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 The formation of composite materials represents an effi cient route to improve 
the performances of polymers and expand their application scopes. Due to 
the unique structure and remarkable mechanical, electrical, thermal, optical 
and catalytic properties, carbon nanotube and graphene have been mostly 
studied as a second phase to produce high performance polymer composites. 
Although carbon nanotube and graphene share some advantages in both 
structure and property, they are also different in many aspects including syn-
thesis of composite material, control in composite structure and interaction 
with polymer molecule. The resulting composite materials are distinguished 
in property to meet different applications. This review article mainly describes 
the preparation, structure, property and application of the two families of 
composite materials with an emphasis on the difference between them. 
Some general and effective strategies are summarized for the development of 
polymer composite materials based on carbon nanotube and graphene. 
  1. Introduction 

 Organic polymers, as a family of materials, have dominated our 
life in the past century. To further improve their functionalities 
and expand their applications, a second phase is often incor-
porated to prepare composite materials. Among them, carbon 
nanotube (CNT) has been widely studied as a second phase 
for over two decades due to the unique structure and com-
bined remarkable mechanical, electrical, optical and thermal 
properties. [  1  ]  On the other hand, it remains diffi cult to make 
nano-devices based on CNTs at a large scale as widely pro-
posed. [  2  ]  To further improve the practical application of CNTs, 
more and more interests are attracted to explore them for bulk 
materials. [  3  ]  To this end, the formation of composite materials 
with polymers also shed great light on the use of CNTs. CNTs 
have typically provided high mechanical strength, electrical 
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conductivity and thermal stability, while 
polymers can be easily fabricated by a 
solution or melting process with tunable 
structures and low costs. Therefore, a lot 
of efforts have been made to explore CNT/
polymer composite materials in both 
academy and industry. The CNT/polymer 
material may be the most explored com-
posite material according to the publica-
tion number, and there are appropriately 
30 000 papers in recent ten years based 
on the Web of Knowledge. The synthesis, 
structure, property and possible applica-
tion of these composite materials have 
been extensively investigated. Some prod-
ucts are already available, mainly for struc-
ture materials such as high-end sporting 
goods and electrostatic-discharge compo-
nents, in which multi-walled CNTs slightly 
enhance the electrical conductivity of plas-
tics. These composite materials are also widely proposed for 
many high-value applications such as aerospace which needs 
light weight, high strength and resistance to high temperatures 
and energy where high conductivity, strength and thermal sta-
bility are required. 

 After the discovery of graphene, a single layer of graphite, 
a lot of efforts have been recently attracted to synthesize gra-
phene/polymer composite materials. [  4  ]  The yearly publication 
has been averagely increased by over 80% in the recent fi ve 
years (from the Web of Knowledge). Many research strategies 
are found to be similar to CNT/polymer composites, including 
the synthesis, structure, property and application, though no 
comprehensive advantages have been found for one over the 
other. In other words, each has its advantages and disadvantages 
over the other. This raises a critical and important question on 
the development of polymer composite materials. When should 
CNT or graphene be incorporated into polymers to synthesize 
composite materials? This question may be answered, to certain 
degrees, by comparing the structure difference between gra-
phene and CNT and the interaction between them and polymer. 

 Many review articles are in fact available on the synthesis, 
structure, property and application for either CNT/polymer 
or graphene/polymer composite materials. [  4b  ,  5  ]  However, it is 
rare to compare them and summarize their similarities and 
differences, therefore to provide useful suggestions to guide 
the future research. Out of question, it is diffi cult to cover every 
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aspect or even most aspects to make such a comparison consid-
ering there are vast of publications for each of them. Herein, 
two composite materials are compared on the synthesis, struc-
ture, property and application with an emphasis on the differ-
ence between them. Particularly, the recent development of 
the two composite materials that has not been covered in the 
previous review articles is carefully discussed. The current chal-
lenge and possible direction of these polymer composite mate-
rials are also summarized.   

 2. Carbon Nanomaterials 

  2.1. Carbon Nanotube 

 CNTs are considered as seamless cylinders formed by wrapping 
graphene sheets with carbon atoms being covalently bonded 
with each other through sp 2  hybridization. Depending on the 
layer number of graphene sheets, they are further categorized 
into single-walled and multi-walled CNTs. 

 CNTs have been widely explored for the combined remark-
able physical and chemical properties. CNTs are strong along 
the axial direction with Young’s modulus on the order of 270–
950 GPa and tensile strength on the level of 11–63 GPa. [  6  ]  The 
shell of a CNT was even shown to own a tensile strength of 
up to  ∼ 100 GPa. [  7  ]  CNTs exhibit excellent electronic properties. 
A single-walled CNT can be controlled to be metallic or semi-
conducting by varying the chiral structure. [  8  ]  The single-walled 
CNT demonstrates a carrier mobility of  ∼ 10 000 cm 2  V  − 1  s  − 1 , 
higher than the silicon. [  9  ]  The metallic CNT was calculated to 
carry an electric current density of 4  ×  10 9  A cm  − 2 , 1000 times 
higher than metals. [  10  ]  For multi-walled CNTs, electrical con-
ductivities up to 10 5  S cm  − 1  and current densities on the level 
of 10 6  A cm  − 2  had been achieved. [  11  ]  As phonons can rapidly 
transport along the axial direction according to a “ballistic con-
duction”, CNTs own high thermal conductivity. [  1d  ]  Multi-walled 
and single-walled CNTs show thermal conductivities of appro-
priately 3000 and 3,500 W m  − 1  K  − 1  along the axial direction, 
much higher than 385 W m  − 1  K  − 1  of the copper. [  12  ]  CNTs were 
found to be thermally stable in a temperature up to 2800  ° C in 
vacuum. Vertically aligned single-walled CNTs showed absorp-
tions of (98–99)% from the far-ultraviolet (200 nm) to far-
infrared (200  μ m) wavelengths, performing as an ideal black 
body. [  13  ]  Photoluminescence and electroluminescence phe-
nomena had been observed for semiconducting single-walled 
CNTs, while both of them had not been discovered for multi-
walled CNTs which were metallic. Due to the curved structure 
with high surface area and a lot of ends, CNTs have exhibited 
high catalytic activities, comparable to the conventional plat-
inum in the reduction of triiodide, an important reaction for 
the dye-sensitized solar cell. [  14  ]  

 A wide variety of methods have been developed to synthesize 
CNTs. Among them, arc discharge, laser ablation and chemical 
vapor deposition are mostly explored. Arc discharge is a widely 
used technique for the preparation of CNTs in industry. [  15  ]  The 
resulting products are a mixture of components including 
catalytic metals and generally need purifi cation. For a laser 
ablation process, graphite is vaporized by a pulsed laser in a 
high-temperature reactor under the protection of inert gas 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5153–5176
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atmosphere. [  16  ]  The cost is typically high and uncompetitive for 
a large-scale production. Chemical vapor deposition was used 
to produce CNTs based on a layer of metal as the catalyst. [  17  ]  
It is particularly important for the synthesis of aligned CNTs 
which will be later discussed to be critical for high performance 
composite materials. 

 Due to the excellent properties, CNTs had been widely 
used in many fi elds. The tips of atomic force microscopies 
are required to be sharp and stiff with a high fl exibility, and 
CNTs could well meet all of them. [  18  ]  Aligned CNT fi bers were 
explored as a family of novel and strong artifi cial muscles 
which showed a lengthwise contraction and rotary torsion in 
response to low voltages. [  19  ]  Due to a combined high electrical 
conductivity and catalytic activity with high specifi c area, CNTs 
had been explored as novel electrode materials for organic 
light emitting diode, [  20  ]  dye-sensitized solar cell, [  14  ]  fuel cell and 
supercapacitor. [  21  ]  For instance, a dye-sensitized solar cell with 
multi-walled CNTs as the counter electrode showed an energy 
conversion effi ciency of 8.46%. [  22  ]  Multi-walled CNTs had been 
also added as conductive additives in lithium ion batteries. [  21  ]  
The open ends of CNTs provided them with promising advan-
tages for fi eld-effect transistors. [  23  ]  For many applications, CNTs 
typically appeared in a format of composite materials such as 
with polymers.   

 2.2. Graphene 

 Graphene is composed of a planar monolayer of conjugated sp 2  
carbon atoms bonded into six-membered rings. It is the thin-
nest material discovered in the world with a single layer thick-
ness to be less than 1 nm. A graphene sheet can be varied from 
tens of nanometers to centimeters in width. 

 Graphene is also the strongest material ever discovered 
by the human kind. A single-layered graphene was found to 
exhibit a Young’s modulus of  ∼ 1100 GPa and tensile strength 
of 130 GPa. [  24  ]  Similar to CNTs, graphene has demonstrated a 
high carrier mobility of 15000 cm 2  V  − 1  s  − 1  at room temperature 
and maintained current densities of six orders of magnitude 
higher than the copper. [  25  ]  Graphene also shows Quantum 
Hall effect at room temperature and ferromagnetism due to 
the lone pair electrons at the edges and defects of the layer. [  26  ]  
Graphene is thermally stable with thermal conductivities of up 
to 5000 W m  − 1  K  − 1 , higher than CNTs and metals such as gold, 
silver, and copper. [  27  ]  Compared with the other carbon mate-
rial, graphene owns a lot of edges that provide higher catalytic 
activities. 

 After graphene was fi rst prepared by a micro-mechanical 
cleavage of graphite in 2004, [  28  ]  the synthesis of graphene has 
become one of the most active directions towards obtaining 
high quality products at a large scale. Arc discharge, [  29  ]  chem-
ical vapor deposition, [  30  ]  epitaxial growth, [  31  ]  unzipping of 
CNTs [  32  ]  and reduction of graphene oxide have been also widely 
studied. The micro-mechanical cleavage was realized by simply 
attaching a scotch tape onto graphite face, and a graphene sheet 
could be then easily peeled off from the graphite. [  28  ]  Although 
this method is simple in the preparation, it remains chal-
lenging to obtain a single layer of graphene and scale up for a 
practical application. [  33  ]  For the arc discharge method, the arc 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 5153–5176
evaporation of a graphite generally produced two to three layers 
of graphene sheets similar to the micro-mechanical cleavage in 
a mixture gas of hydrogen and helium. Boron or nitrogen can 
be easily doped onto graphene sheets by this method. Chemical 
vapor deposition represents a general synthesis of carbon nano-
materials, and the decomposition of hydrocarbons with the 
assistance of catalytic metal layers. Although controlled layers 
of graphene sheets including a single layer have been achieved, 
the resulting graphene sheets are generally not freestanding. 
The epitaxial growth has been explored to grow graphene 
sheets with dimensions at a macroscopic scale. It typically 
occurs on a single-crystal 6H-SiC substrate under ultrahigh 
vacuum with high temperature, and different layers are often 
produced by this method. In the case of composite materials, 
the reduction of graphene oxide may be the most appropriate 
method as graphene sheets can be synthesized in solution at a 
large scale. However, many defects are produced in the reduced 
sheets with decreased properties such as low electrical con-
ductivities. Some other methods have been also discovered by 
various groups. For instance, graphene sheets were produced 
from graphite powders under sonication in a solvent. [  34  ]  For 
another instance, CNTs could be unzipped along the axial direc-
tion to produce graphene ribbons, which are particularly useful 
to many electronic devices. [  32  ]  

 Graphene materials have been extensively used for a wide 
variety of fi elds including optoelectronics, energy and biology. 
Transparent and highly conducting graphene fi lms on polydi-
methylsiloxane/polyethylene terephthalate substrate have been 
investigated as electrodes for fl exible, stretchable and fold-
able electronic devices such as organic light emitting dioxide, 
liquid crystal display and transistor. [  35  ]  Reduced graphene oxide 
sheets were studied as promising drug carriers and biological 
imaging. [  36  ]  Graphene exhibits a high catalytic activity and elec-
trical conductivity, and has been widely studied as electrode 
materials for energy conversion and storage, e.g., solar cells, [  37  ]  
supercapacitors [  37a  ,  38  ]  and fuel cells. [  39  ]  For instance, an inte-
grated fi ber-shaped device which converted solar and mechan-
ical energies to electric energy and simultaneously stored it was 
fabricated from graphene fi lm. Graphene played a critical role 
mainly as a transparent and conductive counter electrode to 
rapidly transport charges and effectively catalyze the reduction 
reaction of I 3   −   to I  −  . [  37a  ]  

 To achieve a large-scale production, CNTs can be synthesized 
by chemical vapor deposition with controlled sizes but relatively 
high cost, while graphene can be produced by the reduction of 
graphene oxide in solutions with low cost but diffi culty in the 
size control.    

