing carbon nanotubes in
small batches. The characteristics of the various mechanical
techniques used for dispersing carbon nanotubes in a polymer
matrix are summarized in Table 1, which can serve as a guide-
line for selecting an appropriate dispersion technique to
synthesize carbon nanotube–reinforced polymer composite
materials. Nevertheless, the techniques used for dispersing
carbon nanotubes in a polymer matrix are not limited to those
listed in Table 1. In practical operation, a combination of these
techniques are oen adopted.39–41 Overall, dispersion of carbon
nanotubes in polymer matrices is problematic, and it still
remains an active area of research at present.

2.2. Characterization techniques

To better understand the macroscopic properties of polymer
nanocomposite materials, a detailed characterization of several
important microstructural features such as the dispersion state
and the alignment of carbon nanotubes in polymer matrices is
required. The main methods intended to characterize the
Table 1 Comparison of various mechanical techniques used for dispers

Technique

Factor

Damage to nanotubes Suitable polymer matrix

Ultrasonication Yes Soluble polymer, low visc
polymer or oligomer,
monomer

Calendering No Liquid polymer or oligom
monomer

Ball milling Yes Powder (polymer or
monomer)

Shear mixing No Soluble polymer, low visc
polymer or oligomer,
monomer

Extrusion No Thermoplastics

This journal is © The Royal Society of Chemistry 2018
microstructures of polymer nanocomposite materials can be
categorized as microscopy and scattering techniques.
Masenelli-Varlot et al.42 have reviewed the recent advances in
the microscopy techniques for a better understanding of the
mechanical and physical properties of carbon nanotube–rein-
forced polymer composite materials. Several imaging tech-
niques such as scanning electron microscopy, transmission
electron microscopy, near-eld microscopies, and focused ion
beam microscopy have been introduced, and their principles
have also been briey discussed.42 Microscopy and scattering
techniques can provide a quantitative description of the
morphology of polymer nanocomposite materials, and they are
complementary for structural characterization.43–46

Transmission electron microscopy and scanning electron
microscopy techniques can be used to characterize the micro-
structural features of nanocomposite materials, such as the
dispersion state of carbon nanotubes in polymer matrices and
the magnitude of the interfacial adhesion between them.47

Other important factors such as the alignment of carbon
nanotubes in the polymer matrix, as well as other common
analyses involving distribution and quantication of the
dimension of carbon nanotubes can also be explored by using
these electron microscopy methods. Solá48 have reviewed these
electron microscopy techniques, and have also discussed their
strengths and limitations, respectively. There is need for
improving different aspects of the electron microscopy tech-
niques, particularly the image contrast of carbon nanotubes
within the polymer matrix.48

It is critical to determine the size distribution of suspended
carbon nanotube objects. Given the variability in dimensions,
characterization the size of carbon nanotubes is best accom-
plished with an imaging method, specically atomic force
microscopy.49–51 Atomic force microscopy has become an
important technique in the eld of composite materials due to
its unique ability to image and characterize structures in liquid,
ambient, and vacuum environments.52–54 Recently, light,
ing carbon nanotubes in a polymer matrix

Availability Governing factors

ous Commonly used in lab, easy
operation and cleaning aer
use

Power and mode of
sonicator, sonication time

er, Operation training is
necessary, hard to clean aer
use

Rotation speed, distance
between adjacent rolls

Easy operation, need to
clean aer use

Milling time, rotation speed,
size of balls, balls to
nanotube ratio

ous Commonly used in lab, easy
operation and cleaning aer
use

Size and shape of the
propeller, mixing speed and
time

Large-scale production,
operation training is
necessary, hard to clean aer
use

Temperature, conguration
and rotation speed of the
screw

RSC Adv., 2018, 8, 28048–28085 | 28051
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neutron, and small-angle X-ray scattering techniques have also
been used to quantitatively analyze the structure of carbon
nanotubes in suspensions. Electron microscopy techniques are
in principle more powerful than scattering techniques for
elucidating the morphologies of polymer nanocomposite
materials.45 Although transmission electron microscopy is
typically used to “visually” characterize the dispersion state of
carbon nanotubes, it is not an accurate means to determine this
important quantity. In contrast, scattering techniques are the
most appropriate means to characterize dispersion.46

The dispersion state of carbon nanotube in a polymer matrix
should be evaluated over a broad range of scales and can be
accomplished by using the following imaging techniques:
transmission electron microscopy, scanning electron micros-
copy, scanning probe microscopy, polarized Raman spectros-
copy,55–57 optical microscopy, and confocal microscopy. In
recent years, confocal laser scanning microscopy has been
successfully applied to evaluate the dispersion state of carbon
nanotubes in polymer matrices.58,59 Scattering techniques, such
as wide-angle X-ray scattering, small-angle X-ray scattering, and
polarized Raman spectroscopy, are very useful for analyzing the
alignment of carbon nanotubes in polymer matrices. Standard
Raman spectroscopy has been used to monitor deformation of
carbon nanotubes in a polymer matrix. Polarized Raman spec-
troscopy has been widely used to examine the alignment of
different carbon nanotube assemblages.60–64 However, these
scattering techniques seem difficult to interpret the dispersion
state of carbon nanotubes in polymer matrices. This is because
the contrast ratio is signicantly lower, as well as the presence
of rigid rod behavior is not equivalent to the uniform dispersion
of carbon nanotubes at all length scales. At a local length scale,
ultraviolet-visible-near infrared absorption spectroscopy can be
used to determine the dispersion state of single-walled carbon
nanotubes in solutions and nanocomposite materials qualita-
tively.65–69 This is because only individual or small bundles of
single-walled carbon nanotubes exhibit sharp absorbance
peaks,65 which can be termed as van Hove singularities. In
contrast, large bundles, associates with the poor dispersion of
carbon nanotubes, exhibit only monotonically decreasing
absorbance with increasing wavelength.65,70

All common conventional microscopy techniques have their
specic disadvantages about the image of the dispersion of
carbon nanotubes within a polymer matrix. Optical microscopy
is useful to assess the large-scale agglomerates of carbon
nanotubes, but this technique becomes incapable to accurately
determine the dispersion state at the sub-micron scale.71,72

Scanning probe microscopy, more specically atomic force
microscopy, and scanning electron microscopy can provide
sufficient information about the surface features of polymer
nanocomposite materials. However, these imaging techniques
in general only yield a characteristic three-dimensional
appearance of the surface of carbon nanotubes within a poly-
mer matrix.73,74 While the spatial resolution achieved with
transmission electron microscopy can offer sufficient informa-
tion about the microstructure of carbon nanotubes, there are
intrinsic challenges and imaging artifacts that need special
28052 | RSC Adv., 2018, 8, 28048–28085
attention to properly characterize the bulk characteristics of
polymer nanocomposite materials.75,76
3. Functionalization of carbon
nanotubes with polymers

Chemical modication or functionalization can effectively
improve the dispersion state of carbon nanotubes. Given that
mechanical properties of the composite materials depend crit-
ically upon the efficiency of load transfer at the interface,18,25

chemical functionalization is an effective approach to increase
the strength of the interface. Functionalization of the surface of
carbon nanotubes has received a signicant amount of atten-
tion recently due to its potential applications in many elds.
Chemical functionalization provides a convenient way to
improve the dispersion state of carbon nanotubes as well as to
modify the characteristics of the interface, which in turn may
improve the properties of the polymer nanocomposite mate-
rials. Therefore, the nature of chemical functionalization may
play an important role in determining the properties of the
polymer nanocomposite materials reinforced with carbon
nanotubes. This modication method will become more prev-
alent, since signicant progress has been made recently in the
eld of chemical functionalization.
3.1. Functionalization method

The performance of the composite materials depends strongly
upon the dispersion state of carbon nanotubes and the inter-
action at the interface.18,23 It has been realized that the main
obstacle in the translation of the remarkable physical and
mechanical properties of carbon nanotubes into useful polymer
composite materials is the nonreactive nature of the carbon
nanotubes, which ultimately results in a weak interfacial
interaction with the polymer matrix that leads to inefficient load
transfer and phase separation.23 Therefore, much effort has
been devoted to develop various approaches to modify proper-
ties of the surface of carbon nanotubes.77–79 Functionalized
carbon nanotubes have been playing an increasingly important
role in the research, development, and application of the
composite materials. Considerable advances related to the
science and technology of chemical functionalization have been
made.4,77,80,81 The principles of modicationmethods along with
the benets and disadvantages associated with these methods
have been reviewed by Ma et al.23

It is necessary to improve the dispersion state of carbon
nanotubes and the efficiency of load transfer at the interface in
order to achieve optimum performance of the composite
materials.13 Unless the interface is carefully designed, interfa-
cial slippage may be appeared due to poor load transfer at the
interface.82 Chemical functionalization of carbon nanotubes is
of great importance to signicantly improve the dispersion state
of carbon nanotubes as well as to effectively enhance the load
transfer efficiency in the composite materials.13,83 Various
methods of the chemical functionalization of carbon nanotubes
have been developed.4,84 The graing of macromolecules onto
the surfaces of carbon nanotubes has also been paid much
This journal is © The Royal Society of Chemistry 2018
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attention during the past few years. It is expected that the
addition of a whole polymer chain affects the properties of the
carbon nanotubes and their affinity to polymer matrices more
greatly than that of low molecular weight functionalities.

To improve the properties of the composite materials, low-
cost and industrially feasible approaches to modication of
the surface of carbon nanotubes have been much pursued
vigorously in recent years. These approaches for the function-
alization of carbon nanotubes by polymers can be simply
divided into two categories, involving either non-covalent or
covalent bonding between the carbon nanotube and the poly-
mer matrix.85–87 Non-covalent functionalization of carbon
nanotubes includes non-covalent coating with surfactants,
surface wrapping with long polymer chains, and non-covalent
adsorption of non-charged polymer chains. Non-covalent
modications utilize p–p interactions and van der Waals
forces by adsorption of polymers, biomolecules, polynuclear
aromatic compounds, or surfactants. Non-covalent functional-
ization helps to separate the carbon nanotube aggregates and
improve the dispersion state of carbon nanotubes, while the
structural integrity of carbon nanotubes is preserved and thus
their properties are not disrupted.78
Fig. 4 Transmission electron microscopy images for (panel (a)) pristinem
carbon nanotubes, and (panel (c)) PIM-4-modified multi-walled carbon n
for pristine multi-walled carbon nanotubes; the magnified area in the box
(e) high-resolution transmission electron microscopy for the PIM-2-mo
shows the walls of the carbon nanotube with a thin layer of the coating p
microscopy for the PIM-4-modified multi-walled carbon nanotubes; sim
carbon nanotube with a thin layer of the coating polymer on the surfac
electrolytes PIM-2 and PIM-4 is described in ref. 78. The figure is adapt
Society.

This journal is © The Royal Society of Chemistry 2018
The interaction between carbon nanotubes and polymers,
surfactants, or low-molecular-weight molecules has been
widely studied.23,39,77–80 Conjugated polymers have been found
recently to strongly interact with the surface of carbon nano-
tubes through p-stacking, in addition to small molecules with
extended conjugation. This strong interaction allows the
backbone of the conjugated polymers to wrap carbon nano-
tubes efficiently,78 as shown in Fig. 4. Unfortunately, the
agents that can be used for this method are very limited, their
dispersion is not very stable, and most importantly, it is
difficult to further modify carbon nanotubes with different
functionalities.