 3. The Synthesis of Composite Materials 

  3.1. Carbon Nanotube/Polymer Composite Material 

 Since CNT/polymer composite materials were fi rst reported 
by Ajayan and co-workers, [  40  ]  a lot of studies have been made 
on the synthesis, structure, property and application of these 
composite materials. [  40  ,  41  ]  CNT/polymer composite materials 
are generally synthesized by mixing CNTs and polymers in 
solutions or dispersing CNTs in polymer melts, depending 
5155wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     Schematic illustration to the preparation of CNT/polymer com-
posites by two typical processes. (a) Mixing. (b) Infi ltration.  
on whether the used polymers are soluble or meltable 
( Figure    1   a). [  41  ]  If the polymers are not either soluble or melt-
able, the related monomers may be fi rstly incorporated with 
CNTs, followed by in situ polymerizations to produce com-
posite materials. These methods had been partly described 
in the other review articles, and here a brief description, 
particularly, on the recent development which has not been 
previously discussed, is made to compare with the graphene 
composite materials.  

 A solution process may be applicable for thermoset and ther-
moplastic polymers, e.g., polyvinyl alcohol, polyurethane, poly-
styrene, polyethylene, polycarbonate, polymethyl methacrylate, 
polyacrylonitrile, polyphenylene vinylene, epoxy and acry-
lonitrile-butadiene-styrene, just to name some of them. CNTs 
and polymers are fi rstly dispersed and mixed in solvents, and 
composite materials in formats of powders and fi lms are then 
formed by precipitation and fi ltering processes, respectively. 
However, it remains diffi cult to disperse CNTs in most solvents, 
and external forces such as high power ultra-sonication and 
mechanical stirring are needed to assist their dispersions. [  42  ]  
However, the strong treatments may shorten and damage the 
CNTs. The assistance can be also realized by using surfactants, 
though the introduction of surfactants largely decreases the 
properties of composite materials. 

 Melt blending has been proposed to prepare composite 
materials for thermoplastic polymers which can be heated to 
form melts, and CNTs are dispersed in polymer melts under 
high shearing forces. The composites were produced with dif-
ferent shapes by various molding processes. This method is 
particularly suitable for polymers that are insoluble in solvents. 
High purity composite materials have been produced as no sol-
vents and surfactants are required. In addition, the shearing 
force during the preparation induces the alignment of CNTs, 
which is critical to the realization of high performance com-
posite materials. [  43  ]  Polymers including polypropylene, poly-
ethylene, polymethyl methacrylate, polyamide 6, polyethylene 
terephthalate and polyimide have been investigated. However, 
the contents of CNTs are limited by a melting method as the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
mixture viscosity becomes too high to be processed at high 
contents. 

 To improve the structure uniformity and interaction between 
CNTs and polymers, monomers are often fi rst incorporated 
with CNTs in either solution or melting processes, followed by 
in situ polymerizations. Higher contents of CNTs in the com-
posites can be achieved compared with the direct use of poly-
mers. This method is particularly useful to thermoset and con-
ductive polymers that are insoluble and thermally instable, e.g., 
polypyrrole and polyaniline which can be grown onto CNTs by 
in-situ electropolymerization. 

 To produce composite materials in a fi ber format, a spinning 
process had been applied to both mixture solutions and melts 
similar to the chemical fi ber. The drawing forces may also 
induce the CNTs to partially align along the axial direction. [  44  ]  
For the spinning method, the contents of CNTs could not be 
high. Otherwise, the composite fi ber may easily break and the 
spinneret plate may be even blocked during the spinning. Simi-
larly, the used CNTs could not be too long, typically several to 
tens of micrometers. 

 To further improve the content and dispersion of CNTs and 
control the structure of composite materials, CNTs had been 
also modifi ed with soluble components on the surface by chem-
ical reactions or non-covalent interactions, though such modifi -
cations would largely reduce the properties of composites. To 
this end, an effective and general strategy has been developed 
by fi rstly making porous CNT scaffolds, followed by the infi ltra-
tion of polymers into the voids among CNTs. The structures of 
composite materials can be controlled by designing and varying 
the CNT scaffolds, e.g., CNT buckypapers and sponges in a net-
work structure and CNT arrays, sheets and fi bers in an aligned 
structure. [  3b  ,  45  ]  After the incorporation of polymer solutions or 
melts, the CNT structures are well maintained with the desired 
properties (Figure  1 b). 

 CNT buckypaper has been mainly formed on fi ltering mem-
branes after the fi ltration of CNT dispersions, and composite 
fi lms were produced by infi ltrating polymer solutions or melts 
into the buckypaper ( Figures    2  a-  c). A high CNT content had 
been easily achieved by this process. For instance, Wang and 
co-workers had synthesized single-walled CNT/epoxy com-
posite fi lms from the buckypaper, [  45b  ]  and a high CNT load 
with weight percentage of 39% was realized. However, CNTs 
are densely packed to form small voids among them in the 
buckypaper, which has limited the penetration rate and effi -
ciency of relatively large polymer molecules. In addition, the 
thin CNT buckypaper tends to crack and deform during the 
preparation.  

 CNT sponges had been recently synthesized by chemical 
vapor deposition. [  3b  ]  They were composed of interconnected 
CNT skeletons with a porosity of  > 99% and density close to the 
lightest aerogel. The highly porous structure provides them as 
a good template in the synthesis of composite array materials. 
Figures  2 d- 2 f shows a CNT/epoxy composite by absorbing an 
epoxy fl uid in the CNT sponge, [  46  ]  and the network structure 
of CNTs had been well maintained. As a result, the composite 
exhibited electrical resistivities of 10 to 30  Ω  · cm, much lower 
than those by the conventional mixing process. 

 For the mentioned methods, CNTs are randomly aggregated 
in polymer matrices, and the resulting composite materials 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5153–5176
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     Figure  2 .     Porous CNT scaffolds as templates to prepare polymer composites. (a) Photograph 
of a bulkypaper. (b) SEM image of a bulkypaper. (c) SEM image of a bulkypaper/polymer com-
posite. (d) Photograph of a CNT sponge. (e) SEM image of a CNT sponge. (f) SEM image of 
a CNT sponge/polymer composite. (g) Photograph of a CNT array. (h) SEM image of a CNT 
array. (i) SEM image of a CNT/epoxy composite array. Reprinted with permission. [  3b  ,  45b  ,  46  ,  47b  ,  47c  ]  
Copyright 2010, Wiley; 2004, Elsevier; 2011, ACS; 2011, Wiley.  
have not effectively taken advantage of the remarkable prop-
erties from CNTs. For instance, the composite materials 
exhibited much lower electrical conductivities on the order 
of 10  − 6  − 10  − 3  S cm  − 1  and mechanical strengths on the level of 
10 0  − 10 1  MPa compared with individual CNTs. [  45d  ]  To this end, 
a lot of efforts are made to control the composite structure, 
and the alignment of CNTs has been found to provide an effec-
tive route to enhance the properties of composite materials. 
Therefore, various post-treatments such as shearing forces and 
electric or magnetic fi elds had been used to align CNTs. How-
ever, the aligned degrees of CNTs were typically very low, and 
     Figure  3 .     Aligned CNT/polymer composite fi lm. (a) Schematic illustration to the prepara-
tion process. (b) Preparation of a CNT sheet. (c) Photograph of a CNT sheet. Reprinted with 
permission. [  45e  ,  47a  ]  Copyright 2007, ACS; 2012, ACS.  
the alignment also mainly occurred at the 
surface. 

 Highly aligned CNT/polymer materials 
have been recently synthesized from aligned 
CNT scaffolds including arrays, sheets and 
fi bers. As shown in Figures  2 g- 2 i, verti-
cally aligned CNT arrays were synthesized 
by chemical vapor deposition, and polymers 
may be infi ltrated into the voids with sizes of 
several to tens of nanometers among CNTs. 
Polymers which are soluble or meltable can 
be used to prepare composite materials. 
In the case of non-soluble or non-meltable 
polymers, the related monomer solution or 
melt can be incorporated into CNT arrays, 
followed by polymerizations. The composite 
arrays exhibited excellent physical properties 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2013, 25, 5153–5176
along the CNT-aligned direction, e.g., high 
conductivities of 10 3  S cm  − 1  and strengths of 
10 2  MPa. [  47  ]  These composite arrays had been 
further sliced into thin composite fi lms with 
thicknesses ranged from tens of nanometers 
to micrometers. In these composite fi lms, 
CNTs could be aligned in plane or in a direc-
tion perpendicular to the fi lm. [  45f   ]  However, 
these composite fi lms showed limited sizes 
of millimeters to centimeters. It remains 
challenging to prepare these composite fi lms 
at large dimensions and scales mainly due 
to the technical diffi culty in preparing the 
required composite array. 