The second method of carbon nanotube functionalization is
covalent modications. Covalent modications attach a func-
tional group onto ends or side wall of carbon nanotubes.
Covalent modications may alter the intrinsic properties of
carbon nanotubes, but can greatly improve the solubility and
compatibility of carbon nanotubes, which highlights the
importance of this functionalization method. There are two
overarching methods, “graing to” and “graing from”, to
prepare the polymer nanocomposites containing carbon
nanotubes.88–90
ulti-walled carbon nanotubes, (panel (b)) PIM-2-modifiedmulti-walled
anotubes. Panel (d) high-resolution transmission electron microscopy
shows the smooth surface of the walls of the carbon nanotube. Panel
dified multi-walled carbon nanotubes; the magnified area in the box
olymer on the surface. Panel (f) high-resolution transmission electron
ilar to panel (e), the magnified area in the box shows the walls of the

e. The information about the chemical structures of conjugated poly-
ed with permission from ref. 78. Copyright 2015, American Chemical

RSC Adv., 2018, 8, 28048–28085 | 28053
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3.2. “Graing to” method

According to the “graing to” method, end-functionalized
polymer molecules react with complementary functional
groups located on the surface of either pristine or pre-
functionalized carbon nanotubes to form tethered chains.91–95

The “graing to” method mainly exploits carbon nanotube
bound carboxylic acid groups in esterication or amidation
reactions with hydroxyl or amine containing polymer or organic
molecules.96–99 Unfortunately, there is limitation in the avail-
ability of acid groups generated through oxidation procedure on
the surface and tips of carbon nanotubes.27 Furthermore,
carbon nanotubes are usually digested in acid over a long
period of time in order to introduce a large concentration of
acid groups on their surfaces, which can damage the sp2

network severely and may greatly shorten the length of carbon
nanotubes.27

The problems associated with wrapping and adsorption have
also arisen during covalent graing of macromolecules onto the
surface of carbon nanotubes.100,101 The level of graing is
inversely proportional to the molecular weight of polymer, and
graing high molecular weight polymers is inefficient when the
“graing to” method is used. The “graing to” method is
preferred to attach small molecules on the surface of carbon
nanotubes, although it has been widely used.27

3.3. “Graing from” method

The “graing from” method utilizes the polymerization initi-
ated from the surface of carbon nanotubes by attached initi-
ating groups.102–107 Appropriate initiator is covalently attached
to the surface of carbon nanotubes, depending upon the poly-
merization mechanism selected for graing. In recent years,
atom transfer radical polymerization, reversible addition-
fragmentation chain transfer polymerization, ring-opening
metathesis polymerization, and in situ free radical polymeriza-
tion have been successfully used to synthesize carbon nano-
tube–reinforced polymer composite materials.27 Graing high
molecular weight polymers could be efficient when the “graing
Fig. 5 Reaction scheme for the synthesis and characterization of a seri
amine dendrimers. The figure is adapted with permission from ref. 111. C

28054 | RSC Adv., 2018, 8, 28048–28085
from” method is used.100,101 Furthermore, a quite high graing
density can be achieved by using this method. In recent years,
there has been an increasing interest in the use of living anionic
polymerization for the preparation of carbon nanotube–rein-
forced polymer composite materials. Even at a very low
concentration of initiator, high-molecular-weight polymer
nanocomposites can be synthesized in a controlled manner by
using this polymerization mechanism.108,109
3.4. Mixed mechanism

Hyperbranched poly(amidoamine) graed multi-walled carbon
nanotubes have been prepared by using a “graing from”

method.110 Single-walled carbon nanotubes functionalized with
polyamidoamine dendrimers have also been prepared,111 as
shown in Fig. 5. The synthesized polymer nanocomposite
material was a second-generation polyamidoamine dendrimers.
Firstly, single-walled carbon nanotubes were functionalized by
a 1,3-dipolar cycloaddition reaction, followed by the formation
of a pyrrolidine ring functionalized with a N-tert-
butoxycarbonyl-protected amine group. Secondly, the amino
groups interacted with ethylenediamine and methyl acrylate to
synthesize the carbon nanotubes graed with the rst-
generation polyamidoamine. The same reaction sequence
resulted in the second-generation dendrimer. Thermogravi-
metric analysis was performed, and the results indicated a loss
of weight of approximately 33%.

Xu et al.112 reported single-step in situ synthesis of
polystyrene-graed multi-walled carbon nanotubes by cobalt-60
g-ray irradiation. Chemical functionalization of carbon nano-
tubes was accomplished through g-ray irradiation. The func-
tionalized carbon nanotubes were characterized by thermal
gravimetric analysis, and the polymer content could be up to
15 wt%, depending on the duration of irradiation. They sug-
gested that chemical functionalization of carbon nanotubes
accomplished through g-ray irradiation involves both “graing
to” and “graing from” mechanisms.
es of single-walled carbon nanotubes functionalized with polyamido-
opyright 2006, American Chemical Society.

This journal is © The Royal Society of Chemistry 2018
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Liu and Chen113 prepared bromine-terminated poly-
(styrene) by using an atom transfer radical polymerization
method, which was then graed to multi-walled carbon
nanotubes. The bromine atom is transferred from poly-
(styrene) to the surface of carbon nanotubes during the
graing process, and served as the initiator. In a subsequent
step, a surface-initiated atom transfer radical polymerization
of poly(N-isopropylacrylamide) from the carbon nanotube–
poly(styrene) surfaces was carried out. Through the method
combining “graing to” and “graing from”, the surface of
carbon nanotubes were bounded by the a polymer brush
consisted of two arms, i.e., poly(styrene) and poly(N-iso-
propylacrylamide), as shown in Fig. 6.
3.5. Endohedral lling

There is an increasing interest in trapping polymer macromol-
ecules into carbon nanotube channels. The rst successful
experiments on lling carbon nanotubes with polymers were
reported by Liu et al.,114 who used supercritical carbon dioxide,
an excellent solvent, to encapsulate polystyrene into hollow
multi-walled carbon nanotubes with a length of approximately
2–3 mm and an outer diameter of approximately 40–50 nm. In
this approach, the initiator of benzoyl peroxide and the mono-
mer of styrene were carried into the cavities of carbon nano-
tubes by means of supercritical carbon dioxide. Both of the two
components remained in the hollow cores of carbon nanotubes
aer removing the carbon dioxide, followed by polymerizing the
monomers. Liu et al.114 prepared a carbon nanotube–poly-
styrene composite by using this technique. Furthermore, the
concentration of llers in the composite can be controlled by
the release rate of supercritical carbon dioxide during the
Fig. 6 Incorporation of amphiphilic v-shaped poly(styrene)-b-poly(N-is
nanotubes through sequential “grafting-to” and “grafting-from” techniqu
American Chemical Society.

This journal is © The Royal Society of Chemistry 2018
soaking process. On the other hand, preliminary experiments
on the synthesis of carbon nanotube–polyacetylene composites
have been carried out using a similar procedure.115 Steinmetz
et al.116 reported the results of carbon nanotubes lled with the
conducting polymer, polypyrrole, and the photo-conducting
polymer, poly(N-vinyl carbazole), using supercritical uid
impregnation.

Previous studies have shown that polymer encapsulation in
carbon nanotube channels is feasible using a two-step
process.114–116 Firstly, supercritical carbon dioxide carries the
monomer (initiator) components into the carbon nanotube
cavities. Secondly, aer the removal of carbon dioxide, the
monomers are polymerized at a certain temperature. The
supercritical uid method, in principle, can be used to prepare
other polymer nanocomposites containing carbon nanotubes.
Consequently, Bazilevsky et al.117 devised amethod to selectively
intercalate relatively low-molecular-weight polymers into open-
end, as-grown, wettable carbon nanotubes at room temperature
in open air. Relatively low-molecular-weight polymers, such as
poly(caprolactone) and poly(ethylene oxide), were encapsulated
inmulti-walled carbon nanotubes with diameters of 50–100 nm,
as conrmed by transmission electron microscopy shown in
Fig. 7. This revealed the morphological characterization of
mixtures in nanoconnements affected by intermolecular
forces. This method can be explained by a novel self-sustained
diffusion mechanism, as discussed in the literature.117 Larger
macromolecules remained outside of the carbon nanotubes,
whereas relatively small, exible polymer molecules were
allowed to enter. A theoretical model was also presented to
describe the physical transport mechanism believed to be
responsible for the selective lling of carbon nanotubes with
different polymers.
opropylacrylamide) polymers onto the surface of multi-walled carbon
es. The figure is adapted with permission from ref. 113. Copyright 2007,

RSC Adv., 2018, 8, 28048–28085 | 28055
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Fig. 7 Transmission electron micrographs of poly(caprolactone)
deposited inside multi-walled carbon nanotubes. They were obtained
by dispensing poly(caprolactone) in methylene chloride over open-
end, as-grown, wettable carbon nanotubes. The figure is adapted with
permission from ref. 117. Copyright 2007, American Chemical Society.
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4. Carbon nanotube–polymer
interfaces

Mechanical properties of the polymer composites reinforced by
carbon nanotubes have been widely studied.118–121 The ultimate
goal is to achieve the polymer nanocomposites which are opti-
mally reinforced. Recently, the carbon nanotube–polymer
interface have attracted increasing attention.122–125 The interface
is of fundamental importance, because it governs the load
transfer efficiency and plays an important role in determining
the mechanical properties of the polymer nano-
composites.126–131 As a consequence, the properties of these
nanocomposites are highly dependent upon the nature of the
interface, i.e., control of properties at the interface is critical.
The nature of the interface is further complicated because the
dimension of carbon nanotubes is of the same order of
magnitude as that of polymer chains.

In addition to good dispersion and orientation of the carbon
nanotubes, the interface needs to be carefully engineered to
achieve a combination of adequate stress transfer at low strains
and frictional energy dissipation at higher strains.132–135 Other-
wise, poor load transfer at the interface may result in interfacial
slippage and reduced performance of the polymer nano-
composites.14 Current efforts are focused on optimization of the
interface to provide better interfacial load transfer, which
demands a better understanding of the interfacial characteris-
tics.136–139 It has been found that the interfacial characteristics
can signicantly inuence the efficiency of carbon nanotube
reinforcements in improving properties of the polymer
nanocomposites.140–143

To ensure efficient load transfer, various approaches have
been proposed for the optimization of the interface. One
effective way to improve the interfacial bonding is chemical
functionalization of the surface of carbon nanotubes. The ulti-
mate interface is realized by constructing chemical bonds
between the carbon nanotube and the polymer matrix. Chem-
ical functionalization can provide a means for tailoring the
interface to achieve optimal performance of the polymer
nanocomposite materials. Consequently, the utilization of
chemically functionalized carbon nanotubes offers tremendous
28056 | RSC Adv., 2018, 8, 28048–28085
scope for tailoring the interface and the development of
advanced nanocomposite materials.

The efficiency of interfacial stress transfer has been widely
studied,18 since the interaction at the interface is essential to
understand the factors inuencing the mechanical behavior of
carbon nanotube–polymer composites. In particular, the stress-
transfer mechanism is an important issue to be addressed,
using both experiments and analysis.37 Experimental results
showed that the strength of carbon nanotube–polymer
composites is lower than that predicted by theory.144,145 This
phenomenon may be attributed to poor interfacial bonding.11

Therefore, special attention should be paid to the interaction at
the interface.

Some interesting results have described progress on
addressing the above issue.146 The strength at the interface has
been measured using nano-pull-out tests.147–156 These experi-
ments are very difficult to perform and the scatters in the data
are signicantly high. Interfacial shear strength can be
measured from the bulk composite by load transfer experi-
ments, at higher load there is slippage between the carbon
nanotube and the polymer matrix. Barber et al.147 have reported
the force required to separate individual carbon nanotubes
from polymer matrices, measured by reproducible nano-pull-
out experiments using atomic force microscopy. Since the
radius of gyration of polymers is of the same order of magnitude
as the outer diameter of carbon nanotubes, the polymer chains
close to the interface behaved differently than the bulk.147

Experimental and theoretical results obtained for the shear
strength of the interface are listed in Table 2.

Recent studies have demonstrated that there exists signi-
cant interaction at the interface.78,118,123,139,143,157 Dassios and
Galiotis139 reported the manufacturing of millimeter-high,
vertically aligned multi-walled carbon nanotube–poly(vinyl
alcohol) composite mats. Direct evidence of signicant inter-
facial interaction was gave by means of thermogravimetric
analysis, as well as scanning electron microscope and trans-
mission electron microscopy images, as shown in Fig. 8. It was
found that extensive polymer sheathing occurred homoge-
neously over the carbon nanotubes in the mats without
affecting their alignment, morphology, or physical characteris-
tics. The procedure did not evolve any chemical modication or
oxidation of the carbon nanotube surfaces.

Recent studies have suggested that the chemical nature of
the interface may play an important role in determining the
mechanical properties of the nal composite.79,158 Direct and
indirect measurements have been performed for shear strength
of the interface, and the results indicated that there exists
strong bonding at the interface, which conicts with other
results that poor interfacial bonding and clean pull-out of
carbon nanotubes have been reported.144,159 The magnitude of
the strength of carbon nanotubes may preclude embedded
carbon nanotube tensile failure in large numbers resulting in
the dominant failure mode to be carbon nanotube pull-out. In
order to obtain the best performance from the nanocomposite
materials, it is necessary to achieve an increase in the shear
strength of the interface by one order of magnitude or more. It
remains unclear how to optimize the interface for mechanical
This journal is © The Royal Society of Chemistry 2018
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Table 2 Experimental and theoretical results obtained for the shear strength of the interface between the carbon nanotube and the polymer
matrix

Observed strength System Author Reference

47 MPa Pull-out measurement of multi-
walled carbon nanotubes from
polyethylene-butene

Barber et al. 147

17–88 MPa Pull-out tests of multi-walled carbon
nanotubes from a polyethylene-
butene matrix for various diameter
nanotubes

Barber et al. 148

22–138 MPa Pull-out measurement of chemically
modied multi-walled carbon
nanotubes from epoxy matrix

Barber et al. 149

170 MPa Pull-out measurement for a carbon
nanober–reinforced epoxy
composite

Manoharan et al. 151

Larger than 160 MPa Collagen wrapped single-walled
carbon nanotube in polyvinyl
alcohol matrix

Roy et al. 152

3.5–14 MPa Pull-out tests of an individual multi-
walled carbon nanotube from poly-
ether-ether-ketone

Tsuda et al. 153

6.24 � 3.6 MPa Pull-out measurement for an
individual multi-walled carbon
nanotube from an epoxy matrix

Ganesan et al. 154

36–51 MPa Pull-out tests of multi-walled carbon
nanotubes from poly(methyl
methacrylate)

Xu et al. 155

10.3–24.1 MPa Multi-walled carbon nanotubes and
epoxy using shear-lag analysis

Yashiro et al. 156
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reinforcement at the nanoscale. However, the evidence avail-
able suggests that chemical functionalization is an effective
approach to increase the strength of the interface.
Fig. 8 Poly(vinyl alcohol)-coated multi-walled carbon nanotubes in the
tubes was retained in the composite mat. Panel (b) morphology at low-
exposed through the surrounding polymer. Panel (c) close-up of tips
nanotubes. Panel (d) transmission electron microscopy image of poly(vin
with permission from ref. 139. Copyright 2012, Elsevier Ltd.

This journal is © The Royal Society of Chemistry 2018
In addition to experimental measurements, theoretical
treatments of carbon nanotube pull-out have attracted signi-
cant attention over the past decade.159–165 While experimental
composite. Panel (a) vertical alignment of multi-walled carbon nano-
magnification. Open circles demonstrated carbon nanotube core tips
showing layers of poly(vinyl alcohol) absorbed around the carbon

yl alcohol) absorption around a carbon nanotube. The figure is adapted

RSC Adv., 2018, 8, 28048–28085 | 28057
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science has generated tremendous insights into the nature of
the interface, mathematical and computational approaches can
complement experimental studies by providing easy manipu-
lation, analysis, and insights at the molecular level.166–171 Due to
the inability of conducting experimental measurements at the
nanoscale, computational approaches are invaluable in eluci-
dating the mechanism underlying the improvement of the
interfacial strength between the carbon nanotube and the
polymer matrix. While the rst-principles method, based on
density-functional theory and pseudopotentials, may provide
valuable information about the energetics and structure of
polymer nanocomposite systems, this method is limited to
smaller molecular systems and shorter times due to its high
computational cost. In contrast, molecular dynamics and
Monte Carlo simulations can signicantly reduce the compu-
tational cost, and thus are applicable to larger molecular
systems for longer times. As described by Haghighatpanah and
Bolton,163 the macroscopic properties of polymer nano-
composites, such as the interfacial shear strength and Young's
modulus, can be obtained through molecular dynamics simu-
lations. It can also provide a unique insight into the mechanical
performance of these composites at the nanoscale. Frankland
and Harik159 modeled a carbon nanotube pulled-out from
a polymer matrix to predict the force required.

To further optimize the performance of the interface, it is
necessary to understand the mechanism of interfacial adhesion
at the molecular level. Liao and Li172 have modeled the char-
acteristics of the interface between carbon nanotubes and
a polystyrene matrix by using molecular dynamics simulations
and continuum elastic theory. They found that in the absence of
atomic bonding of the carbon nanotube surface with thematrix,
the interfacial adhesion comes from the interaction between
electrostatic and van der Waals forces, deformation induced by
these forces, and stress-deformation arising from the mismatch
in the coefficients of thermal expansion between the rein-
forcement and the matrix material. Several other mechanisms
have been proposed to describe these interfaces. To understand
the factors inuencing interfacial adhesion, Lordi and Yao173

investigated the sliding frictional stresses and binding energies
between pristine carbon nanotubes and different polymer
matrices. They suggested that in comparison with frictional
forces and binding energies, a helical conformation of the
polymer around the carbon nanotube can signicantly improve
the strength of the interface. However, further research is still
needed to better understand how to optimize the performance
of the interface.
5. Strongly coupled carbon
nanotube–polymer systems

The degree of interfacial adhesion is important in under-
standing the nature of the interface, since it plays an important
role in determining the properties of carbon nanotube–polymer
composites.148 To enhance the load transfer efficiency in these
nanocomposite materials, strong interfacial bonding is crit-
ical.120 Great efforts have been made to improve the efficiency of
28058 | RSC Adv., 2018, 8, 28048–28085
interfacial stress transfer.11,22 Unfortunately, there is still lack of
understanding of the interfacial bonding between the carbon
nanotube and the polymer matrix. Efforts to improve the
performance of the interface include: wrapping of polymer
matrix molecules around the carbon nanotube,174 as illustrated
in Fig. 9, and introducing covalent bonding at the interface.175

In particular, a helical conformation of the polymer around the
carbon nanotube can form a strong bond at the interface.173

While the load transfer at the interface is certainly less than
ideal, strong interfacial bonding is possible in conducting
polymer nanocomposite materials.174,176 From mechanics point
of view, available literatures to date also offered evidence of
strong carbon nanotube–polymer interactions at the interface.
Intrinsically conducting polymers or, more popularly, con-
ducting polymers are a sub-class of conjugated polymers.
Conducting polymers are a conjugated p-electron system,
extending over a large number of recurring monomer units. The
conduction mechanism is related to the motion of charged
defects within the conjugated framework, and is highly
dependent upon the level of doping.177 Typical examples are
polyacetylene,177 polyphenylenevinylene,178 and polyaniline.14,179

Great efforts have been made to optimize the physical proper-
ties of conducting polymers.177

Multi-walled carbon nanotubes can serve as a conducting ll-
er in a conjugated luminescent polymer, poly(m-phenyl-
enevinylene-co-2,5-dioctyloxy-p-phenylenevinylene),180–182 and
polyaniline.14,179,183 It has been demonstrated that the electronic
structure of poly(m-phenylenevinylene-co-2,3-dioctoxy-p-phenyl-
enevinylene)184 and other types of conducting polymers ismodied
by the presence of carbon nanotubes,185,186 suggesting that there is
strong coupling between the conjugatedp-electron system and the
multi-walled carbon nanotube. In a different poly(2,6-pyr-
idinylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene)-wrapped
system,186 it has been suggested that the protonation of the poly-
mer is promoted by the presence of single-walled carbon nano-
tubes, and the electrical property of the polymer nanocomposite
material is also signicantly improved. The polymer nano-
composite material containing carbon nanotubes and conjugated
polymers is a strongly associating, tightly bound system. The
molecular geometry of the polymer nanocomposite material is
single ormulti helical wrapping of single-walled carbon nanotubes
by the polymer.186 On the other hand, wrapping of polymers
around carbon nanotubes may be utilized to synthesize polymer
nanocomposite materials, since the physical and mechanical
properties of polymers can be greatly improved.187–189

Wrapping of polymers around carbon nanotubes, as well as
strong bonding at the interface, was reported for a different type
of macromolecules, i.e. biopolymers such as peptides and
deoxyribonucleic acid (DNA). The interaction at the interface
between carbon nanotubes and a specic type of DNA has been
exploited for various applications such as drug delivery, gene
therapy, sensing, and nanotechnology.190 They also affected the
properties of the nal composite,191 especially mechanical
properties. Uniform dispersion of carbon nanotubes within
a DNAmatrix can be achieved,192 and their complexes have been
found to enable separation of carbon nanotubes190,193 as well as
preparation of composites and bers194–196 and nanometer-scale
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Panel (a) chirality map of single-walled carbon nanotubes selected by polymer wrapping. In yellow the single-walled carbon nanotubes
selected are underlined; the color of the dots inside the hexagons indicates which of the polyfluorene derivatives (color code used for the
chemical structures) is able to select the carbon nanotubes. Panel (b) chemical structure of the polyfluorene derivatives used: poly(9,9-di-n-
hexylfluorene-2,7-diyl), poly(9,9-di-n-octylfluorene-2,7-diyl), poly(9,9-di-n-dodecylfluorene-2,7-diyl), poly(9,9-di-n-pentadecylfluorene-2,7-
diyl), and poly(9,9-di-n-octadecylfluorene-2,7-diyl). Panel (c) structure as obtained by molecular dynamics simulations of three poly(9,9-di-n-
dodecylfluorene-2,7-diyl) chains wrapped around a (12,10) carbon nanotube after 10 nanoseconds at constant-pressure in toluene solution. The
figure is adapted with permission from ref. 174. Copyright 2013, John Wiley & Sons, Inc.
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electronic (nanoelectronic) devices.197,198 An in-depth review of
the science and technology of carbon nanotube–DNA composite
materials and related applications is available in the
literature.190

Dieckmann et al.199 described an amphiphilic peptide
specically designed to disperse single-walled carbon nano-
tubes and to control the assembly of the amphiphilic peptide-
coated carbon nanotubes into a macromolecular structure. It
was found that single-walled carbon nanotubes can induce the
preferential folding of amphiphilic peptide into a specic
conguration, and the peptide–peptide interaction between
adjacent peptide-wrapped carbon nanotubes can be utilized to
control the self-assembly of the bers. The concept is demon-
strated in Fig. 10. Scanning electron microscopy and trans-
mission electron microscopy images were acquired, and Raman
spectroscopy was used to examine the structure of the bers.
The results indicated that the amphiphilic peptide-coated
carbon nanotubes were aligned along the axis of the bers.

To improve the degree of the dispersion of carbon nano-
tubes, wrapping of polymers around carbon nanotubes was also
suggested in additional systems.200,201 Wrapping of water-
This journal is © The Royal Society of Chemistry 2018
soluble polymers may lead to screening of the hydrophobic
interaction at the interface between the carbon nanotubes and
water. A variety of linear water-soluble polymers has been
examined, and this approach has been found to be robust and
general. The thermodynamic driving force for the wrapping of
polymers around carbon nanotubes in an aqueous environment
has also been identied.200,201
6. Interfacial interaction
improvement techniques

While signicant insights into the nature of carbon nanotube–
polymer interactions at the interface have been achieved, there
are still a number of issues that need to be addressed.202,203 The
physical and mechanical properties of the nanocomposites
reinforced with carbon tubes is strongly inuenced by the
characteristics of the interface.140–143 To realize their potential as
reinforcement for polymers, it is necessary to optimize the
interface.18 Unfortunately, there is a lack of understanding of
the characteristics of the interaction at the interface. Further
RSC Adv., 2018, 8, 28048–28085 | 28059
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Fig. 10 Model illustrating potential interactions between a synthetic, hydrophilic polypeptide and an individual single-walled carbon nanotube.
Panel (a) cross-section view of a carbon nanotube (pink cylinder) wrapped by six peptide helices (one heptad of each shown). The backbone of
each peptide is denoted by an orange ribbon, and the Val and Phe side chains packed against the carbon nanotube surface are rendered in green.
The 5 Å thick water shell used in the energy refinement of the model is rendered as creatine phosphokinase spheres (red: oxygen, white:
hydrogen, green: carbon, blue: nitrogen). Panel (b) view of peptide-wrapped carbon nanotube illustrating the 12 peptide helices used in the
model. The head-to-tail alignment of helices in two adjacent layers (orange and green layers) is maintained throughout the molecular dynamics
simulation. The unwinding observed at the C-terminus of each helix was manually introduced at the beginning of the molecular dynamics
simulation to mimic the distortion observed in the crystal structure of coil-VaLd. The figure is adapted with permission from ref. 199. Copyright
2003, American Chemical Society.
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investigations into the relationship between composite prop-
erties and interfacial optimization are needed to achieve
optimal reinforcement of polymer matrices with carbon
nanotubes.

While some important factors inuencing properties of the
polymer nanocomposites have been identied, there exist
reports containing contradictory ndings with regard to the
effect of carbon nanotubes on a particular property.12 The
contradictory ndings could be partly due to technical reasons,
such as differences in processing conditions and material
characteristics. On the other hand, the role of several important
factors such as the carbon nanotube curvature204,205 needs to be
further determined. These factors may be critical to achieving
optimal properties of the composites. However, regardless of
the effect of carbon nanotube on the properties of the
composites, there is still a gap between experimental results
and theoretical predictions due to imperfect dispersion and
especially poor load transfer at the interface.204,206 In the case of
low carbon nanotube loadings, the experimental data are
usually far behind the idealized results predicted by a rule-of-
mixtures approach. In the case of high carbon nanotube load-
ings, the degree of improvement in mechanical properties is
somewhat limited by relatively high viscosities of the polymer
nanocomposites as well as the resulting void defects.22 The
characteristics of the interaction at the interface play an
important role in determining the properties of the polymer
nanocomposites.18 Moreover, the issue of carbon nanotube
dispersion is critical to efficient reinforcement, and lies partly
in the interfacial interaction characteristics of the composite.
Furthermore, the interfacial interaction properties should be
tailored for the desired performance, when designing a carbon
nanotube–polymer composite. Finally, to better understand the
physical and mechanical behavior of the polymer nano-
composites, it is necessary to explore the characteristics of the
interaction at the interface. There has been considerable
research in attempting to improve the interfacial interaction.
The interfacial interaction can be categorized into two types:
28060 | RSC Adv., 2018, 8, 28048–28085
non-covalent and covalent interaction.18 The recent advances in
the interfacial interaction at the nanometric level is briey
discussed here.
6.1. Non-covalent interaction

It is an effective way to improve the load transfer at the interface
through strengthening non-covalent bonding between the
carbon nanotube and the polymer matrix by introducing
specic interactions such as a CH–p interaction and especially
a p–p interaction. Non-covalent interactions can be classied
into different types such as van der Waals forces or p–p stack-
ing. There have been a variety of techniques developed for
enhancing the non-covalent interaction in carbon nanotube–
polymer composites, such as bridging, specic interfacial area,
wrapping. These techniques are of particular interest, because
they enables one to tailor composite properties while still
preserving nearly all of the carbon nanotube's intrinsic
properties.