 To prepare composite fi lms at large scale, 
aligned CNT sheets had been continuously 
pulled out of CNT arrays by a dry spinning 
process. [  47a  ]  Here CNTs were highly aligned 
along the drawing direction. Compared 
with the array, the resulting sheets exhibited 
higher degrees on the alignment of CNTs as 
the shearing force induced the further align-
ment of CNTs during the spinning process. 
The CNT sheets could be free-standing or 
stabilized on various substrates such as 
glass, and polymer/monomer solutions or 
melts could be coated onto the sheets to 
form composite fi lms ( Figure    3  ). The thick-
nesses of composite fi lms could be con-
trolled by varying the layer number of CNT 
sheets. For instance, one layer of CNT sheet 
showed a thickness of appropriately 20 nm, and many layers 
of these sheets formed thicker fi lms. A wide variety of poly-
mers such as polystyrene, polymethyl methacrylate, poly(3-
hexylthiophene), sulfonated poly(ether ether ketones), polyu-
rethane, polydimethylsiloxane and epoxy had been studied 
for composite fi lms. The resulted composite fi lms showed 
high conductivities up to 10 3  S cm  − 1  along the CNT-aligned 
direction. [  45e  ]   

 Fiber represents another important morphology in the appli-
cation. To prepare composite fi bers, pure CNT fi bers were 
fi rst drawn from CNT arrays also by a dry spinning process, [  48  ]  
5157wileyonlinelibrary.comeim



515

www.advmat.de
www.MaterialsViews.com

R
EV

IE
W

     Figure  4 .     Aligned CNT/polymer composite fi ber. (a) SEM image of spinning a CNT fi ber from CNT array. (b) Schematic to the synthesis of CNT/
poly(ethylenimine) catechol composite fi ber. (c) SEM image of a CNT fi ber. (d) SEM image of a CNT/poly(acrylic acid) composite fi ber. Reprinted with 
permission. [  48b  ,  49  ]  Copyright 2005, AAAS; 2011, Wiley; 2012, RSC.  
followed by the infi ltration of polymer/monomer solutions or 
melts ( Figure    4  ). As the voids among CNTs in the fi ber were 
smaller than both arrays and sheets due to the twist-induced 
densifi cation during the spinning process, it is more suit-
able to fi rstly introduce monomers rather than polymers. 
CNT composite fi bers with polydiacetylene, polyacrylic acid, 
poly(ethylenimine) catechol, polypyrrole and polyaniline had 
been discovered by incorporating the related monomers fol-
lowed by in situ polymerizations. [  48a  ,  49  ]  The resulting composite 
fi bers exhibited higher strengths and conductivities than both 
composite arrays and fi lms.    

 3.2. Graphene/Polymer Composite Material 

 Similar to CNT/polymer composite materials, two different cat-
egories of synthetic routes have been developed to synthesize 
graphene/polymer composite materials, i.e., mixing and tem-
plate methods. For the mixing method, solution, melting and 
in situ polymerizations are mostly studied. 

 For a solution mixing process, graphene and polymer are 
fi rstly dispersed in organic or aqueous solvents, followed by 
evaporation of the solvents. A wide variety of polymers such 
as poly(vinyl alcohol), [  50  ]  Nafi on, [  51  ]  polyurethane [  52  ]  and poly-
diacetylene [  53  ]  have been explored to form graphene composite 
materials. Chen and co-workers had prepared graphene oxide/
poly(vinyl alcohol) composites from water solutions. The com-
posite materials showed excellent mechanical properties due 
to the effi cient load transfer between graphene oxide sheet 
and polymer. The tensile strength and Young’s modulus were 
increased by 76% and 62% for the composite material with the 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
weight percentage of graphene oxide to be 0.7% compared with 
the bare poly(vinyl alcohol), respectively. Graphene oxide can 
be further reduced to produce graphene/polymer composites. 
Graphene can be also directly incorporated with polymers to 
prepare composite materials. Chen and co-workers further pre-
pared graphene/poly(methyl methacrylate) composites through 
the use of treated graphite after sonication in aqueous alcohol 
solutions. The composite showed an electrical conductivity 
of 10  − 3  S cm  − 1  at a graphene volume percentage of 2.0%. [  54  ]  
Although it is simple to prepare graphene/polymer composite 
materials by solution processes, it remains challenging to com-
pletely remove organic solvents, and the mechanical, electrical 
and thermal properties of the composite materials may be 
largely decreased. [  55  ]  

 Melt blending method has become attractive due to the 
advantage of being free of solvents. Graphene was typically 
blended with melt polymers in a twin-screw extruder to pro-
duce composite materials. The properties of composite mate-
rials could be controlled by varying experimental parameters 
such as rotating speeds of screw, mixing temperature and 
time. For instance, Drzal and co-workers had prepared exfo-
liated graphite nanoplatelets/polyurethane composites by 
melt blending. [  56  ]  Compared with the other commercial rein-
forcing fi llers including carbon fi bers, carbon black and clays, 
the smaller aspect ratio of graphene nanoplatelets showed a 
better compatibility with the polymer and favored the forma-
tion of more uniform composites. A broad spectrum of poly-
mers including polyurethane, [  52  ]  polyethylene [  57  ]  and polypro-
pylene [  58  ]  have been made into composites. However, the dis-
persion of graphene in polymers is the key factor to decide the 
properties of composite materials, while the high viscosities 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5153–5176
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of melt polymers make it diffi cult to disperse high contents of 
graphene. Furthermore, due to the low density, it also remains 
diffi cult to uniformly disperse graphene sheets in polymer 
melts. 

 Monomers could be further mixed with either graphene 
oxide or graphene sheets, followed by polymerization to syn-
thesize more uniform composite materials to increase the load 
transfer between the two components. It is important to con-
trol the degrees of polymerizations as the mixture viscosities 
will be largely increased with the reaction, and the composite 
may become less and less uniform. Functionalized graphene/
polystyrene composites were prepared from water solutions 
based in situ polymerizations. [  59  ]  The resulting graphene/poly-
styrene composite was found to exhibit better compatibility 
and stronger interactions between graphene and polystyrene 
compared with the direct use of polystyrene. The composite 
material also showed much decreased electrical resistances 
by increasing the graphene content, e.g., sheet resistances of 
36.67 M Ω /� and 65.46  Ω /� at graphene weight percentages 
of 3% and 20%, respectively. The composite material had also 
showed much improved thermal stability by the addition of 
graphene. 

 Porous graphene scaffolds had been synthesized with two-
dimensional or three-dimensional structures and could be used 
as templates to prepare composite materials. [  60  ]  A variety of 
methods have been developed to synthesize porous graphene 
scaffolds such as fi ltration of graphene dispersion ( Figures    5  a, 
 5 b), [  60d  ]  chemical vapor deposition, nucleate boiling, template 
and lyophilization. Chemical vapor deposition occurred on 
nickel foams. Briefl y, carbon was fi rst introduced to the nickel 
© 2013 WILEY-VCH Verlag Gm

     Figure  5 .     Graphene networks made by different methods. (a) Filtration of gr
on Ni foam. (d) SEM image of graphene from (c). (e) Embossing process us
with permission. [  60d  ,  60e  ,  61  ]  Copyright 2009, ACS; 2012, Wiley; 2012, ACS.  
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foam by decomposing carbon sources such as hydrocarbon 
gases, and a graphene fi lm was then produced on the surface 
of the nickel foam (Figures  5 c,  5 d). [  61  ]  The graphene fi lm had 
a continuous and interconnected three-dimensional network. 
Nucleate boiling has been recently developed on the basis of 
a dynamic generation and leave of bubbles in graphene colloid 
solutions. [  60c  ]  The three-dimensional graphene materials could 
be also obtained by dispersing graphene sheets in polystyrene 
nanoparticle solutions, followed by the formation of composite 
materials and removal of the nanoparticles (Figures  5 e,  5 f). [  60e  ]  
Graphene scaffolds in a fi lm format had been mainly produced 
by the above methods. Cheng and co-workers had then pre-
pared fl exible graphene/poly(dimethylsiloxane) composite fi lms 
from the porous graphene scaffold with a high electrical con-
ductivity of  ∼ 1000 S m  − 1  at a low graphene weight percentage 
of  ∼ 0.5%. [  60a  ]   

 For the lyophilization method, the graphene or graphene 
oxide dispersion was frozen at a low temperature, and the 
solvent was converted to the solid state and removed by a 
drying process in vacuum. Gao and co-workers had prepared 
graphene fi bers with aligned pores by injecting aqueous dis-
persion of graphene oxide into liquid nitrogen during the lyo-
philization, followed by the chemical reduction of graphene 
oxide. [  60f   ]  Specifi c surface area of up to 884 m 2  g  − 1  and elec-
trical conductivity of 10 3  S m  − 1  were obtained due to the inter-
connected porous structure. However, no studies are available 
to infi ltrate polymers into porous graphene fi bers to synthe-
size composite materials yet. It is expected that the conduc-
tivities of composite fi bers will be relatively low enabled by the 
bare fi ber.   
5159wileyonlinelibrary.combH & Co. KGaA, Weinheim

aphene suspension. (b) SEM image of graphene from (a). (c) Direct growth 
ing a polystyrene template. (f) SEM image of graphene from (e). Reprinted 
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  3.3. Similarity and Difference in the Synthesis 

 Due to the similar and unique structure, CNT and graphene 
represent two of the toughest materials ever discovered with 
combined remarkable optical, thermal and electronic proper-
ties. Also similarly, the uniform dispersion of both CNT and 
graphene in polymer matrices remains challenging due to the 
strong interactions among themselves. For the high aspect 
ratio structure, CNTs tend to bundle, intertwine and aggre-
gate in both solutions and melts. The interplanar  π – π  interac-
tion makes graphene sheets close stacked into aggregates in 
polymer solutions and melts. A lot of efforts have been made 
to modify the nanostructured carbon component, though com-
plex processes are often required and decreased properties are 
produced. 

 The emphasis can be also different in the synthesis of 
composite materials. For the mostly used mixing methods 
including solution mixing, melt blending and in situ polymeri-
zation, the graphene needs more chemical and physical treat-
ments as graphene sheets more easily aggregate due to their 
strong  π - π  interactions. These treatments generally degrade 
the properties of composites. However, high quality graphene/
polymer composites can be synthesized from graphene oxide 
which is soluble in many solvents. Although CNTs can be also 
modifi ed with functional carboxyl groups on the surface, they 
are still bundled to form aggregates enabled by the one-dimen-
sional structure. Therefore, a uniform dispersion of such modi-
fi ed CNTs remains challenging, particularly, to the high aspect-
ratio CNTs. For the infi ltration methods, neat CNT sponges and 
arrays can be directly synthesized and infi ltrated with polymer, 
while three-dimensional porous graphene scaffolds are usually 
grown on the foam metal catalyst or obtained from templates 
which need to be removed before polymer infi ltrations with 
complex operations and decreased properties. Highly aligned 
CNT/polymer composites in formats of array, fi lm and fi ber 
have been widely realized by both post-treatments and template 
methods, while it remains diffi cult to synthesize highly aligned 
graphene/polymer composites. Again, the structure difference 
plays a critical role on it. The one-dimensional nanotubes can 
be easily aligned by external forces, while for fl exible graphene 
sheets with high surface areas and strong  π - π  interactions, it is 
very diffi cult to make them oriented macroscopically, although 
the ordered structure may occur at local regions. However, for 
the polymer composite materials, the local order does not obvi-
ously improve the composite property. The arrangement of the 
carbon nanomaterial at the macroscopic scale plays a critical 
role on the property and application of composite materials, 
and will be discussed in the following sections. 

 To fabricate thin composite fi lms, graphene have advan-
tages over CNTs. The two-dimensional, ultrathin graphene 
sheets can be easily stacked into fi lms on substrates, while 
one-dimensional CNTs are bundled into networks that need 
higher thickness to form uniform fi lms. Graphene/polymer 
composite fi lms can be obtained by a solution method on the 
basis of reduced graphene oxide and chemical vapor deposi-
tion of single layer or a few layers of graphene to control fi lm 
thicknesses to be as thin as several nanometers. [  30  ,  35b  ]  While 
the thicknesses of CNT/polymer fi lms were typically tens of 
nanometers or thicker. [  62  ]  The one-dimensional structure in 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
CNT and two-dimensional structure in graphene also show 
obvious differences in the properties of resulting composite 
materials and will be discussed later.   