The bridging technique can be utilized to allow a polymer
chain interacted with two or more reinforcements simulta-
neously. The bridging phenomenon is determined by the ratio
of the average interface-to-interface distance between the
nearest reinforcements to the radius of gyration of long polymer
chains.207 As a result, the possibility of bridging phenomenon
increases by using higher molecular weight polymers or with
increasing the carbon nanotube content. An important issue for
load transfer is the interfacial area between ller and polymer,
as reported by Cadek et al.208 The specic interfacial area is the
interfacial area per unit volume of a carbon nanotube–polymer
composite, depending on diameter and loading of the rein-
forcement as well as the polymer to reinforcement density
ratio.207 It has been found that there is a linear dependence of
tensile modulus on the interfacial area per unit volume in
carbon nanotube–polymer composites.208 Furthermore, as the
specic interfacial area increases, the properties of polymer
This journal is © The Royal Society of Chemistry 2018
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nanocomposite materials will become increasingly dominated
by the nature of the interface.32

The non-covalent “wrapping” of polymer chains around
a carbon nanotube is an interesting phenomenon that affects
the properties of the composites. This wrapping behavior can be
utilized to solubilize carbon nanotubes, tune the dispersity of
carbon nanotubes, drive assembly mechanisms, and alter the
functionalization of the carbon nanotubes.209–212 Consequently,
the wrapping mechanism not only helps to improve the
dispersion efficiency of carbon nanotubes in polymers, but also
results in a stronger interfacial interaction. Wrapping is
a general phenomenon occurring at the interface between the
carbon nanotube and the polymer matrix, although the physi-
cochemical states of such interfacial interactions are still poorly
understood. The driving forces for wrapping are likely to be
a combination of interactions due to electrostatics and aroma-
ticity hydrophobic forces, and van der Waals forces.

Experimental evidence for polymer wrapping of carbon
nanotubes has been reported.174,209,210 However, it is yet to be
understood how non-covalent wrapping of polymers around the
surface of carbon nanotubes contributes to the physical and
mechanical of the composites. This molecular phenomenon is
likely to be governed by the exibility and affinity of the polymer
species for the carbon nanotube. The polymer with a semi-
exible or stiff backbone tends to wrap around a carbon
nanotube with a more distinct, helical conformation than that
with a exible backbone.213,214 In contrast, the polymer a exible
backbone with bulky and aromatic side groups prefers intra-
chain coiling rather than wrapping around a carbon nano-
tube.215 Fig. 11 shows examples of exible and stiff backbone
polymers interacting with single-walled carbon nanotubes. The
chemical composition of a polymer can inuence the wrapping
mechanism of its chains around a carbon nanotube. For
example, aromatic groups along the backbone of the polymer
chain prefer to optimize the p–p stacking interaction at the
interface and, consequently, dictate the distinct conformation
for adsorption. In addition, the presence of aliphatic side
groups can weaken the interaction occurred at the interface.
Furthermore, the geometric parameters of carbon nanotubes
Fig. 11 Molecular dynamics snapshots of polymer chains introduced int
poly(caprolactone) interacting with the carbon nanotube at 3200 ps.215 Th
aqua, hydrogen is pink, and oxygen is red. Panel (b) shows stiff backbone
2400 ps.213 The colors used for the polymer represent the following ato
permission from ref. 213 and 215. Copyright 2010, American Chemical S

This journal is © The Royal Society of Chemistry 2018
and polymers can signicantly affect the wrapping mecha-
nism.207 When the diameter of carbon nanotubes is much
smaller than the radius of gyration of polymers, there exists
a strong interaction at the interface, thus improving interfacial
load transfer and increasing the elastic moduli of the nano-
composite material. Consequently, nanocomposite materials
with small diameter carbon nanotubes and high molecular
weight polymers may lead to tight wrapping of polymers around
a carbon nanotube.

A facile and efficient method was developed by Wang et al.216

to enrich a large quantity of semiconducting single-walled
carbon nanotubes through the use of a series of polymers.
Molecular dynamics simulations were also performed to
understand how to improve the yield and quality of the nal
composite material. They found that polymer side chains play
an important role in determining the selectivity to the nal
composite. Representative snapshots of the molecular
dynamics simulations are shown in Fig. 12. The selectivity
toward the desired product slightly increases with increasing
the ratio of thiophene to dithiafulvalene units in the polymer
backbone. Furthermore, they also fabricated solution-processed
thin lm transistors with a high on to off ratio.

The non-covalent interaction method is closely related to the
physical adsorption and wrapping of polymers around a carbon
nanotube. This method will be particularly advantageous for
taking advantage of the inherent properties of carbon nano-
tubes, since the structural integrity of carbon nanotubes is
preserved and thus their unique properties are not disrupted.
Recent studies have demonstrated that polymer crystallization
can improve the non-covalent interaction, which shows great
promise for preparing high-performance polymer nano-
composite materials.217,218 A facile, highly effective technique is
non-covalent graing of carbon nanotubes with end-
functionalized polymers.219,220 There is a strong non-covalent
interaction at the interface by using this technique. This tech-
nique is expected to have a number of advantages for the
synthesis of high-performance polymer nanocomposite mate-
rials. For example, physical and mechanical properties of the
nal composite can be signicantly improved by using this
o a single-walled carbon nanotube. Panel (a) shows flexible backbone
e colors used for the polymer represent the following atoms: carbon is
poly(para phenylene vinylene) interacting with the carbon nanotube at
ms: carbon is aqua, and hydrogen is white. The figure is adapted with
ociety.
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Fig. 12 Representative snapshots of the molecular dynamics simulations performed for (panel (a)) a metallic single-walled carbon nanotube and
(panel (b)) a semiconducting single-walled carbon nanotube with pDTFF-1T, pDTFF-2T, and pDTFF-3T polymers. The pDTFF-mT polymer
represents poly(dithiafulvalene-fluorene-co-m-thiophene). The figure is adapted with permission from ref. 216. Copyright 2013, American
Chemical Society.
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technique, and the dispersibility of carbon nanotubes into
a polymer matrix can also be highly increased.
6.2. Covalent interaction

The covalent interaction method involves the attachment of
chemical bonds to either the ends or sidewalls of carbon
nanotubes. In this context, strong interfacial bonding is estab-
lished during the creation of covalent chemical bonds between
the carbon nanotubes and the polymer matrix. This method can
effectively enhance the interaction at the interface, and can
easily give rise to higher interfacial shear strength, thus
improving the mechanical properties of a polymer nano-
composite material.32 Covalent functionalization also provides
an effective way to tailor the interface to achieve optimal
performance of the composite materials.221,222 The interfacial
adhesion can be greatly improved by using the covalent inter-
action method, and the load transfer efficiency can also be
signicantly enhanced. This method can be achieved by using
the covalent chemical functionalization of the open-ends or
sidewalls of carbon nanotubes. Hirsch,77 Meng et al.,80 and
Balasubramanian and Burghard81 reviewed the recent advances
in the development of reliable techniques for the covalent
chemical functionalization of the open-ends or sidewalls of
carbon nanotubes. The techniques discussed in these review
articles can further expand the application range of carbon
nanotubes. In particular, it is possible to chemically tailor the
properties of the surface of carbon nanotubes in order to enable
the design of polymer nanocomposite materials for engineering
applications.

The covalent interaction method is an effective way to
increase the strength of the interface between the carbon
nanotube and the polymer matrix by introducing specic
functional groups to the surface of carbon nanotubes. The
functional groups on the surface of carbon nanotubes should be
carefully designed in order to improve the compatibility with
the polymer matrix.79,223,224 In situ polymerization is an effective
method to improve the compatibility, and to improve the
formation of covalent bonds between the functionalized carbon
nanotubes and the polymer matrix.225,226 Covalent chemical
functionalization of carbon nanotubes has been successfully
applied to reactive polymers. Chemical functionalization of the
28062 | RSC Adv., 2018, 8, 28048–28085
chains of stable and non-reactive polymers such as
commercially-available engineering plastics has also been re-
ported by Chang and Liu227 through an ozone-mediated process.
Polymer-functionalized carbon nanotubes were prepared to
improve the compatibility with the polymer matrix.227 Ozoni-
zation of non-reactive polymer chains, instead of carbon
nanotubes, was used. The experiments demonstrated the
capability of carbon nanotubes functionalized by a matrix
polymer as effective llers in polymer nanocomposite materials.
On the other hand, covalent functionalization of carbon nano-
tubes can also be accomplished through microwave irradia-
tion224,228,229 and plasma enhanced chemical vapor deposition.230

To improve the properties of polymer nanocomposite
materials, uniform dispersion of carbon nanotubes within the
polymer matrix is a critical issue. Covalent functionalization of
carbon nanotubes can improve the dispersion state of carbon
nanotubes, and modify the properties at the interface, which
eventually leads to the improved performance of polymer
nanocomposite materials.231–233 With respect to mechanical
properties of the composites, the load transfer efficiency can be
signicantly enhanced through covalent functionalization,
since it is an effective method for tuning the properties at the
interface.234 The covalent functionalization of carbon nano-
tubes leads to a change of carbon hybridization from sp2 to sp3,
resulting in a possible partial loss of conjugation, with conse-
quences for electron-acceptor and electron-transport proper-
ties. Polarized Raman spectroscopy is a powerful tool used to
characterize the degree of the functionalization of carbon
nanotubes through an increase in the intensity ratio of D
Raman band to G Raman band as well as in the intensity of D0

Raman band.227 The latter is known to be directly inuenced by
the disorder in carbon nanotubes. Furthermore, thermal
gravimetric analysis showed that pristine carbon nanotubes do
not show signicant weight loss until 850 �C, whereas there is
a loss of the mass of functionalized carbon nanotubes prior to
this temperature.227 Scanning electron microscope images of
the fractured surface of functionalized carbon nanotube–poly-
mer composites give further evidence of strong bonding at the
interface.226,232 The representative eld emission scanning
electron microscope images of the cross-sectional fracture of
multi-walled carbon nanotube–nylon 6 composites with the
achieved dispersion of carbon nanotubes in the polymer matrix
This journal is © The Royal Society of Chemistry 2018
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Fig. 13 Field emission scanning electron microscope images of the cross-sectional fracture of multi-walled carbon nanotube–nylon 6
composites: panel (a) PRC10-II, panel (b) PRC10-I, panel (c) PRCS10 and panel (d) PAC10. For more detailed information about the definitions of
these composites, the reader is referred to the relevant literature.226 It was clearly observed from panel (b) that the carbon nanotubes were
broken, as indicated by arrow, which is of great importance to research and develop methods for the preparation of multi-walled carbon
nanotube–reinforced polymer composites. It is interesting to note that a belt like carbon nanotube was observed which interconnected polymer
lumps, as indicated by arrow in panel (d). This typical phenomenon also indicated that there was a strong interfacial adhesion between the carbon
nanotube and the polymer matrix, and a sufficient load transfer from the polymer matrix to the carbon nanotubes. The figure is adapted with
permission from ref. 226. Copyright 2009, Elsevier B.V.
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are shown in Fig. 13. Furthermore, transmission electron
microscopy images suggested that the outer bundles of multi-
walled carbon nanotubes are covered by amorphous polymer
layers.224,227 Finally, the covalent interaction between the carbon
nanotube and the polymer matrix can signicantly affect the
properties of polymer nanocomposite materials.235

Covalent functionalization provides a means for tailoring the
interface to achieve optimal performance of the composite
materials.236–238 Covalent functionalization can greatly improve
the dispersion and interfacial bonding of the carbon nanotubes
in a polymer matrix, and thus the route to the composite
materials with excellent performance can be realized. The
dispersion state of carbon nanotubes can be signicantly
improved and the bonding at the interface can also be
substantially enhanced through covalent functionalization,
thus providing a potential method to take full advantage of the
remarkable physical and mechanical properties of carbon
nanotubes. However, an obvious drawback of this method is the
disruption of the bonding of the graphene sheet, which may
eventually lead to the degradation of the performance of the
composite materials. Covalent functionalization may cause
a loss of mechanical and physical properties of the composite
materials, since most of these properties are extended p-
conjugation-dependent. Since each covalent functionalization
This journal is © The Royal Society of Chemistry 2018
site scatters electrons, this method has a profound inuence on
the electrical properties of the composite materials.

The purication process and other preparation steps should
be strictly controlled during covalent functionalization to
prevent the introduction of a large amount of defects into
carbon nanotubes that may result in the deterioration of the
performance of the composite materials.226 The creation of
covalent chemical bonds at the interface can enhance the
interaction between the functionalized carbon nanotubes and
the polymer matrix, and higher interfacial shear strength can be
achieved.232 Furthermore, the efficiency of interfacial stress
transfer can be signicantly improved, especially when covalent
and non-covalent functionalization are used simultaneously.239
7. Property improvements

The outstanding properties of carbon nanotubes open up new
perspectives for carbon nanotube–reinforced composite mate-
rials. The remarkable physical and mechanical properties of
carbon nanotubes have attracted intensive attention in recent
years, with the development of polymer nanocomposite mate-
rials for both functional and structural applications.240–246 The
physical and mechanical properties of carbon nanotube–poly-
mer composite materials have been extensively studied. From
processing and application points of view, the improvement in
RSC Adv., 2018, 8, 28048–28085 | 28063
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mechanical properties is of special interest. The signicantly
improved electrical conductivity of these composite materials
with the addition of a very small amount of carbon nanotubes is
very important in many practical applications.247–251 Unfortu-
nately, it is difficult to simultaneously achieve the improvement
of several properties of polymer nanocomposite materials, since
their properties are dependent upon a multitude of factors.22

Nevertheless, it is possible to simultaneously improve the
mechanical and electrical properties of polymer nanocomposite
materials, which is the focus of this section.

While great achievements have been made in the eld of
polymer nanocomposite materials, the ability to efficient
translate the exceptional properties of carbon nanotubes into
the polymer matrix is handicapped by the lack of the precise
knowledge of the properties of polymer nanocomposite mate-
rials.29,32 Signicant improvement in the properties of these
nanocomposite materials through the incorporation of carbon
nanotubes has been achieved. Consequently, it is highly desir-
able to summarize some important properties of carbon
nanotube–polymer composite materials in comparison with the
same properties of polymer matrices. A brief summary of the
several important, physical and mechanical properties pre-
sented here serves to exemplify such improvement. The brief
summary gives a generalization of the recent results of the
physical and mechanical properties of carbon nanotube–poly-
mer composite materials, as well as illustrates the improvement
of these properties obtained from both experimental measure-
ments and theoretical predictions.
7.1. Inuence factors

The properties of these nanocomposite materials depend upon
several factors such as type and amount of impurities in the
carbon nanotubes, carbon nanotube purication process,
synthetic process used to produce carbon nanotubes, carbon
nanotube orientation in the polymer matrix, length, diameter,
and aspect ratio of the carbon nanotube objects in the
composite. These variations in carbon nanotubes account for
the apparent inconsistent results reported in the literature. The
given information only about the matrix polymer and the
concentration of carbon nanotubes is insufficient. While it is
impossible to quantify all of the factors listed above, it is very
necessary to provide more accurate and complete information
in order to reduce discrepancies between the published results
obtained for similar composite materials. It has been suggested
that the entire research should be carried out by using the same
batch of puried carbon nanotubes in order to clarify the
factors inuencing the properties of carbon nanotube–polymer
composite materials.22

It is important to understand the mechanism underlying the
interaction at the interface at the molecular level to improve the
properties of carbon nanotube–polymer composite materials.
The interaction at the interface can signicantly inuence the
dispersion state of carbon nanotubes, but its effect on the
performance of polymer nanocomposite materials is potentially
quite complex, depending on the target properties.252,253 It is
important to note that the optimal microstructure for one
28064 | RSC Adv., 2018, 8, 28048–28085
physical property of polymer nanocomposite materials might not
be the best microstructure of another physical property. In
addition, the importance of the relationship between network
structure and physical properties has been highlighted by the
research group of Uttandaraman Sundararaj,254–256 and the effect
of the geometry of llers has been also clearly claried.

Recently, the importance of the synthesis method of carbon
nanotubes has also been highlighted by the research group of
Uttandaraman Sundararaj.257–260 The electrical conductivity of
polymer nanocomposite materials can be controlled by
adjusting the nitrogen doping level of carbon nanotubes.257,259

Polyaniline is a conductive polymer, thus enabling a strong
interaction with carbon nanotubes. The presence of polyani-
line can enhance the capacity of adsorption of carbon nano-
tubes on the surface of a polymer matrix as well as the degree
of their dispersion, thus improving the properties of nal
nanocomposite materials.257,259 In addition, the catalyst and
temperature used for the synthesis of carbon nanotubes may
be signicant, because they can signicantly affect the phys-
ical properties of polymer nanocomposite materials.258,260

Consequently, these operating parameters must be carefully
designed to improve the performance of nal nanocomposite
materials.

On the other hand, there is an increasing interest in the
development of the polymer blend nanocomposite materials
containing carbon nanotubes in order to further improve the
physical properties for practical applications.261,262 The
addition of a small amount of carbon nanotubes is an
effective way to manipulate the morphological characteristics
of immiscible polymer blends, thus improving the properties
of nal nanocomposite materials.263 Although considerable
progress has been made in this eld,263 there is still a lack of
understanding of the mechanism underlying the carbon
nanotube induced morphological changes. To improve the
properties of nal nanocomposite materials, it is necessary to
manipulate the microstructure of immiscible polymer
blends. Morphology renement is probably the most
common consequence. This effect can be attributed to
various factors such as the interfacial localization of carbon
nanotubes. Recently, molecular simulations have been per-
formed by the research group of Uttandaraman Sundararaj264

to gain insight into the interaction at the interface between
carbon nanotubes and different polymer chains. They have
found that the migration of carbon nanotubes between
different phases plays an important role in determining the
morphological changes of polymer blend nanocomposite
materials.264 This nding is of particular importance, as it
holds great promise for improving the properties of nal
nanocomposite materials.

The physical properties of carbon nanotube–polymer
composites arise from the respective characteristics of the two
components, and from the microstructures produced while
fabricating and processing these nanocomposite materials.
Therefore, much more efforts should be made to improve the
control of the morphology of these polymer nanocomposite
materials by using a combination of creativity and practicality.
The development of the robust correlation between physical
This journal is © The Royal Society of Chemistry 2018
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properties and interfacial characteristics will further advance
the design of these polymer nanocomposite materials.
7.2. Mechanical properties

The extraordinary mechanical properties, ber-like structure,
high aspect ratio, and low density of carbon nanotubes provide
unique opportunities for the development of polymer nano-
composite materials.22 The outstanding potential of carbon
nanotubes as reinforcement for polymers has been real-
ized.265–270 The mechanical properties of polymer composite
materials can be signicantly improved by using carbon nano-
tubes as a ller. Carbon nanotubes have been widely utilized as
a ller to reinforce both thermoset polymers271–274 and ther-
moplastic polymers.275–280

The thermal properties of polymer composite materials can
be moderately improved by using carbon nanotubes as a ller.
The improvements in the mechanical and thermal properties of
the various carbon nanotube–polymer composite materials re-
ported in the literature are summarized in Table 3, with addi-
tional information about the methods used to collect the data.
The amount of improvement can serve as a criterion for judging
the quality of the interaction at the interface. The tensile
strength and the tensile modulus of carbon nanotube–polymer
composites are highly dependent upon the loading of carbon
nanotubes, the degree of the dispersion of carbon nanotubes,
and the orientation and degree of alignment of carbon nano-
tubes in the polymer matrix. The improvements in tensile
strength and tensile modulus can be achieved simultaneously
even in the case of a very low loading of carbon nanotubes. The
information about the interaction at the interface is also given
in Table 3. Spectroscopy techniques are widely used to charac-
terize the interaction. In addition to experimental measure-
ments, molecular simulation methods can also be used to
estimate the properties of carbon nanotube–polymer compos-
ites. For each of the composite materials listed in Table 3, the
details on the degree of the improvement in mechanical and
thermal properties are also provided. The mechanical and
thermal properties can be improved up to 40 times than those
of the polymer matrix. Although there are signicant improve-
ments in both tensile strength and tensile modulus as shown in
Table 3, there is a decrease in the breaking strength, toughness,
and exibility of carbon nanotube–polymer composites.

Table 3 provides some meaningful insights into the property
improvements for various carbon nanotube–polymer compos-
ites. The great potential of carbon nanotubes as reinforcement
for polymers has attracted much attention in recent years.
However, their potential has not been fully realized, and further
research is needed. The mechanical properties of carbon
nanotube–polymer composite materials have fallen short of the
theoretical predictions from the rule of mixtures. The concen-
tration required for the carbon nanotubes acted as a ller in the
polymer matrix is oen low in order to take advantage of the
inherent properties associated with polymers, e.g., exibility
and transparency. The mechanical reinforcement is highly
dependent upon the loading of carbon nanotubes, but the
degree of this reinforcement may be limited at high loadings by
This journal is © The Royal Society of Chemistry 2018
the high viscosity of the polymer matrix and the resulting void
defects.231 Theoretical predictions tend to overestimate the
benets associated with the improvements in physical and
mechanical properties. Based on experimental results, the
improvements in mechanical and thermal properties are oen
bounded by a twofold increase and rarely exceed this threshold.
Consequently, the full potential of these composite materials
has yet to be realized. The gap between the experimental results
and predictions arises from the insufficient dispersion of
carbon nanotubes and the low load transfer efficiency at the
interface.

From the data listed in Table 3, the polyelectrolyte composite
lms consisting of the carbon nanotube multilayers formed by
using the layer-by-layer assembly technique show great promise
as lightweight, high strength nanocomposite materials.292,293

Lightweight nanocomposite materials have attracted special
attention in recent years. The most impressive mechanical
properties of the polyelectrolyte nanocomposite materials con-
taining 50 wt% single-walled carbon nanotubes are their tensile
strength and tensile modulus with measured values up to
325 MPa and 11 GPa,292,293 respectively, which are about one
order of magnitude higher than those of the polymer matrix.
Furthermore, the cross-linking technique can signicantly
improve the structural integrity of the polyelectrolyte composite
lms.293 Similarly, the storage modulus of buckypaper–rein-
forced nanocomposite materials can be greatly enhanced aer
impregnation with an epoxy matrix.206 Carbon nanotubes as
reinforcement for ductile polymer matrices are much more
effective. In contrast, as a ller used for brittle polymer
matrices, carbon nanotubes do not have ability to signicantly
improve the mechanical properties of these polymers.

The tensile strength and modulus of polymer nano-
composite materials can be signicantly improved by using
carbon nanotubes as a ller. However, there is oen a reduction
in strain at break, indicating a decrease in the exibility and
toughness of the polymer matrix.295 This is a common
phenomenon even in commercial nanocomposite materials but
might be particularly problematic while trying to modify elas-
tomers for applications such as O-rings, seals, belts, and tires.
The result reported by Dyke and Tour296 holds great promise for
the fabrication of poly(dimethylsiloxane) nanocomposite
materials with functionalized single-walled carbon nanotubes.
Both the tensile modulus and strength can be considerably
increased in these nanocomposite materials, but the strain at
break remains largely unchanged. The functional groups on the
sidewalls of carbon nanotube can be designed to improve the
compatibility with the polymer matrix. Their fabrication
method can be readily extended to a wide range of network-
forming polymers and elastomers.
7.3. Electrical properties

The use of carbon nanotubes to modify the electrical properties
of polymers has attracted a considerable amount of research
interest. Polymer composite materials with highly electrically
conductivities have been successfully prepared by using carbon
nanotubes as a conducting ller.27,30,202 The presence of a very
RSC Adv., 2018, 8, 28048–28085 | 28065
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small amount of carbon nanotubes can signicantly improve
the electrical conductivity of polymer nanocomposite materials.

Polymer nanocomposite materials containing carbon nano-
tubes become electrically conductive when the content of the
ller is higher than a critical value, known as the “percolation
threshold”.297–299 Bauhofer and Kovacs30 reviewed the recent
advances in the electrical percolation in carbon nanotube–
polymer nanocomposite materials. The percolation threshold is
characterized by a sharp jump in electrical conductivity by
several orders of magnitude, as shown in Fig. 14. This is due to
the formation of a three-dimensional conductive network
within the polymer matrix.248

The electrical properties of carbon nanotube–polymer
nanocomposites have been widely investigated in order to
improve the conductive performance of these materials with
a low concentration of the ller. Very low percolation thresholds
can be achieved in these nanocomposite materials due to the
nanoscale dimension and the large aspect ratio of carbon
nanotubes. For single-walled carbon nanotube–polymer nano-
composite materials, the percolation thresholds reported in the
literature vary from 0.005 wt% to several wt%. Ultra-low
percolation thresholds as low as 0.0025 wt% were reported by
Sandler et al.248 for a carbon nanotube–epoxy nanocomposite
material. The percolation threshold of carbon nanotube–poly-
mer nanocomposite materials is usually very low due primarily
to the large aspect ratio of the ller. Very high electrical
conductivities of these nanocomposite materials can be ach-
ieved due to the electrical conduction pathways provided by the
carbon nanotube network within the polymer matrix.22

The percolation threshold for the electrical conductivity in
these composites is closely related to the dispersion state of
carbon nanotubes,248,300–303 alignment,304,305 dimensions (e.g.,
Fig. 14 Electrical conductivity of multi-walled carbon nanotube–
polystyrene composites as a function of the loading of carbon nano-
tubes, showing a typical percolation behavior. The blue line (left
vertical coordinate) represents the carbon nanotube prepared by latex
technology,336 and the black line (right vertical coordinate) represents
the carbon nanotube prepared by tumble mixing and subsequent
compression molding at elevated temperatures.327 The figure is
adapted with permission from ref. 327 and 336. Copyright 2014, John
Wiley & Sons, Inc.; Copyright 2007, Elsevier Ltd.