 3.4. The Structure of Composite Materials 

  3.4.1. The Alignment of CNTs 

 In most cases, CNTs are randomly dispersed in polymer 
matrices, and the network structure of these composite mate-
rials has been widely studied. As a result, the properties of 
composite materials are much lower than expected. An effec-
tive solution has been recently developed to improve the struc-
ture control and physical property typically by aligning the 
CNT by post-treatments. For instance, the alignment of CNTs 
in polymer composites could be achieved by using mechanical 
stretching, fl owing, electric fi eld, magnetic fi eld and with the 
assistance of liquid crystalline molecules. [  40  ,  43  ,  63  ]  However, very 
low degrees of alignments are obtained, and the alignment of 
CNTs generally occurs on the surface. Much higher alignments 
have been realized in polymer composites by the use of highly 
aligned CNT arrays, sheets and fi bers as templates in recent 
fi ve years. By this template method, the structures including 
the distances among CNTs and arrangements of polymer mol-
ecules could be varied and controlled. 

 The alignment of CNTs has been typically characterized by 
directly observing the cross-sectional plane under scanning 
electron microscopy, transmission electron microscopy and 
atomic force microscopy, though it remains diffi cult to quanti-
tatively measure the aligned degree. To this end, a microscopy 
image can be considered as a two-dimensional periodic signal 
and transferred to a frequency map by fast Fourier transform. 
The aligned degree of CNTs is then calculated from the two-
dimensional intensity profi le. However, the limited regions 
in microscopy images often lead to inaccurate or even incor-
rect conclusions. Therefore, although a lot of studies on CNT/
polymer composite materials have been made, it is in fact very 
diffi cult if not impossible to compare them in both structure 
and property. 

 Some attempts are then made to quantitatively evaluate 
the aligned degree of CNTs by small-angle X-ray scattering 
( Figure    6  ). [  64  ]  A typical spectrum for the aligned CNT/polymer 
composite shows a characteristic asymmetric pattern. If 
intensive clouds are found at high scattering angles localized 
near the x-axis, it is concluded that CNTs have been preferen-
tially aligned along the y-axis. The degree of alignment can 
be evaluated by Hermans orientation parameter ( f  ), i.e.,  f   =  
0.5(3〈cos 2  Φ 〉–1), where  Φ  is the azimuthal angle scan of the 
scattered intensity at the location of the peak. The  f  values of 
1, 0, and  − 1/2 correspond to the composites where the CNTs 
are perfectly aligned along the y-axis, randomly dispersed and 
perfectly aligned along the x-axis, respectively. [  64c  ]  The  f  value of 
the aligned CNT array had been found to be varied from 0.3 to 
0.7. [  64b  ]  Although the aligned degree of CNTs has been main-
tained after the formation of composite materials, the meas-
ured Hermans orientation parameter becomes a little lower. For 
instance, Wardle and co-workers had studied an aligned CNT/
epoxy composite, and the value of  f   had been slightly decreased 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5153–5176
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     Figure  6 .     The alignment of multi-walled CNTs measured by small-angle X-ray scattering. (a) Experimental setup. b) Representative two-dimensional 
small-angle X-ray scattering patterns of multi-walled CNT fi lms with different distances from the substrate. (c) Azimuthal scans at varying distances 
from the substrate. The peaks at 0 o  and 180 o  indicate a preferentially vertical alignment. (d) Hermans orientation parameter as a function of distance 
from the substrate. Reprinted with permission. [  64c  ]  Copyright 2007, ACS.  
to the range of 0.4–0.5 due to the scattering contribution from 
non-oriented polymers. [  64b  ]   

 The aligned degree had been further evaluated from the wide 
angle X-ray diffraction by comparing the (002) refl ection at 2 θ  
of appropriately 25.5 °  ( Figure    7  a), i.e., a full width at the half 
maximum mosaic angle. [  65  ]  In this case, the aligned degrees of 
CNT arrays, sheets and fi bers were varied from 30 to 75. Poulin 
and co-workers studied the aligned degree of single- and multi-
walled CNT/poly(vinyl alcohol) composite fi bers by the X-ray 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 5153–5176
diffraction method. [  44  ]  A high alignment of CNTs had greatly 
improved the energy absorption at low strains and made the 
composite fi ber more resistant to the moisture.  

 Polarized Raman spectroscopy had been also used to deter-
mine the degree of alignment of single-walled CNTs by meas-
uring the intensity sensitivity of G band on polarization geom-
etries. [  66  ]  The Raman scattering intensity will be monotonically 
decreased with the increasing angle between the CNT-aligned 
direction and the polarization direction of the polarizer. [  66a  ]  The 
5161wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     The alignment of single-walled CNT arrays. (a) Two-dimensional X-ray diffraction pat-
tern normal to the CNT axis, showing the anisotropy of the (002) and close-packing peak (the 
inserted profi le at the fi xed 2 θ  as a function of  θ  for the close-packing peak). (b) Optical anisot-
ropy in the graphic G-band by polarized Raman spectroscopy. Reprinted with permission. [  65d  ]  
Copyright 2006, NPG.  

     Figure  8 .     Structures of graphene/polymer composites. (a) and (b) SEM 
images of graphene/epoxy composites without and with a sonication 
treatment. (c) and (d) SEM images of graphene oxide/polyimide com-
posites with graphene oxide before and after functionalization. Reprinted 
with permission. [  68  ,  69  ]  Copyright 2010, Wiley; 2011, RSC.  
degree of alignment can be refl ected by the ratio of the G-band 
intensity when the polarization is parallel and perpendicular to 
the aligned direction, which was reported to be 6.8 for aligned 
single-walled CNT arrays (Figure  7 b). [  65d  ]  It can be also cal-
culated by measuring the alignment-dependent intensity to 
quantitatively compare the alignment of CNTs. Maruyama and 
co-workers explored an aligned single-walled CNTs/poly(vinyl 
alcohol), and the aligned degree was found from 0.8 to 0.9. [  66a  ]  
Smalley and co-workers had studied a single-walled CNT/poly-
propylene composite fi ber using both X-ray diffraction and 
polarized Raman spectroscopy. [  67  ]  The aligned CNTs could 
more effectively reinforce polymers in composite materials.   

 3.4.2. The Arrangement of Graphene 

 A good dispersion of graphene sheets in polymer matrices 
proves critical to improve the physical properties of composite 
materials. Kuo and co-workers found that the compressive 
strength, compressive modulus and impact energy absorption 
were increased signifi cantly with the improvement on disper-
sion in graphene/epoxy resin composites. [  68  ]  To prepare high 
quality graphene/polymer composites, graphene oxide has 
been fi rstly incorporated into polymers, followed by thermal or 
chemical reductions. Compared with graphene, graphene oxide 
can be more uniformly dispersed in solutions with the possi-
bility for a mass production. If graphene is directly used to pro-
duce composite materials, graphene sheets tend to stack into 
large aggregates with a layered structure due to their strong  π - π  
interactions ( Figures    8  a,  8 b).  

 Although graphene oxide showed a better compatibility 
and more uniform dispersion than graphene, it still suffers 
from stack and aggregation in polymer matrices. To this end, 
the graphene oxide has been further modifi ed with functional 
groups. For instance, Wang and co-workers had used NH 2 -
functionalized graphene oxide sheets to synthesize composite 
materials. [  69  ]  Compared with the use of graphene oxide sheets 
without modifi cation, the NH 2 -functionalized graphene oxide 
produced composites with a better compatibility, and a more 
62 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
uniform dispersion of graphene sheets was 
confi rmed by scanning electron microscopy 
(Figures  8 c,  8 d). In addition, compared with 
the bare polyimide fi lm, the composite fi lm 
derived from the non-modifi ed graphene 
oxide showed an increase by 11% in tensile 
modulus at the weight percentage of gra-
phene oxide of 0.3%. As a contrast, the com-
posite fi lm from the modifi ed graphene oxide 
exhibited a much sharper increase by 240% 
under the same conditions. 

 Multi-layered graphene sheets were in 
fact typically used as the fi llers in polymers. 
To improve the composite properties, a few-
layered graphene sheets are required as they 
suffer from a decrease when they become 
thicker. [  70  ]  However, a single-layered gra-
phene sheet may be not the optimal choice. 
Novoselov and co-workers had compared 
different layers of graphene sheets (1 to 4 
layers) in epoxy composites by studying the 
stress transfer between graphene and polymer. [  71  ]  The bilayer 
graphene sheet showed a better reinforcing effect than the 
monolayer graphene sheet. This discovery shed light on the 
synthesis of high performance graphene/polymer composites, 
though more efforts are required to verify the conclusion and 
clarify the mechanism. 

 For the same content of graphene, the dispersion was 
increased with the increasing size due to stronger interac-
tions between graphene and polymer. Coleman and co-workers 
had investigated the dispersion by comparing the reinforcing 
effi ciency of different sizes of graphene sheets in graphene/
poly(vinyl alcohol) composites. [  72  ]  Little reinforcement was 
obtained from smaller graphite fl akes (aspect ratio of  ∼ 1000), 
while both modulus and strength were doubled for larger fl akes 
(aspect ratio of  ∼ 2000) compared with the bare polymer at the 
heim Adv. Mater. 2013, 25, 5153–5176
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volume percentage of less than 0.4%. Novoselov and co-workers 
further showed that the critical length of graphene sheet in 
polymethylmethacrylate was 3  μ m. [  73  ]  

 The structures of polymers also play a critical role on the 
dispersion of graphene due to different interactions with gra-
phene sheets. For instance, the density of pyrene-terminated 
poly(acrylic acid) chains attached on the basal plane of graphene 
sheets was much higher than the pyrene-terminated poly(2-N-
(dimethyl amino ethyl acrylate) due to stronger  π - π  interac-
tions. As a result, the composite from the pyrene-terminated 
poly(acrylic acid) showed a better dispersion of graphene sheets 
with more uniform structure. [  74  ]  In addition, the different func-
tional groups also affect the compatibility between graphene 
and polymer, particularly for non-polar polymers such as poly-
ethylene. It was found that polyethylene functionalized with 
NH 2 , NHEt, CN and NCO groups produced better mechanical 
properties than non-modifi ed polyethylene in composite mate-
rials due to a more uniform dispersion of graphene sheets and 
stronger interactions among components. [  75  ]  

 Similar to CNTs, graphene had also been made into fi bers. 
Graphene oxide liquid crystals in aqueous dispersion was used 
to fabricate macroscopic graphene fi bers in an aqueous dis-
persion by the wet-spinning method. [  76  ]  Although graphene 
oxide was found to form a liquid crystal phase in aqueous 
media, it occurred at local regions, and they were not oriented 
macroscopically. Therefore, the derived graphene sheets in 
these fi bers were not macroscopically aligned either. Qu and 
co-workers had further prepared graphene fi bers by a hydro-
thermal strategy in a glass pipeline. [  77  ]  The fi bers showed 
alignments along the axial direction due to the shearing force 
between the graphene oxide colloid and inner glass wall. This 
alignment had been mainly realized at the outer surface of the 
fi ber where the shearing force was produced. These graphene 
fi bers can be also used as templates to synthesize composite 
fi bers with polymers, though no studies are available yet. As 
graphene sheets are closely stacked, the polymer contents in 
composite fi bers may be very low.   