This journal is © The Royal Society of Chemistry 2018
length and diameter) of carbon nanotubes,300,303,306–310 degree of
modication of the surface of carbon nanotubes,310–312 type of
polymers,313 and composite processing method.300,314–316 The
percolation threshold is strongly dependent upon the degree of
the dispersion of carbon nanotubes. Additionally, alignment of
carbon nanotubes plays an important role in determining the
electrical conductivity of the nanocomposite and its percolation
threshold. When the uniform alignment is achieved, there is
a decrease in the electrical conductivity but an increase in the
percolation threshold due to fewer contacts between the carbon
nanotubes. Furthermore, the aspect ratio of carbon nanotubes
can signicantly affect the percolation threshold. Since pro-
cessing usually reduce the length of carbon nanotubes, it is
necessary to develop a process that can preserve the high aspect
ratio of carbon nanotubes, thus ensuring the desired electrical
conductivity.

The electrical conductivity and the percolation threshold of
various carbon nanotube–polymer nanocomposite materials
are given in Table 4, with additional information about the
carbon nanotube concentration used. The electrical conduc-
tivity of these nanocomposite materials can be improved with
a very low concentration of carbon nanotubes by several orders
of magnitude, which is valuable for their practical applications.
A broad range of potential applications are being pursued using
these conductive nanocomposite materials, such as electro-
magnetic interference shielding, electrostatic painting, print-
able circuit wiring, electrostatic dissipation, and transparent
conductive coating.20,27 The data listed in Table 4 suggest that
the electrical properties of these nanocomposite materials is
highly dependent upon a variety of factors such as the loading
of carbon nanotubes. The effect of carbon nanotube loading on
the electrical properties of carbon nanotube–polymer nano-
composite materials has been widely studied,327,336 and some
examples are provided in Fig. 14.

Polymer nanocomposites containing conducting llers have
been extensively investigated for various applications such as
electromagnetic interference shielding.343–346 Electromagnetic
interference shielding is a rapidly growing application of carbon
nanotube–polymer nanocomposite materials.347–350 Polymer
nanocomposite materials containing carbon nanotubes are
attractive for shielding due to their processability and low
density.351 However, currently used nanocomposite materials
require a relatively high ratio of ller to polymer loading, which
deteriorates the overall mechanical properties caused by the
deterioration of intrinsic morphology of the matrix. A possible
way to address the above problems, through using a relatively
low concentration of carbon nanotubes, incorporates the ller
in polymer nanocomposite materials.352–354 A concomitant high
aspect ratio and a tunable electrical conductivity may enable the
electrical percolation of polymer nanocomposite materials to be
achieved at a very low concentration of carbon nanotubes, with
a high efficiency of electromagnetic interference shielding
being obtained.355,356 Recently, the underlying mechanism
responsible for the electromagnetic interference shielding by
using carbon nanotube–polymer nanocomposite materials has
been illustrated by the research group of Uttandaraman Sun-
dararaj.357,358 Additionally, the effect of nitrogen doping on the
RSC Adv., 2018, 8, 28048–28085 | 28067
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efficiency of electromagnetic interference shielding has also
been evaluated in detail.359,360 However, the economic costs of
carbon nanotubes as well as their clustering within the polymer
matrix are critical issues that need to be addressed prior to large
scale application.

Fig. 15 shows the electrical conductivity of carbon nanotube–
polystyrene nanocomposite materials fabricated under various
conditions such as the type of carbon nanotubes, carbon
nanotube loading, and preparation method. The overall trend
between the electrical conductivity and the carbon nanotube
loading is extremely clear. When the carbon nanotube loading
increases from low values, the electrical conductivity rst
increases quickly, up to approximately 0.1 S m�1 with the
addition of 5 wt% carbon nanotubes, and then levels off in the
Table 4 Percolation threshold and electrical conductivity of various car

Polymer type Nanotube type
Percolation
threshold (wt%

Epoxy Multi-walled nanotubes 0.0025
Poly(vinyl alcohol) Multi-walled nanotubes 10.5
Polycarbonate Functionalized

single-walled nanotubes
0.11

Polystyrene Functionalized
single-walled nanotubes

0.045

Polystyrene Multi-walled nanotubes 0.15–0.2
Acetonitrile Multi-walled nanotubes 0.04–0.05
Cyclohexane Multi-walled nanotubes 0.04–0.05
Poly(methyl
methacrylate)

Multi-walled nanotubes 0.3

Poly(methyl
methacrylate)

Single-walled nanotubes 0.17

Poly(methyl
methacrylate)

Thionyl chloride-doped
single-walled nanotubes

0.17

Poly(vinyl acetate) Single-walled nanotubes 0.04
Polystyrene Single-walled nanotubes 0.27
Syndiotactic
polystyrene

Modied multi-walled
nanotubes

2–3

Syndiotactic
polystyrene

Multi-walled nanotubes 2.5

Polystyrene Single-walled nanotubes 0.045
Polystyrene Multi-walled nanotubes 4
Polystyrene Multi-walled nanotubes 0.05
Polystyrene Multi-walled nanotubes 1.8
Polystyrene Multi-walled nanotubes —
Polystyrene Multi-walled nanotubes —
Polystyrene Multi-walled nanotubes 0.08
Polystyrene TiO2-nanorod

decorated nanotubes
—

Polystyrene Multi-walled nanotubes 0.54
Polystyrene Multi-walled nanotubes —
Polystyrene Ozone-treated

multi-walled nanotubes
0.8

Polystyrene Multi-walled nanotubes 1.5
Polypropylene Multi-walled nanotubes 0.5
Poly(3-caprolactone) Multi-walled nanotubes 0.3
Polyethylene Multi-walled nanotubes 0.04
Polycarbonate Multi-walled nanotubes 0.5
Epoxy Multi-walled nanotubes 0.05 (vol%)
High density
polyethylene

Multi-walled nanotubes 0.4 (vol%)

Epoxy Single-walled nanotubes 0.3

28068 | RSC Adv., 2018, 8, 28048–28085
range of high loadings. Overall, the excellent electrical proper-
ties of carbon nanotubes offer tremendous opportunities for the
development of carbon nanotube–reinforced nanocomposite
materials.361,362

Chemical functionalization may disrupt the extended p-
conjugation of carbon nanotubes, thus decreasing their elec-
trical conductivities. However, it has also been reported that
chemical functionalization of carbon nanotubes can improve
the electrical properties of polymer nanocomposite mate-
rials.363,364 Valentini et al.363 have found that the amine-
functionalized carbon nanotubes in an epoxy matrix allows
for the migration of intrinsic charges, thus providing a contri-
bution to the overall electrical conductivity. Tamburri et al.364

have found that the extensive functionalization of carbon
bon nanotube–polymer composites

)
Nanotube
content (wt%)

Maximum
conductivity (S m�1) Reference

#1 2 (1 wt%) 248
#25 9.17 (25 wt%) 299
#10 4.81 � 102 (7 wt%) 313

#10 20 (10 wt%) 314

#2.6 103 (2.6 wt%) 317
#1 4 � 102 (1 wt%) 318
#1 3 � 103 (1 wt%) 318
#40 3 � 103 (40 wt%) 319

#10 1.7 � 103 (10 wt%) 320

#13.5 104 (13.5 wt%) 320

#4 20 (4 wt%) 321
#2 10�3 (1 wt%) 322
#14 10�3 (13 wt%) 323

#10 0.135 (3 wt%) 324

#1 0.2 (1 wt%) 325
#5 10�3 (4 wt%) 326
#5 9.9 � 10�2 (0.1 wt%) 327
#20 4 � 10�5 (19 wt%) 328
#10 1.46 � 10�6 (1 wt%) 329
#20 1 (20 wt%) 330
#1 0.148 (0.26 wt%) 331
#17.2 (vol%) 2.8 � 10�7 (17.2 vol%) 332

#1 1.5 � 10�3 (0.6 wt%) 333
#15 0.05 (15 wt%) 334
#3.5 10�5 (1.5 wt%) 335

#5.5 1 (5.5 wt%) 336
#2.5 4 � 10�4 (2.5 wt%) 337
#1.5 3 � 10�3 (1.5 wt%) 338
#10 0.8 (10 wt%) 339
#1.5 10�4 (1.5 wt%) 340
#0.8 (vol%) 0.02 (0.8 vol%) 341
#10 (vol%) 0.02 (10 vol%) 341

#0.6 0.2 (0.6 wt%) 342

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 Electrical conductivities of pure polystyrene, single-walled
carbon nanotube–polystyrene, and multi-walled carbon nanotube–
polystyrene composites fabricated under different conditions with
respect to the content of carbon nanotubes.
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nanotubes can signicantly enhance the current in a conduct-
ing polymer matrix. In contrast, the pristine carbon nanotubes
have shown only modest improvement in the electrical
conductivity of a polymer nanocomposite material. This is
because that the disadvantage of the chemical functionalization
with respect to the electrical conductivity of carbon nanotubes
is far outweighed by the improved dispersion in a polymer
matrix enabled by this modication method.
7.4. Thermal properties

Very high thermal conductivities are inherent to carbon nano-
tubes, exhibiting a physical property known as “ballistic
conduction”. Single-walled carbon nanotubes exhibit large
phonon mean free path lengths, leading to an extremely high
thermal conductivity. Their theoretical value can be up to
approximately 6600 W m�1 K�1.365 Recent experiments have
demonstrated that the thermal conductivity of an individual
single-walled carbon nanotube along its axis is approximately
3500 W m�1 K�1 at room temperature.366 Recently, there is an
increasing interest in the thermal properties of nanocomposite
materials.367–370 Nanocomposite materials with high thermal
conductivities offer great potential for applications in heat
sinks, connectors, batteries, light-emitting diode devices,
automotive electronic control units, printed circuit boards,
electronic assembly and packaging, and other high-
performance thermal management systems.371–374 In contrast,
nanocomposite materials with high thermal conductivities can
be used as thermal insulation. A general, facile, and eco-friendly
way has been developed by the research group of Chul B.
Park354,375 for the large-scale production of carbon nanotube–
polymer nanocomposite materials by using foaming technology
for both high-performance thermal insulation and electro-
magnetic interference shielding applications.

In comparison with the order of magnitude enhancement in
electrical conductivity with a very low loading of carbon
This journal is © The Royal Society of Chemistry 2018
nanotubes, the polymer nanocomposite materials has found
only moderate improvement in thermal conductivity.376,377 The
thermal conductivity of these nanocomposite materials is
dominated by phonon vibrations. Phonons entering a carbon
nanotube–polymer composite are much more likely to travel
through the matrix than electrons. This is because the ratio of
thermal conductivity between carbon nanotube and polymer is
about 104, whereas the ratio of electrical conductivity between
the two components is in the range from 1019 to 1015. In addi-
tion to the lack of thermal conductivity contrast, the design of
polymer nanocomposite materials with high thermal conduc-
tivities must also address the very high thermal resistance at the
interface between carbon nanotubes, i.e., exceptionally small
thermal conductance across the interface. This interfacial
thermal resistance arises from the constraints that the energy
contained in high-frequency phonon modes within the carbon
nanotubes must rst be transferred to low-frequency modes
through phonon–phonon coupling in order to be exchanged
with the surrounding medium.378 For polymer nanocomposite
materials with high thermal conductivities, the thermal
conductance across the interface between the carbon nanotube
and the surrounding polymer matrix is of particular interest. To
take full advantage of the intrinsic thermal properties of carbon
nanotubes in polymer nanocomposite materials, it is a serious
challenge to reduce the thermal resistance at the interface.
Gojny et al.379 have suggested that multi-walled carbon nano-
tubes offer the greatest potential to improve the thermal prop-
erties of polymer nanocomposite materials due to their
relatively small area of the interface and the existence of shiel-
ded internal layers which promote the conduction of phonons
as well as minimize the loss of polymer matrix coupling. One
promising approach to reduce the very high thermal resistance
at the interface is the introduction of covalent bonds between
the carbon nanotube and the matrix polymer.380

Nanocomposite materials with high thermal conductivities
may be favorable to avoid localized overheating or the forma-
tion of hot spots. To improve the thermal properties of polymer
nanocomposite materials containing carbon nanotubes, it is
important to have a better understanding of the mechanism
responsible for the phonon scattering at the interface.381,382 One
common challenge is how to effectively improve the thermal
conductivity of polymer nanocomposite materials with a low
loading of carbon nanotubes. The thermal conductivity of these
nanocomposite materials is also highly dependent upon the
attributes discussed previously, such the loading, dispersion,
alignment, and aspect ratio of carbon nanotubes.383–387 Defects
in the structure of carbon nanotubes will lead inevitably to
phonon scattering, i.e., a decrease in the thermal conductivity of
polymer nanocomposite materials. In fact, any change in the
regularity or linearity of the morphological aspect of carbon
nanotubes may cause a decrease in their intrinsic thermal
conductivity.

The optimization of the interface is another effective way to
improve the thermal properties of polymer nanocomposite
materials containing carbon nanotubes.388–390 The interface
between the carbon nanotube and the surrounding polymer
matrix can cause a large thermal resistance, and this is the
RSC Adv., 2018, 8, 28048–28085 | 28069
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primary factor of affecting the heat ow in polymer nano-
composite materials.391–394 To achieve excellent thermal prop-
erties of these polymer nanocomposite materials, it is crucial to
improve the rate of heat transfer across the interface by
modulating the interaction between the two components.
Recent experiments have demonstrated that the chemical
functionalization of carbon nanotubes has both positive and
negative effects on the thermal conductivity of polymer nano-
composite materials, i.e., there is an increase in the thermal
conductance across the interface and a decrease in the intrinsic
thermal conductivity of the ller.395,396 Consequently, it has
become a major issue how to benet from the optimization of
the interface through the chemical functionalization of carbon
nanotubes without any noticeable loss of the intrinsic thermal
properties of the ller. While great achievements have been
made in this eld,397,398 how to maximize the benets derived
from the intrinsic thermal properties of carbon nanotubes for
polymer nanocomposite materials is still a major challenge.

8. Concluding remarks

Remarkable advances have been made in the preparation of
carbon nanotube–polymer composites with exceptional
mechanical and physical properties. Before these exceptional
properties can be fully realized in a macroscopic nano-
composite material by designing the structure at the nano-
metric level, there is still a large amount of basic research that is
needed in this eld. To take full advantage of the inherent
properties of carbon nanotubes, it is important to understand
the characteristics of the interface between the carbon nano-
tube and the surrounding polymer matrix.

In response to a signicant increase in the research activity
in the polymer nanocomposites reinforced with carbon nano-
tubes in the last few years, this paper is an attempt to discuss
the topic which is most relevant to the interfacial characteristics
of these polymer nanocomposites, as well as review represen-
tative journal publications which are closely related to this
topic. Special emphasis is placed on the journal articles pub-
lished since 2010. Knowledge of the characteristics of the
interaction at the interface is required to have a thorough
understanding of the mechanical and physical behavior of
carbon nanotube–polymer composites. The state of research on
carbon nanotube–polymer composites for improving mechan-
ical and physical properties has been critically reviewed. The
primary focus of this review is on the characteristics of the
interface between the carbon nanotube and the polymer matrix,
since the performance of these polymer nanocomposites
depends critically on the interfacial characteristics. Particular
interest is also given to the factors inuencing the properties of
the polymer nanocomposites reinforced with carbon
nanotubes.

Functionalization of carbon nanotubes provides a conve-
nient way to improve the dispersion state of carbon nanotubes
as well as to modify the characteristics of the interface, which in
turn may improve the properties of the polymer nanocomposite
materials, especially mechanical properties. This method for
modifying carbon nanotubes will become more prevalent, since
28070 | RSC Adv., 2018, 8, 28048–28085
signicant progress has been made recently in the eld of
chemical functionalization.

The characteristics of the interface play a crucial role in
determining the properties of carbon nanotube–polymer
nanocomposite materials. It is important to understand the
mechanism responsible for the interfacial interaction at the
molecular level to further optimize the design of the interface.
Further investigations into the mechanism of the interaction
are necessary to provide in-depth understanding of the char-
acteristics of the interface and to evaluate the benets and
disadvantages associated with different functionalization
methods.

The properties of carbon nanotube–polymer composites are
dependent upon a variety of factors such as the type, dimension,
purity, chirality, defect density, and loading of carbon nano-
tubes, the dispersion state and alignment of carbon nanotubes
in the polymer matrix, the degree of modication of the surface
of carbon nanotubes, the type of polymer, processing method,
and the interfacial adhesion. These factors should be taken into
account simultaneously when reporting, comparing, and
interpreting the results obtained from experimental measure-
ments and theoretical predictions.

While carbon nanotube–polymer composites offer great
potential, they also pose signicant challenges. The polymer
nanocomposites containing carbon nanotubes have developed
as a vibrant area of research for years to come. The application
of these nanocomposite materials and the improvement of their
properties will be heavily dependent upon how to effectively
design and optimize the interface. The substantial progress in
the understanding of the interfacial characteristics of polymer
nanocomposites containing carbon nanotubes in recent years
points toward a bright future.
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J. Mosnáček, Visualization of carbon nanotubes
dispersion in composite by using confocal laser scanning
microscopy, Eur. Polym. J., 2016, 79, 187–197.

60 J. Cheng and H. Pu, Inuences of matrix viscosity on
alignment of multi-walled carbon nanotubes in one-
dimensional conned space, Eur. Polym. J., 2017, 89, 431–
439.

61 A. Y. Glamazda, A. M. Plokhotnichenko, V. S. Leontiev and
V. A. Karachevtsev, DNA-wrapped carbon nanotubes
aligned in stretched gelatin lms: polarized resonance
Raman and absorption spectroscopy study, Phys. E, 2017,
93, 92–96.

62 W. A. Chapkin, J. K. Wenderott, P. F. Green and A. I. Taub,
Length dependence of electrostatically induced carbon
nanotube alignment, Carbon, 2018, 131, 275–282.

63 W. A. Chapkin, D. Q. McNerny, M. F. Aldridge, Y. He,
W. Wang, J. Kieffer and A. I. Taub, Real-time assessment
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04205e


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

8-
01

-2
6 

10
.2

9.
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of carbon nanotube alignment in a polymer matrix under
an applied electric eld via polarized Raman
spectroscopy, Polym. Test., 2016, 56, 29–35.

64 J. Cheng, H. Pu and J. Du, A processing method with high
efficiency for low density polyethylene nanobers
reinforced by aligned carbon nanotubes via nanolayer
coextrusion, Polymer, 2017, 111, 222–228.

65 T. Chatterjee, K. Yurekli, V. G. Hadjiev and
R. Krishnamoorti, Single-walled carbon nanotube
dispersions in poly(ethylene oxide), Adv. Funct. Mater.,
2005, 15(11), 1832–1838.

66 A. G. Ryabenko, T. V. Dorofeeva and G. I. Zvereva, UV-VIS-
NIR spectroscopy study of sensitivity of single-wall carbon
nanotubes to chemical processing and van-der-Waals
SWNT/SWNT interaction. Verication of the SWNT
content measurements by absorption spectroscopy,
Carbon, 2004, 42(8–9), 1523–1535.

67 A. Casey, G. F. Farrell, M. McNamara, H. J. Byrne and
G. Chambers, Interaction of carbon nanotubes with sugar
complexes, Synth. Met., 2005, 153(1–3), 357–360.

68 N. S. Komarova, A. G. Krivenko, A. G. Ryabenko,
A. V. Naumkin, E. V. Stenina and L. N. Sviridova,
Spectroscopic characterization of the electrochemical
functionalization of single-walled carbon nanotubes in
aqueous and organic media, Carbon, 2012, 50(3), 922–931.

69 S. N. Kourkouli, A. Siokou, A. A. Stefopoulos, F. Ravani,
T. Plocke, M. Müller, J. Maultzsch, C. Thomsen,
K. Papagelis and J. K. Kallitsis, Electronic properties of
semiconducting polymer-functionalized single wall
carbon nanotubes,Macromolecules, 2013, 46(7), 2590–2598.

70 R. Saito, G. Dresslhaus and M. S. Dresselhaus, Physical
Properties of Carbon Nanotubes, Imperial College Press,
London, 1998.

71 J. Loos, A. Alexeev, N. Grossiord, C. E. Koning and O. Regev,
Visualization of single-wall carbon nanotube (SWNT)
networks in conductive polystyrene nanocomposites by
charge contrast imaging, Ultramicroscopy, 2005, 104(2),
160–167.

72 H. J. Barraza, F. Pompeo, E. A. O'Rea and D. E. Resasco,
SWNT-lled thermoplastic and elastomeric composites
prepared by miniemulsion polymerization, Nano Lett.,
2002, 2(8), 797–802.

73 M. Rahmat, K. Das and P. Hubert, Interaction stresses in
carbon nanotube-polymer nanocomposites, ACS Appl.
Mater. Interfaces, 2011, 3(9), 3425–3431.

74 Y. Oh and M. F. Islam, Preformed nanoporous carbon
nanotube scaffold-based multifunctional polymer
composites, ACS Nano, 2015, 9(4), 4103–4110.

75 T. Vad, J. Wulorst, T.-T. Pan, W. Steinmann,
S. Dabringhaus, M. Beckers, G. Seide, T. Gries,
W. F. C. Sager, M. Heidelmann and T. E. Weirich,
Orientation of well-dispersed multiwalled carbon
nanotubes in melt-spun polymer bers and its impact on
the formation of the semicrystalline polymer structure:
a combined wide-angle X-ray scattering and electron
tomography study, Macromolecules, 2013, 46(14), 5604–
5613.
This journal is © The Royal Society of Chemistry 2018
76 J. Fan, Z. Shi, M. Tian, J. Wang and J. Yin, Unzipped
multiwalled carbon nanotube oxide/multiwalled carbon
nanotube hybrids for polymer reinforcement, ACS Appl.
Mater. Interfaces, 2012, 4(11), 5956–5965.

77 A. Hirsch, Functionalization of single-walled carbon
nanotubes, Angew. Chem., Int. Ed., 2002, 41(11), 1853–1859.

78 A. Ezzeddine, Z. Chen, K. S. Schanze and N. M. Khashab,
Surface modication of multiwalled carbon nanotubes
with cationic conjugated polyelectrolytes: fundamental
interactions and intercalation into conductive poly(methyl
methacrylate) composites, ACS Appl. Mater. Interfaces,
2015, 7(23), 12903–12913.

79 A. Eitan, K. Jiang, D. Dukes, R. Andrews and L. S. Schadler,
Surface modication of multiwalled carbon nanotubes:
toward the tailoring of the interface in polymer
composites, Chem. Mater., 2003, 15(16), 3198–3201.

80 L. Meng, C. Fu and Q. Lu, Advanced technology for
functionalization of carbon nanotubes, Prog. Nat. Sci.,
2009, 19(7), 801–810.

81 K. Balasubramanian and M. Burghard, Chemically
functionalized carbon nanotubes, Small, 2005, 1(2), 180–
192.

82 X. Peng and S. A. Meguid, Molecular simulations of the
inuence of defects and functionalization on the shear
strength of carbon nanotube-epoxy polymer interfaces,
Comput. Mater. Sci., 2017, 126, 204–216.

83 J. N. Coleman, M. Cadek, R. Blake, V. Nicolosi, K. P. Ryan,
C. Belton, A. Fonseca, J. B. Nagy, Y. K. Gun'ko and
W. J. Blau, High performance nanotube-reinforced
plastics: Understanding the mechanism of strength
increase, Adv. Funct. Mater., 2004, 14(8), 791–798.

84 N. Karousis, N. Tagmatarchis and D. Tasis, Current
progress on the chemical modication of carbon
nanotubes, Chem. Rev., 2010, 110(9), 5366–5397.
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nanocomposites: structure, interaction, and functionality,
Nanoscale, 2012, 4(6), 1919–1938.

122 M. Wong, M. Paramsothy, X. J. Xu, Y. Ren, S. Li and K. Liao,
Physical interactions at carbon nanotube-polymer
interface, Polymer, 2003, 44(25), 7757–7764.

123 J. Chen, X. Cui, Y. Zhu, W. Jiang and K. Sui, Design of
superior conductive polymer composite with precisely
controlling carbon nanotubes at the interface of a co-
continuous polymer blend via a balance of p-p
interactions and dipole-dipole interactions, Carbon, 2017,
114, 441–448.

124 Q. L. Xiong and S. A. Meguid, Atomistic investigation of the
interfacial mechanical characteristics of carbon nanotube
reinforced epoxy composite, Eur. Polym. J., 2015, 69, 1–15.

125 T. Tsafack, J. M. Alred, K. E. Wise, B. Jensen, E. Siochi and
B. I. Yakobson, Exploring the interface between single-
walled carbon nanotubes and epoxy resin, Carbon, 2016,
105, 600–606.

126 J. M. Wernik, B. J. Cornwell-Mott and S. A. Meguid,
Determination of the interfacial properties of carbon
nanotube reinforced polymer composites using atomistic-
based continuum model, Int. J. Solids Struct., 2012,
49(13), 1852–1863.