 3.4.3. The Structure Difference of Two Composites 

 CNTs can be easily aligned due to the one-dimensional struc-
ture. This aligned organization may be realized by external 
forces such as mechanical stretching, electrical fi led, magnetic 
fi eld, nematic liquid crystal and spinning process after the syn-
thesis of composite materials, or by direct use of aligned CNT 
materials. However, the high alignments of fl exible graphene 
sheets remain challenging. They may stack in different direc-
tions in solution or melting processes. To induce the alignment 
of two-dimensional sheets, some templates that can interact 
with graphene sheets along the specifi c direction may be avail-
able according to the similar strategy to induce the orientation 
of conjugated polymers. [  48a  ]  The aligned structure is critically 
important to synthesize these composite materials to fully take 
advantage of such carbon nanomaterials. After the alignment, 
the tensile strength and electrical conductivity can be improved 
by several orders and will be discussed later. 

 Both CNT and graphene have been assembled into fi bers 
that could be used as templates to synthesize polymer com-
posites. For the aligned CNT fi ber, there are a lot of voids with 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 5153–5176
sizes of several to hundreds of nanometers among CNTs. The 
above voids formed by one-dimensional nanotubes can be 
interpenetrated, so monomers or even polymers can be easily 
infi ltrated. On contrast, graphene is tightly bundled with each 
other in the fi ber. The produced voids among two-dimensional 
sheets are often blocked. It is diffi cult for the organic molecules 
to be incorporated inside.     

 4. The Property of Composite Materials 

  4.1. Mechanical Property 

  4.1.1. CNT/Polymer Composite 

 CNTs show theoretical and actual mechanical strengths of 
150 GPa and 11–63 GPa with low density and high aspect ratio, 
respectively, which makes them an ideal candidate as rein-
forcing fi llers of polymers. After the introduction of CNTs by 
a conventional mixture solution process, the resulting multi-
walled CNT/epoxy composite materials exhibited increased ten-
sile strengths of 4.2 to 35% compared with the bare epoxy. [  46  ]  
Similarly, the single-walled CNT/epoxy composite material 
prepared from the CNT buckypaper showed Young’s modulus 
and tensile strength of 4.3 GPa and 60 MPa compared with 2.8 
GPa and 49 MPa of the bare epoxy, respectively. The CNT/epoxy 
composite material prepared from the CNT sponge showed a 
maximum tensile strength of 78 MPa. [  46  ]  As expected, the ten-
sile strengths were increased with the increasing weight per-
centage of CNTs. As not expected, the improvements were 
much lower than expected possibly due to the agglomeration 
of CNTs in the epoxy matrix. As a strong comparison, the CNT/
epoxy composite derived from aligned CNT array showed a 
Young’s modulus of 15.0 GPa along the CNT-aligned direc-
tion, nearly 5.4 times of the bare epoxy. [  65c  ]  The tensile strength 
reached 104 MPa, more than two times of the bare epoxy. The 
CNT/epoxy composite fi lms derived from aligned CNT sheets 
exhibited Young’s modulus and tensile strength of up to 
20.4 GPa and 231 MPa, respectively. The Young’s modulus and 
tensile strength had been accordingly increased by 716% and 
160% compared with the bare epoxy ( Figure    9  a). [  78  ]   

 The same conclusion also applies to the composite fi ber. 
Dalton and co-workers had synthesized single-walled CNT/
PVA composite fi bers with a high CNT weight percentage of 
60% by a modifi ed coagulation spinning process. These com-
posite fi bers had demonstrated a maximum tensile strength 
of 1.8 GPa, much higher than composite arrays and fi lms and 
comparable to spider silks. [  79  ]  After the alignment of CNTs 
in the polymer, [  80  ]  the resulting composite fi bers with a CNT 
volume fraction of 46% showed even higher tensile strengths 
of up to 3.8 GPa and Young’s modulus of up to 293 GPa, which 
are not accessible to current carbon fi ber-reinforced polymer 
composites (Figure  9 b).   

 4.1.2. Graphene/Polymer Composite 

 Although graphene has been discovered for less than ten years, 
graphene/polymer composites attract a great deal of attentions 
and become one of the most explored directions in composite 
5163wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  9 .     Mechanical properties of CNT/polymer composites. (a) Mechanical properties of CNT/epoxy composite fabricated by resin transfer molding. 
(b) Mechanical properties of stretched CNT/bismaleimide composites. Reprinted with permission. [  78  ,  80  ]  Copyright 2009, Elsevier; 2012, Taylor & Francis.  
materials now. The unique structure and remarkable proper-
ties of graphene have brought the graphene/polymer composite 
materials excellent physical and chemical properties. 

 The mechanical properties can be signifi cantly improved by 
incorporating graphene into polymers. Zhao and co-workers 
had developed a fully exfoliated graphene/poly(vinyl alcohol) 
composite by an aqueous solution mixing method. [  81  ]  Com-
pared with the bare poly(vinyl alcohol), the tensile strength 
and Young’s modulus had been increased by 150% and appro-
priately ten times at a graphene volume percentage of 1.8%, 
respectively ( Figure    10  ). Gao and co-workers had synthesized 
graphene/polymer composite fi bers by a melt spinning pro-
cess, and the tensile strength and Young’s modulus were both 
increased by over two times at a graphene weight percentage of 
0.1%. [  82  ]   

 Graphene ribbons have been recently realized and incor-
porated with polymers for composite materials which showed 
high performances. Qaiss and co-workers compared high den-
sity polyethylene/graphene ribbon and high density polyeth-
ylene/CNT composites, and both of them were synthesized by a 
melt blending method. [  83  ]  It was found that, for the same fi ller 
content, graphene ribbons exceeded CNTs in terms of rheo-
logical, thermal and tensile properties. This difference may be 
explained by the high specifi c surface area and fl at surface of 
ribbons which enhanced their interlocking with polymer chains 
164 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  10 .     Mechanical properties of graphene/poly(vinyl alcohol) comp
concentrations. (b) Dependence of the tensile strength and elongation on th
2010, ACS.  
and enlarged interphase zones at fi ller–polymer interfaces. 
CNTs can interact with polymers only by one-dimensional 
linear contacts. Currently, it remains diffi cult to synthesize gra-
phene ribbons at a large scale, and it is even more diffi cult to 
control the sizes of graphene ribbons, which may be another 
challenge in the production of composite materials for practical 
applications. 

 For both CNT and graphene, the reinforcement is also 
largely dependent on the load transfer via interface which is 
decided by the interaction between nanostructured carbon and 
polymer matrix. For instance, functionalized carbon compo-
nents offer higher interfacial interactions with polymers than 
their unmodifi ed counterparts, thereby increasing mechanical 
properties at the same loadings. [  84  ]  

 The above load transfer has been achieved by both non-
covalent and covalent modifi cations with functional groups. 
A non-covalent functionalization of either CNTs or graphene 
sheets makes their surfaces more compatible with polymers 
while maintaining their structures and properties. [  85  ]  The effi -
ciency of load transfer is typically low due to the weak inter-
action between CNT/graphene and polymer in this case. The 
covalent attachment of functional groups on their surfaces 
can largely improve the effi ciency of load transfer as the more 
uniform dispersion of carbon components and stronger inter-
action between them and polymers are produced. [  86  ]  However, 
mbH & Co. KGaA, Weinheim
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     Figure  12 .     Dependence of the electrical conductivity of the graphene/
polystyrene composite on the graphene volume fraction. Reprinted with 
permission. [  4a  ]  Copyright 2006, NPG.  
the functionalization may decrease the inherent properties of 
carbon components. The load transfer has been also widely 
investigated by molecular dynamics simulations. For instance, 
Liao and co-workers had explored the interfacial property of a 
CNT-reinforced polystyrene composite. [  87  ]  They found that the 
interfacial stress transfer ability was dependent on the electro-
static and van der Waals interaction. In addition, the resulting 
deformation induced by these forces and mismatch in the coef-
fi cient of thermal expansion are also important to the interfa-
cial transfer.    

 4.2. Electrical and Electrochemical Properties 

  4.2.1. CNT/Polymer Composite 

 Conductive fi llers are generally added to polymer matrices to 
realize electrical conductivity. This can be explained by a perco-
lation theory, i.e., conductive fi llers form conductive pathways 
(also called percolation thresholds) after they reach a critical 
concentration with an onset of conductivity. [  88  ]  The percola-
tion threshold of CNT/epoxy composite materials in a net-
work structure was 0.005% for the CNT weight percentage. [  89  ]  
Interestingly, the enhancement on the CNT dispersion and 
the increase of the CNT alignment in polymer matrices had 
decreased the percolation threshold to 0.0025% and further 
to 0.0021% by a curing treatment. The aligned CNT/polymer 
composite materials had achieved conductivities of 10  − 3  S/m 
at a very low CNT weight percentage of 0.01% ( Figure    11  ). [  90  ]  
The conductivities were further increased to 10 3  S cm  − 1  for the 
highly aligned CNT/polymer composite array, fi lm and fi ber 
which were prepared from bare CNT arrays, sheets and fi bers, 
respectively. [  49a  ]   

 In the case of conducting polymers, the resulting CNT 
composite materials had exhibited excellent performances. 
For instance, the CNT/poly(3,4-ethylenedioxythiophene):poly 
(styrenesulfonate) composite fi lms showed much lower sheet 
resistances of 730–2150  Ω /� and higher surface roughness 
of 25–110 nm, compared with 980 K Ω /� and 0.82 nm of the 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) fi lm, 
respectively. The energy conversion effi ciency of the resulting 
© 2013 WILEY-VCH Verlag Gm

     Figure  11 .     Electrical properties of CNT/polymer composites. (a) SEM imag
conductivity of the composite as a function of CNT weight percentage. Repr
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dye-sensitized solar cell by using the composite fi lm as the 
counter electrode was further increased with the increasing 
CNT concentration. [  91  ]    

 4.2.2. Graphene/Polymer Composite 

 Similar to CNT/polymer composite materials, the graphene 
sheets can also form conductive pathways when they exceed the 
percolation threshold. The conductive graphene/polymer com-
posite was fi rst prepared by Ruoff and co-workers. [  4a  ]  Completely 
exfoliated graphene sheets were used to prepare the composite 
material. The composite exhibited a percolation threshold at 
the graphene volume percentage of 0.1% and showed electrical 
conductivity of 0.1 S m  − 1  at 1% ( Figure    12  ). To further improve 
the electrical property, conducting polymers such as polyani-
line, [  92  ]  polypyrrole, [  93  ]  poly(3,4-ethylenedioxythiophene) [  94  ]  and 
poly(3,4-ethylenedioxythiophene):poly(styren esulfonate) [  95  ]  had 
been incorporated into graphene sheets. Ma and co-workers 
reported graphene/polypyrrole composites by in situ polymeri-
zation, and polypyrrole was found to be uniformly surrounded 
5165wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 by graphene sheets. The composite conductivity at a mass ratio 

of 9/1 between graphene and polymer reached 685 S m  − 1 , six 
times higher than the bare polypyrrole. [  93  ]  Reduced graphene 
oxide/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
composite materials had been further made into stretchable 
and transparent fi lm with a sheet resistance of  ∼ 68  Ω /�. [  95b  ]  
They could be used as conducting electrode materials.  

 Although graphene shows an electrical conductivity of 
10 6  S cm  − 1 , higher than 10 5  S cm  − 1  of the CNTs, the reported 
percolation threshold of CNTs in polymer composites was 
only 0.0021%, while graphene needed 0.2% in the weight 
percentage. [  4a  ,  90  ]  That is to say, in order to get the similar con-
ductivity of polymer composites, more graphene is required 
than CNTs. Liu and co-workers had compared electrical prop-
erties of high density polyethylene composites prepared from 
graphene and CNT. The percolation threshold of 1% (weight 
percentage) for the graphene composites was much higher 
than the CNT composites at a weight percentage of 0.15%, and 
the CNT composite also showed higher electrical conductivi-
ties than the graphene composite at the same fi ller content. [  96  ]  
These differences may be explained by the different structures 
in the composite materials. Graphene sheets or ribbons are 
fl exible and tend to fold into complex structures with more 
boundaries, while relatively rigid CNTs can easily form net-
worked structures at much less content.    

 4.3. Thermal Property 

  4.3.1. CNT/Polymer Composite 

 The addition of CNTs had been found to increase the glass 
transition, melting and thermal decomposition temperatures 
of polymers due to their high thermal stability and constraint 
effect on the polymer chains. In addition, CNTs can improve 
the thermal transport properties of polymer composites due 
to their high thermal conductivity. For instance, the thermal 
conductivity of multi-walled CNT/polymer composite material 
in a network structure was increased by 65% at a CNT weight 
percentage of 4%, [  97  ]  and the thermal conductivity of single-
walled CNT/epoxy composites was even enhanced by 300% 
at a CNT weight percentage of 3%. [  98  ]  The improved degree 
on the thermal conductivity could be further increased by the 
alignment of CNTs in polymer matrices. Aligned CNT/epoxy 
composite arrays with CNT ends exposed on the two surfaces 
exhibited a thermal conductivity of 0.65 W m  − 1  K  − 1  at a CNT 
weight percentage of 0.3%, appropriately 280% higher than 
the composite materials in which CNTs were randomly dis-
persed. [  97  ]  Therefore, these composite materials may be widely 
used as printed circuit boards, connectors and thermal inter-
face materials from spacecraft to electronic micro-device.   

 4.3.2. Graphene/Polymer Composite 

 Graphene/polymer composite materials have also exhibited 
excellent thermal properties such as high thermal stability 
due to the high thermal conductivity of graphene. Both chemi-
cally and thermally reduced graphene oxides can obviously 
contribute to the improvement of thermal stability as the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
interactions between graphene and polymer are very strong. 
For instance, Brinson and co-workers had studied the use of 
thermally reduced graphene sheets to reinforce poly(methyl 
methacrylate), and the glass transition temperature (T g ) was 
increased by 30  ° C with the addition of graphene at a weight 
percentage of 0.05%. [  84b  ]  However, it should be noted that gra-
phene oxide did not enhance the thermal stability of composite 
materials. 

 Graphene can also improve the thermal conductivity of poly-
mers. However, it can be achieved only at high graphene con-
tents, e.g., 20% or higher in weight percentage. Compared with 
the improvement on electrical conductivity, the improvement 
on thermal properties is also small. This may be explained by 
the fact that the thermal conductivities of graphene and polymer 
are very close. Some attempts are then made to improve the 
thermal conductivity of composite materials by modifying gra-
phene sheets. For instance, the chemically functionalized exfo-
liated graphite/epoxy composite showed a thermal conductivity 
of 5.8 W m  − 1  K  − 1  at the graphene weight percentage of 20%, 
appropriately twenty-nine times of the bare epoxy resin. [  99  ]  

 To summarize, CNT/polymer and graphene/polymer com-
posites exhibited comparable tensile strengths, electrical con-
ductivities and thermal stabilities if CNTs were not aligned in 
polymers. However, the highly aligned CNT/polymer compos-
ites showed much improved strengths and conductivities along 
the CNT-aligned direction, e.g., 1-2 and 3–6 orders higher than 
both randomly dispersed CNT/polymer and graphene/polymer 
composites. Therefore, in the case of polymer composite mate-
rials, CNT may enable higher mechanical, electric, and thermal 
properties than graphene due to the easy structure control 
on the one-dimensional nanotube over the two-dimensional 
sheets, although individual graphene sheets match or even 
exceed CNTs.     

 5. The Applications of Composite Materials 

 Due to the combined excellent properties, carbon nanomate-
rial/polymer composites have been studied for a wide variety 
of applications including sensing, photoelectric conversion, 
energy storage, structure materials and biology. The use for 
sensing materials, photoelectric conversion and energy storage 
has been mostly studied and will be mainly reviewed here.  

 5.1. Sensing Material 

  5.1.1. CNT/Polymer Composite 

 The sensing responses of CNT/polymer composite materials 
could be categorized into two main classes. Firstly, the com-
posite materials showed obvious changes in electrical conduc-
tivities based on the remarkable electronic properties of CNTs, 
and polymers functioned as supporting components. Secondly, 
the composite materials responded to the external stimuli 
through the interactions between CNTs and polymers. CNTs 
had been used as absorptions of the visible/near-infrared light 
or thermal conductor and transporter or for the extraordinary 
mechanical and electrical properties. Responsive polymers with 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5153–5176
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     Figure  13 .     CNT/polymer composites for chemical vapor sensor. (a) The vapor response of a sensor made by a coating method. (b) The response 
to NH 3  of a CNT/epoxy composite sensor made by the slicing method with open ends on both surface. Reprinted with permission. [  47c  ,  100  ]  Copyright 
2006, ACS; 2011, Wiley.  
conjugated backbones or side chains which interacted with 
CNTs were mainly used to show changes in color appearance 
or shape.  

 (1)      Responses in Changes of Electrical Conductivities     

 Conventional solid-state gas sensors based on semicon-
ducting metal oxides and conducting polymers have been lim-
ited by high working temperatures and long-term instability. 
To this end, CNT/polymer composite materials are widely 
studied as new and ideal candidates. They showed obvious 
changes in electrical conductivity upon the exposure to the gas. 
The adsorption of gases has been found to induce changes of 
electronic structures of CNTs, which further induces the con-
ductivity change of composite material. Due to the high gas 
adsorption and active surface area, CNTs are highly sensitive to 
different gases and concentrations. As a result, the composite 
bulk materials based on the synergetic effect of millions of 
CNTs may show high selectivity and sensitivity in the gas detec-
tion. Dai and co-workers synthesized a series of aligned CNT/
polymer composites by infi ltrating polymers into vertically 
aligned CNT arrays. These composite sensors exhibited a com-
bined high sensitivity, selectivity and stability for the detection 
of a broad spectrum of chemical vapors such as cyclohexane, 
ethanol and tetrahydrofuran ( Figure    13  a). [  100  ]  Li and co-workers 
had prepared aligned CNT/epoxy composite fi lms for the detec-
tion of NH 3  gas (Figure  13 b). [  47c  ]  To synthesize the composite 
fi lm, epoxy was fi rst incorporated into aligned CNT arrays, fol-
lowed by the slice along the direction perpendicular to the CNT 
length. The CNTs were penetrated through the composite fi lm 
with open ends on both faces, and the open ends were found 
to be much more sensitive than the sides of CNTs. In addition, 
the composite fi lm showed high number densities of 10 10  to 
10 12  cm  − 2  for the CNT. The above designs in structure enabled 
a high sensitivity. The resulting composite fi lm could detect an 
NH 3  concentration as low as tens of ppm and the minimum 
detectable concentration could be further decreased to less than 
one ppm through structure optimization such as the increase 
of CNT density.  

 The stretchable composite materials also showed obvious 
changes in electrical conductivity in response to strains. Hata 
and co-workers had developed thin fi lm sensors by coating 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 5153–5176
aligned single-walled CNTs on the stretchable polydimethylsi-
loxane substrate. [  101  ]  The aligned CNT layer broke into islands 
bridged by CNT bundles. This mechanism allowed the fi lm 
sensor to be capable of measuring strains up to 280%, 50 
times higher than the conventional metal strain gauges. These 
fi lm sensors could be integrated into various textile products 
to monitor different human activities, e.g., moving, typing, 
breathing and speaking.  

 (2)      Responses in Changes of Shapes     

 If CNTs are incorporated with responsive liquid crystal poly-
mers (LCPs) by the mixture solution or melting process, CNTs 
which can absorb the light and convert it to heat may induce 
the contraction or expansion of composite materials upon the 
light irradiation ( Figure    14  a left). [  102  ]  The addition of CNTs 
was found to also increase the recovery stress, modulus and 
shape fi xity compared with the pristine LCP. Similarly, when 
the CNT/LCP composite material was passed with electric cur-
rents, CNTs also converted electric energy to heat to induce the 
deformation (Figure  14 a right). [  102  ]  Some attempts were made 
to incorporate thermally responsive polydimethylsiloxane, sty-
rene-isoprene-styrene, nematic liquid crystal elastomer with a 
polysiloxane backbone and polyurethane into such actuating 
composite materials. [  102  ,  103  ]  In these cases, CNTs functioned as 
nanoscale heaters to induce thermal phase transitions of LCPs 
with deformations.  

 To further improve the sensitivity and control the deforma-
tion direction, aligned CNT/LCP composite materials were 
recently realized by Sun and co-workers. A family of CNT/
azobenzene-containing LCP composite fi lms were synthesized 
by injecting a mixture of monomers and cross-linker into 
aligned CNT sheets through a melting process followed by pho-
topolymerization. [  104  ]  The azobenzene-containing LCP has been 
generally oriented by rubbing-treated polyimide substrates and 
the deformation direction cannot be controlled by the material 
structure. Here the CNT sheets were used to induce the orien-
tation of LCP mesogens along the CNT length without using 
other aligning layers and control the deformation direction. As 
expected, the composite fi lm was bent to the light source in a 
direction perpendicular to the CNT length under irradiation of 
the UV light, and further returned to the original shape under 
5167wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  14 .     Sensing properties of CNT/polymer composites. (a) Light (left) and electric driving (right) deformations of CNT/polymer composites. 
(b) Photo-deformation of a CNT/liquid crystal polymer composite. (c) Electric driving transition from the opaque to transparent states in a CNT/
polyurethane composite. (d) Electrochromatic CNT/polydiacetylene composite fi ber. Reprinted with permission. [  48a  ,  102  ,  104  ,  107  ]  Copyright 2009, NPG; 
2004, NPG; 2012, Wiley; 2011, ACS.  
the visible light (Figure  14 b). Due to the introduction of aligned 
CNTs, the composite materials also showed high electrical con-
ductivities on the level of 10 2  − 10 3  S cm  − 1  and thermal stability. 
The combined excellent properties provide them with prom-
ising applications in many fi elds such as optoelectronic and 
sensing devices. As a demonstration, a new family of electronic 
switches which could be remotely operated by the light had 
been developed from these deformable composite materials. 