127 S. Chopra, K. A. Deshmukh and D. Peshwe, Theoretical
prediction of interfacial properties of PBT/CNT
nanocomposites and its experimental evaluation, Mech.
Mater., 2017, 109, 11–17.

128 M. Nie, D. M. Kalyon, K. Pochiraju and F. T. Fisher, A
controllable way to measure the interfacial strength
between carbon nanotube and polymer using
a nanobridge structure, Carbon, 2017, 116, 510–517.

129 M. Naraghi, G. H. Bratzel, T. Filleter, Z. An, X. Wei,
S. T. Nguyen, M. J. Buehler and H. D. Espinosa, Atomistic
Investigation of load transfer between DWNT bundles
This journal is © The Royal Society of Chemistry 2018
“crosslinked” by PMMA oligomers, Adv. Funct. Mater.,
2013, 23(15), 1883–1892.

130 M. Q. Tran, J. T. Cabral, M. S. P. Shaffer and A. Bismarck,
Direct measurement of the wetting behavior of individual
carbon nanotubes by polymer melts: the key to carbon
nanotube-polymer composites, Nano Lett., 2008, 8(9),
2744–2750.

131 L. Liu, A. H. Barber, S. Nuriel and H. D. Wagner,
Mechanical properties of functionalized single-walled
carbon-nanotube/poly(vinyl alcohol) nanocomposites,
Adv. Funct. Mater., 2005, 15(6), 975–980.

132 M. Nie, D. M. Kalyon and F. T. Fisher, Interfacial load
transfer in polymer/carbon nanotube nanocomposites
with a nanohybrid shish kebab modication, ACS Appl.
Mater. Interfaces, 2014, 6(17), 14886–14893.

133 M. Wang, K. P. Pramoda and S. H. Goh, Enhancement of
interfacial adhesion and dynamic mechanical properties
of poly(methyl methacrylate)/multiwalled carbon
nanotube composites with amine-terminated
poly(ethylene oxide), Carbon, 2006, 44(4), 613–617.

134 E. Y. Choi, L. W. Choi and C. K. Kim, Noncovalent
functionalization of multi-walled carbon nanotubes with
hydroxyl group-containing pyrene derivatives for their
composites with polycarbonate, Carbon, 2015, 95, 91–99.

135 L. Cao, Y. Wang, P. Dong, S. Vinod, J. T. Tijerina,
P. M. Ajayan, Z. Xu and J. Lou, Interphase induced
dynamic self-stiffening in graphene-based
polydimethylsiloxane nanocomposites, Small, 2016,
12(27), 3723–3731.

136 X. Chen, L. Zhang, M. Zheng, C. Park, X. Wang and C. Ke,
Quantitative nanomechanical characterization of the van
der Waals interfaces between carbon nanotubes and
epoxy, Carbon, 2015, 82, 214–228.

137 F. Liu, N. Hu, H. Ning, S. Atobe, C. Yan, Y. Liu, L. Wu,
X. Liu, S. Fu, C. Xu, Y. Li, J. Zhang, Y. Wang and W. Li,
Investigation on the interfacial mechanical properties of
hybrid graphene-carbon nanotube/polymer
nanocomposites, Carbon, 2017, 115, 694–700.

138 B. A. Newcomb, H. G. Chae, L. Thomson, J. Luo, J.-B. Baek
and S. Kumar, Reinforcement efficiency of carbon
nanotubes and their effect on crystal-crystal slip in
poly(ether ketone)/carbon nanotube composite bers,
Compos. Sci. Technol., 2017, 147, 116–125.

139 K. G. Dassios and C. Galiotis, Polymer-nanotube
interaction in MWCNT/poly(vinyl alcohol) composite
mats, Carbon, 2012, 50(11), 4291–4294.

140 M. Chen and Z. Lu, A comparative study of the load transfer
mechanisms of the carbon nanotube reinforced polymer
composites with interfacial crystallization, Composites,
Part B, 2015, 79, 114–123.

141 F. Yazdandoost, R. Mirzaeifar, Z. Qin and M. J. Buehler,
Multiscale mechanics of the lateral pressure effect on
enhancing the load transfer between polymer coated
CNTs, Nanoscale, 2017, 9(17), 5565–5576.

142 S. Yang, J. Choi and M. Cho, Intrinsic defect-induced
tailoring of interfacial shear strength in CNT/polymer
nanocomposites, Compos. Struct., 2015, 127, 108–119.
RSC Adv., 2018, 8, 28048–28085 | 28075

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04205e


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

8-
01

-2
6 

10
.2

9.
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
143 N. Ning, D. Cheng, J. Yang, L. Liu, M. Tian, Y. Wu,
W. Wang, L. Zhang and Y. Lu, New insight on the
interfacial interaction between multiwalled carbon
nanotubes and elastomers, Compos. Sci. Technol., 2017,
142, 214–220.

144 J. B. Bai, Evidence of the reinforcement role of chemical
vapour deposition multi-walled carbon nanotubes in
a polymer matrix, Carbon, 2003, 41(6), 1325–1328.

145 J. Cha, G. H. Jun, J. K. Park, J. C. Kim, H. J. Ryu and
S. H. Hong, Improvement of modulus, strength and
fracture toughness of CNT/Epoxy nanocomposites
through the functionalization of carbon nanotubes,
Composites, Part B, 2017, 129, 169–179.

146 A. K.-T. Lau and D. Hui, The revolutionary creation of new
advanced materials-carbon nanotube composites,
Composites, Part B, 2002, 33(4), 263–277.

147 A. H. Barber, S. R. Cohen and H. D. Wagner, Measurement
of carbon nanotube-polymer interfacial strength, Appl.
Phys. Lett., 2003, 82(23), 4140–4142.

148 A. H. Barber, S. R. Cohen, S. Kenig and H. D. Wagner,
Interfacial fracture energy measurements for multi-walled
carbon nanotubes pulled from a polymer matrix, Compos.
Sci. Technol., 2004, 64(15), 2283–2289.

149 A. H. Barber, S. R. Cohen, A. Eitan, L. S. Schadler and
H. D. Wagner, Fracture transitions at a carbon-nanotube/
polymer interface, Adv. Mater., 2006, 18(1), 83–87.

150 W. Ding, L. Calabri, K. M. Kohlhaas, X. Chen, D. A. Dikin
and R. S. Ruoff, Modulus, fracture strength, and brittle
vs. plastic response of the outer shell of arc-grown multi-
walled carbon nanotubes, Exp. Mech., 2007, 47(1), 25–36.

151 M. P. Manoharan, A. Sharma, A. V. Desai, M. A. Haque,
C. E. Bakis and K. W. Wang, The interfacial strength of
carbon nanober epoxy composite using single ber
pullout experiments, Nanotechnology, 2009, 20(29), 295701.

152 D. Roy, S. Bhattacharyya, A. Rachamim, A. Plati and
M.-L. Saboungi, Measurement of interfacial shear
strength in single wall carbon nanotubes reinforced
composite using Raman spectroscopy, J. Appl. Phys., 2010,
107(4), 043501.

153 T. Tsuda, T. Ogasawara, F. Deng and N. Takeda, Direct
measurements of interfacial shear strength of multi-
walled carbon nanotube/PEEK composite using a nano-
pullout method, Compos. Sci. Technol., 2011, 71(10), 1295–
1300.

154 Y. Ganesan, C. Peng, Y. Lu, P. E. Loya, P. Moloney,
E. Barrera, B. I. Yakobson, J. M. Tour, R. Ballarini and
J. Lou, Interface toughness of carbon nanotube reinforced
epoxy composites, ACS Appl. Mater. Interfaces, 2011, 3(2),
129–134.

155 Q. Xu, Y. Yao, Z. Ma and Z. Xia, Measurement of interfacial
energy and friction between carbon nanotubes and
polymer matrix by a micro-pullout test, Sci. Adv. Mater.,
2012, 4(8), 888–892.

156 S. Yashiro, Y. Sakaida, Y. Shimamura and Y. Inoue,
Evaluation of interfacial shear stress between multi-
walled carbon nanotubes and epoxy based on strain
28076 | RSC Adv., 2018, 8, 28048–28085
distribution measurement using Raman spectroscopy,
Composites, Part A, 2016, 85, 192–198.

157 W. Ding, A. Eitan, F. T. Fisher, X. Chen, D. A. Dikin,
R. Andrews, L. C. Brinson, L. S. Schadler and R. S. Ruoff,
Direct observation of polymer sheathing in carbon
nanotube-polycarbonate composites, Nano Lett., 2003,
3(11), 1593–1597.

158 J. Bae, J. Jang and S.-H. Yoon, Cure behavior of the liquid-
crystalline epoxy/carbon nanotube system and the effect
of surface treatment of carbon llers on cure reaction,
Macromol. Chem. Phys., 2002, 203(15), 2196–2204.

159 S. J. V. Frankland and V. M. Harik, Analysis of carbon
nanotube pull-out from a polymer matrix, Surf. Sci., 2003,
525(1–3), L103–L108.

160 J. Gou, B. Minaie, B. Wang, Z. Liang and C. Zhang,
Computational and experimental study of interfacial
bonding of single-walled nanotube reinforced
composites, Comput. Mater. Sci., 2004, 31(3–4), 225–236.

161 S. C. Chowdhury and T. Okabe, Computer simulation of
carbon nanotube pull-out from polymer by the molecular
dynamics method, Composites, Part A, 2007, 38(3), 747–754.

162 Y. Li, Y. Liu, X. Peng, C. Yan, S. Liu and N. Hu, Pull-out
simulations on interfacial properties of carbon nanotube-
reinforced polymer nanocomposites, Comput. Mater. Sci.,
2011, 50(6), 1854–1860.

163 S. Haghighatpanah and K. Bolton, Molecular-level
computational studies of single wall carbon nanotube-
polyethylene composites, Comput. Mater. Sci., 2013, 69,
443–454.

164 B. Coto, I. Antia, J. Barriga, M. Blanco and J.-R. Sarasua,
Inuence of the geometrical properties of the carbon
nanotubes on the interfacial behavior of epoxy/CNT
composites: a molecular modelling approach, Comput.
Mater. Sci., 2013, 79, 99–104.

165 R. Raee and M. Mahdavi, Characterizing nanotube-
polymer interaction using molecular dynamics
simulation, Comput. Mater. Sci., 2016, 112(Part A), 356–363.

166 Y. Hu and J. L. Ding, Effects of morphologies of carbon
nanollers on the interfacial and deformation behavior of
polymer nanocomposites – a molecular dynamics study,
Carbon, 2016, 107, 510–524.

167 R. Chawla and S. Sharma, Molecular dynamics simulation
of carbon nanotube pull-out from polyethylene matrix,
Compos. Sci. Technol., 2017, 144, 169–177.

168 A. R. Aliana and S. A. Meguid, Molecular dynamics
simulations of the effect of waviness and agglomeration
of CNTs on interface strength of thermoset
nanocomposites, Phys. Chem. Chem. Phys., 2017, 19(6),
4426–4434.

169 H.-L. Ma, K.-T. Lau, D. Hui, S.-Q. Shi and C.-K. Poon,
Theoretical analysis on the pullout behavior of carbon
nanotube at cryogenic environment with the
consideration of thermal residual stress, Composites, Part
B, 2017, 128, 67–75.

170 Y. Chandra, F. Scarpa, S. Adhikari, J. Zhang, E. I. S. Flores
and H.-X. Peng, Pullout strength of graphene and carbon
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04205e


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

8-
01

-2
6 

10
.2

9.
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanotube/epoxy composites, Composites, Part B, 2016, 102,
1–8.

171 K. Sharma, K. S. Kaushalyayan and M. Shukla, Pull-out
simulations of interfacial properties of amine
functionalized multi-walled carbon nanotube epoxy
composites, Comput. Mater. Sci., 2015, 99, 232–241.

172 K. Liao and S. Li, Interfacial characteristics of a carbon
nanotube-polystyrene composite system, Appl. Phys. Lett.,
2001, 79(25), 4225–4227.

173 V. Lordi and N. Yao, Molecular mechanics of binding in
carbon-nanotube-polymer composites, J. Mater. Res.,
2000, 15(12), 2770–2779.

174 W. Gomulya, G. D. Costanzo, E. J. F. de Carvalho, S. Z. Bisri,
V. Derenskyi, M. Fritsch, N. Fröhlich, S. Allard,
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U. Sundararaj, Effect of synthesis catalyst on structure of
nitrogen-doped carbon nanotubes and electrical
conductivity and electromagnetic interference shielding
of their polymeric nanocomposites, Carbon, 2016, 98,
358–372.

361 Z. Yang, J. Ren, Z. Zhang, X. Chen, G. Guan, L. Qiu,
Y. Zhang and H. Peng, Recent advancement of
nanostructured carbon for energy applications, Chem.
Rev., 2015, 115(11), 5159–5223.

362 H. J. Salavagione, S. Quiles-D́ıaz, P. Enrique-Jimenez,
G. Mart́ınez, F. Ania, A. Flores and M. A. Gómez-Fatou,
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