 By varying the fabrication process to tune the interactions 
between CNTs and LCPs, the azobenzene-containing LCP 
mesogen could be also oriented to be perpendicular to the 
CNT length, and the composite fi lm bent away from the UV 
light. [  105  ]  However, the composite fi lm would not return to the 
original shape under the visible light. Unexpectedly, it could be 
reversibly returned to the original shape when the UV light was 
irradiated on the opposite surface of the composite fi lm. Note 
that the deformation of composite fi lms had been realized by 
the  trans - cis  transition of azobenzene moieties that are widely 
recognized to be produced by alternate UV and visible lights. 
For the aligned CNT/LCP composite, the azobenzene moiety 
was found to reversibly switch between  trans  and  cis  when UV 
light was alternately irradiated on the two opposite surfaces. 
It remains challenging to explain this unusual phenomenon, 
although the interaction between aligned CNTs and LCP mes-
ogens had been believed to play a key role. Some other light-
responsive LCPs should be also incorporated to understand the 
mechanism and rule as well as the further application. 

 Besides LCPs, ionic polymers have been also developed for 
electromechanical actuators by ion transports from one to the 
other side. When highly aligned CNTs are introduced to ionic 
polymers, the electromechanical sensitivity of the resulting 
composite actuator can be greatly improved due to a faster ion 
transport. For instance, Zhang and co-workers had synthesized 
vertically aligned CNT/Nafi on composites which exhibited three 
distinct advantages, i.e., the formation of continuous ionic con-
duction paths through vertically aligned CNT channels, reduc-
tion of electrical resistances due to the aligned continuous 
CNTs and creation of desired elastic anisotropy to enhance 
the strain along the actuation direction. [  106  ]  The composite had 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
shown an actuation strain of higher than 8% under voltage of 
4 V with a rapid actuation speed (higher than 10 percentages in 
strain per second), and no obvious degradation was found for 
over 10 min at a testing frequency of 0.5 Hz.  

 (3)      Responses in Changes of Colors     

 Based on the similar strategy from the deformable sensi-
tivity, the composite materials had been also designed to show 
changes in color appearances when passed with electric cur-
rents. Here CNTs were also used to convert electric energy to 
heat to induce phase transitions of polymers. For instance, 
aligned CNT/polyurethane composite fi lms were prepared by 
incorporating CNT sheets into polyurethane. [  107  ]  The composite 
fi lm was switched from opaque to transparent states in seconds 
after pass of an electric current and then back to the opaque 
state after disconnection of the current (Figure  14 c). 

 Besides the LCPs, many conjugated polymers have been 
widely studied to show different colors and may be also incor-
porated into CNTs to produce highly sensitive composite mate-
rials. A successful example was developed for polydiacetylene 
which typically changes colors between blue and red under stim-
ulations such as heating, solvent and mechanical rubbing. [  48a  ]  
When polydiacetylene was introduced to prepare aligned CNT 
composite fi bers with high conductivities of 10 2  − 10 3  S cm  − 1 , 
they showed a color change from blue to red upon pass of a 
low direct current (10–30 mA) and were returned to blue after 
removal of the current. The above electrochromatic transitions 
could be completed in a second and may be directly observed 
by the naked eyes (Figure  14 d). This electrochromatism had 
not been previously realized, and the resulting electric fi elds 
among CNTs were believed to induce the conformation change 
of polydiacetylene backbones. The aligned CNT/polydiacetylene 
composite fi ber was also lightweight, fl exible, strong and ther-
mally stable, and could be further woven into various structures 
by the well-developed textile technique. The combined excellent 
properties provide them for many promising applications, par-
ticularly, fl exible optoelectronic devices and facilities. Despite 
of the high performance of the chromatic composite materials 
based on conjugated polymers, there are rare studies available 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5153–5176
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for them. It remains diffi cult to synthesize aligned CNT mate-
rials such as sheets and fi bers at a large scale. These sensing 
composites should be also extended to the other conducting 
polymers, particularly, some commercially available.   

 5.1.2. Graphene/Polymer Composite 

    (1)      Responses in Changes of Electrical Resistances 

     Similar to CNT/polymer composite materials, graphene/
polymer composites had been used to detect gases. A fl exible 
graphene/poly(methyl methacrylate) composite sensor on paper 
substrate could detect NO 2  at the concentration of 200 ppm 
with a rapid response in the change of electric resistances by 
(32–39)% under a strain of 0.5%. [  108  ]  Graphene/polymer com-
posites could also effectively detect the strain change. Typically, 
graphene sheets or ribbons were coated onto pre-stretched poly-
dimethylsiloxane fi lms and formed periodically buckling struc-
tures after the strain release of the polydimethylsiloxane fi lm. 
For instance, graphene/polydimethylsiloxane composites were 
fabricated as fl exible strain sensors by Zhang and co-workers, 
and rippled and buckled graphene composite fi lms had been 
obtained. [  109  ]  Both composite fi lms showed resistance changes 
under different strains. Interestingly, the resistances were lin-
early decreased from 5.9 to 3.6 k Ω  with the increase of strains 
from 0 to 20% in the case of the rippled graphene, while they 
were linearly increased when the strain was improved from 0 
to 25% for the buckled graphene. The buckled structure had 
increased the charge scattering to further increase resistances.  

 (2)      Responses in Changes of Shapes     

 Graphene can also function as “energy transfer” in various 
actuators due to the extraordinary optical, electrical, thermal 
and mechanical properties. For instance, graphene/polyure-
thane composites showed an excellent light-triggered actua-
tion with enhanced mechanical properties ( Figure    15  ). [  110  ]  
Graphene/polyurethane composites with the graphene weight 
percentage of 1% exhibited intriguing and repeatable actua-
tions which contracted and lifted an object with weight of 60 g 
upon exposure to the infrared light (the dimension of 20  ×  4  ×  
0.4 mm for the composite material). The highest energy density 
reached 0.40 J g  − 1 .  

 Graphene/polymer composite materials had been also 
studied for electromechanical actuators which have attracted 
© 2013 WILEY-VCH Verlag G

     Figure  15 .     Infrared light-induced actuation of graphene/polyurethane comp
remotely actuated by infrared light. (b) The graphene/polyurethane fi lm co
infrared light. (c) Recovery rates and energy densities in 11 cycles. Reprinte
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increasing interests for various applications such as artifi cial 
muscles, microrobotics, switches and microscopic pumps. [  53  ]  
Electromechanical actuators are general made of electroactive 
polymers, conducting polymers and ferroelectric ceramics with 
some limitations, e.g., high driving voltages for electroactive 
polymers, low cycle lifes and response rates of conducting poly-
mers and small actuation strains of the ferroelectric ceramics. 
Graphene represents a new and promising candidate for elec-
tromechanical actuators due to the high conductivity and a 
negative thermal expansion coeffi cient. By incorporation of the 
graphene with various polymers, a variety of electromechanical 
composite actuators with excellent sensing properties had been 
prepared. For instance, a large actuation motion with curvature 
of appropriately 0.37 cm  − 1  at a current density of 0.74 A mm  − 2  
and high actuation stress of more than 160 MPa g  − 1  for an 
applied direct current of 0.29 A mm  − 2  had been generated from 
a graphene/polydiacetylene bimorph actuator. [  53  ]  The composite 
actuator exhibited reversible swings under alternating cur-
rents and showed a long cycle life under high frequencies up 
to 200 Hz.    

 5.2. Photovoltaics 

  5.2.1. CNT/Polymer Composite 

 Dye-sensitized solar cells (DSCs) have been widely studied as a 
new family of photovoltaic devices due to the high energy con-
version effi ciency and low cost. Generally, a DSC is composed 
of a working electrode absorbed with sensitizer, counter elec-
trode (typically metal of Pt) and electrolyte. The conventional 
electrode materials based on indium and platinum have shown 
some obvious disadvantages including rigid structure, high 
cost, complex fabrication and chemical instability during the 
use. It is critically important to discover new electrode materials. 
CNT/polymer composite fi lms had been shown to be trans-
parent, fl exible, strong, conductive, cost-effective and stable, 
so they could be effi ciently used as new counter electrodes on 
both rigid and fl exible substrates. [  111  ]  Huang and co-workers 
developed horizontally aligned CNT/polymer composite fi lms 
as counter electrodes, and the resulting DSC showed an open-
circuit voltage (V OC ), short-circuit current density (J SC ), and fi ll 
factor (FF) of 0.65 V, 1.30 mA cm  − 2 , and 0.16, respectively. [  47b  ]  To 
further improve the cell effi ciency, perpendicularly aligned and 
5169wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  16 .     Dye-sensitized solar cells based on CNT/polymer composites as the counter elec-
trode. (a) Schematic illustration to the structure. (b) J–V curves of the devices with different 
thicknesses of composite fi lms. Reprinted with permission. [  112  ]  Copyright 2012, Elsevier.  
penetrated CNT/polymer composite fi lms with higher electro-
catalytic activities were used as counter electrodes ( Figure    16  ). 
The V OC , J SC  and FF were increased to 0.67 V, 3.69 mA cm  − 2  
and 0.32, respectively. [  112  ]   

 For the above composite fi lms, the used general polymers 
were mainly used as supporting materials without obvious 
electrocatalytic activities. On contrast, conducting polymers 
have been already investigated as promising candidates for 
counter electrode materials due to their excellent redox proper-
ties. Therefore, a composite counter electrode based on CNTs 
and conducting polymers represents an effective route to fabri-
cate DSCs with higher effi ciencies. The DSC by using a CNT/
poly(3,4-ethylenedioxythiophene) composite fi lm as the counter 
electrode exhibited an energy conversion effi ciency of 7.03%, 
compared with 5.88% of the conventional Pt under the same 
conditions. Note that the higher electrocatalytic activity of the 
composite fi lm was also contributed by the much higher spe-
cifi c surface area of CNTs. [  107  ]  

 CNTs have been also considered as promising candidates for 
effi cient hole extraction paths in polymer solar cell, and they can 
be used to replace the conventional poly(3,4-ethylenedioxythiop
hene):poly(styrenesulfonate). The single-walled CNT/poly(3-hex-
ylthiophene) composite network was fabricated by a solution pro-
cess and used as the hole transport layer in a polymer solar cell 
with poly(3-hexylthiophene)/[6,6]-phenyl-C 71 -butyric acid methyl 
ester as the photoactive material. The resulted device showed 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

     Figure  17 .     Dye-sensitized solar cells based on graphene/polymer composites. (a) Cyclic voltamm
phene): poly(styrenesulfonate) composite with the graphene weight percentage of 1%, poly(3,4-
Pt electrodes. (b) Dependence of the energy conversion effi ciency for the dye-sensitized solar ce
percentages as the counter electrode under irradiation of 100 mW cm  − 2  AM 1.5 white light. Repri
an energy conversion effi ciency of 7.6%. 
Although it was still less than that based on 
the conventional poly(3,4-ethylenedioxythioph
ene):poly(styrenesulfonate) layer, it represents 
the highest effi ciency for polymer solar cells 
without the use of conventional hole trans-
port layer. [  113  ]  In addition, the network struc-
ture had largely decreased the charge separa-
tion and transport due to the existence of a lot 
of boundaries among CNTs. After the CNTs 
were highly aligned in the composite layer, 
higher effi ciencies could be further achieved 
and should be investigated in the future.   
 5.2.2. Graphene/Polymer Composite 

 Graphene has been widely studied in photovoltaic devices with 
high performances. For instance, a lot of edges of graphene 
sheets or ribbons provided them with higher electrocataltyic 
activities in the use for counter electrodes in DSCs than CNTs 
as the edge of such carbon nanomaterials was much more 
effective for the catalysis of redox interaction than the side 
part. Conjugated polymers such as poly(3,4-ethylenedioxythio
phene):poly(styrenesulfonate) [  94  ]  and polypyrrole [  114  ]  had been 
incorporated with graphene to serve as counter electrodes to 
improve the catalytic performance on the reaction of I 3   −   to I  −   in 
replacement of the conventional platinum. The resulting DSCs 
showed an energy conversion effi ciency of 4.5%, which was 
comparable to 6.3% for the platinum under the same condition 
( Figure    17  ). [  94  ]  Similarly, a counter electrode made by coating a 
poly(3,4-ethylenedioxythiophene) layer onto graphene produced 
a DSC with effi ciency of 6.26%. As a contrast, the cell effi cien-
cies with platinum/indium tin oxide and poly(3,4-ethylenediox-
ythiophene) as counter electrodes were measured to be 6.68% 
and 5.62%, respectively. [  115  ]   

 Graphene/polymer composites had been also used in 
polymer solar cells. Dai and co-workers had fabricated a bilayer 
polymer solar cell based on the solution-cast graphene/poly(3-
hexylthiophene)/C 60  heterostructure with an effi ciency of 0.61%, 
three times of the poly(3-hexylthiophene)/C 60  heterostructure 
under AM 1.5 illumination (i.e., 100 mW cm  − 2 ). [  116  ]  A theoretical 
eim

ograms for the graphene/poly(3,4-ethylenedioxythio-
ethylenedioxythiophene): poly(styrenesulfonate) and 
ll using composites with different graphene weight 

nted with permission. [  94  ]  Copyright 2008, Elsevier.  
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study predicted that polymer solar cells based on the graphene/
polymer composite could achieve a much higher effi ciency of 
over 12%. [  117  ]  There is still much room for the improvement in 
these devices by optimizing the structure of composite mate-
rials. Currently, these polymer solar cells have shown a carrier 
mobility of smaller than 1 cm 2  V  − 1  s  − 1  with the photoactive layer 
of  ∼ 100 nm in thicknesses. To improve the cell effi ciency, gra-
phene nanoribbons with tunable band gaps may be used as the 
photoactive layer with a higher thickness of 400 nm. 

 Both CNT and graphene have been incorporated with poly-
thiophene and used as the acceptor in polymer solar cells due 
to their high charge mobility, long  π -conjugation lengths and 
high aspect ratios. However, CNT-based devices showed lower 
effi ciencies than graphene as graphene has higher electric 
mobility and larger specifi c surface area. In addition, the energy 
level of graphene nanoribbons can be more easily tuned by var-
ying the size and making functionalization.    

 5.3. Energy Storage 

  5.3.1. Supercapacitor 

    (1)      CNT/Polymer Composite 

     Electrochemical supercapacitors are considered as an 
ideal technology for energy storage and power output due to 
the advantages of high power and energy density, high cycle 
© 2013 WILEY-VCH Verlag Gm

     Figure  18 .     CNT/polymer composites for supercapacitors. (a) Flexible supe
CNT/polyaniline composite. (c) Electrochemical performance of the fl exible
wire-shaped supercapacitors based on CNT/polyaniline composite fi bers. (f
sion. [  119  ,  120  ]  Copyright 2013, NPG; 2013 RSC.  

Adv. Mater. 2013, 25, 5153–5176
effi ciency and long cycle life. They have been widely used in 
portable electronic devices, digital communications, hybrid 
electric vehicles and renewable energy systems. Conducting 
polymers such as polyaniline, polypyrrole, and poly(3,4-ethy-
lene-dioxythiophene) have been proposed as promising elec-
trode materials for electrochemical supercapacitors. However, 
the stability of supercapacitor was very low due to a large 
volume change during the charge and discharge process. 
Therefore, the formations of composite materials with CNTs 
may represent an effective route to improve the supercapacitor 
stability as CNTs can enhance the stability of conducting poly-
mers. In addition, the introduction of CNTs can also increase 
the capacitance of supercapacitor. For instance, a CNT/poly(3,4-
ethylenedioxythiophene) composite prepared by a solution pro-
cess showed a stable and high specifi c capacitance of 95 F g  − 1  
in a three-electrode system, compared with (10 − 15) and (80 −  
100) F g  − 1  for bare CNTs and poly(3,4-ethylenedioxythiophene), 
respectively. [  118  ]  

 However, the improvements are far from expected as CNTs 
are randomly aggregated in the composite electrode and the 
produced charges have to cross a lot of boundaries. Therefore, 
the alignment of CNTs in the composite electrode may pro-
vide an effective solution to achieve the desired high capaci-
tance and stability. For instance, the aligned CNT arrays were 
found to facilitate ionic motions compared with the CNT 
network. [  36b  ]  Aligned CNT/polyaniline composite had been 
synthesized by electrodepositing polyaniline onto CNT sheets 
( Figures    18  a- 18 c). [  119  ]  The resulted robust and electrically 
5171wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  19 .     Supercapacitors based on graphene/polyaniline nanofi ber composites. (a) Cross-
sectional SEM image of the composite. (b) Charge/discharge curves of supercapacitors by 
comparing the composite, bare polyaniline nanofi ber and bare graphene. (c) Cyclic stability of 
the supercapacitor based on the composite and bare polyaniline nanofi ber at a current density 
of 3 A g  − 1 . Reprinted with permission. [  92b  ]  Copyright 2010, ACS.  
conductive fi lms functioned as effective elec-
trodes to fabricate transparent and fl exible 
supercapacitors. A maximum specifi c capaci-
tance of 233 F g  − 1  at a current density of 
1 A g  − 1  was achieved, which was 36 times of 
bare CNT sheet, 23 times of pure polyaniline 
and 3 times of randomly dispersed CNT/
polyaniline fi lm under the same conditions. 
The novel supercapacitors also showed a 
high cyclic stability.  

 CNT/polymer composite materials could 
be also made in a fi ber format with combined 
excellent mechanical, electrical and thermal 
properties. These composite fi bers had been 
further used to fabricate novel supercapacitor 
wires. Two CNT/polyaniline composite fi bers 
were twisted to produce the supercapacitor 
with a surprisingly high specifi c capacitance 
of 274 F g  − 1  and high stability (Figures  18 d-
 18 f). [  120  ]  Compared with the conventional 
planar structure, such wire-shaped superca-
pacitors exhibited some unique and prom-
ising advantages. For instance, they could be 
easily woven into clothes, packages or other 
portable devices by the textile technology, and 
may be produced at a large scale.  

 (2)      Graphene/Polymer Composite     

 Both graphene and polymer have been 
shown to be promising for energy storage 
including electrochemical supercapactiors 
and lithium ion batteries but with different 
advantages. For instance, graphene may 
exhibit high mechanical and thermal sta-
bility and high electrical conductivity while 
show relatively low electrochemical activity. 
On contrast, polymers are found to demon-

strate high electrochemical activity but with low stability and 
conductivity. Therefore, the formation of graphene/polymer 
composites may combine their advantages for high perfor-
mances in energy storage. Shi and co-workers prepared chemi-
cally converted graphene/polyaniline nanofi ber composite 
fi lms by a vacuum fi ltration. [  92b  ]  The composite fi lm showed 
an electrical conductivity of 5.5  ×  10 2  S m  − 1  at the graphene 
weight percentage of 44%, appropriately 10 times higher than 
a pure polyaniline nanofi ber fi lm. As a result, the supercapaci-
tors based on the fl exible conducting composite fi lm showed 
a large electrochemical gravimetric capacitance of 210 F g  − 1 , 
compared with 214 F g  − 1  for the pure polyaniline nanofi ber 
fi lm ( Figure    19  ). Cheng and co-workers also prepared free-
standing and fl exible graphene/polyaniline composite fi lm by 
in situ anodic electropolymerization on graphene paper. [  60d  ]  
A stable and high electrochemical capacitance of 233 F g  − 1  or 
135 F cm  − 3  had been obtained. The other composite materials 
based on different conducting polymers such as graphene/
polypyrrole and graphene/poly(3,4-ethylenedioxythiophene) 
had been also used as electrodes, and the resulting superca-
pacitors showed specifi c capacitances of 248 and 108 F g  − 1 , 
respectively. [  121  ]   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 Graphene sheets or ribbons with much more edges show 
higher electrocatalytic activities than CNTs with the similar 
active sites at ends. It had been found that the specifi c capaci-
tance of supercapacitors made from graphene/polyaniline was 
much higher than that of CNT/polyaniline polymer under 
similar conditions. [  122  ]  Recently, perpendicularly aligned and 
penetrated CNT/polymer composite fi lms were developed with 
all open ends on the two surfaces. These fi lms demonstrated 
comparable high catalytic activities to the graphene/polymer 
fi lm. The synthesized CNTs usually contain metallic impurities, 
while graphene can be free of catalytic impurities. So the elec-
trochemical properties of graphene may be more easily con-
trolled and repeated for the application than CNTs. 

  5.3.2. Lithium Ion Battery    

 (1)      CNT/Polymer Composite     

 Lithium ion batteries have received considerable atten-
tions due to their high energy density, high operating voltage 
and low self-discharge rate over the other rechargeable bat-
tery technologies. They have been used as power sources from 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5153–5176
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portable electric facilities to vehicles. A lithium ion battery is 
performed by electrochemical intercalation and de-intercalation 
of lithium ions in two electrodes. During the intercalation or 
discharging process, lithium ions from cathode are inserted or 
intercalated into the anode to generate electric current. During 
the de-intercalation or charging process, the external electrical 
power forces the current fl ow in the reverse direction, and 
lithium ions are extracted from the anode and move back to 
the cathode. A general goal for the development of lithium ion 
batteries is to increase energy and power densities while mini-
mize volumetric and mass constraints. In other words, the bat-
teries should be as small and light as possible and could be 
charged in a short time while maintaining high capacity and 
cyclic stability. This goal may be achieved by discover new 
materials and design new structure. To this end, CNT/polymer 
composite materials are promising candidate materials mainly 
as electrodes in lithium ion batteries due to their low cost, light 
weight, good fl exibility and remarkable electrochemical prop-
erties. In addition, when CNT/conducting polymer compos-
ites are used in lithium ion batteries, a metal substrate such 
as copper foil will not be required as the support of active 
materials. 

 The composition and structure also play critical roles on 
the performance of composite materials in lithium ion bat-
teries. When CNT/polydimethylsiloxane composite materials 
which were prepared by a phase separation method were 
used for fl exible lithium ion batteries, a specifi c capacity of 
160–190 mAh g  − 1  had been obtained. [  123  ]  When highly porous, 
stretchable, and conductive CNT/polyaniline fi lm electrodes 
prepared by a layer-by-layer assembly process was used to fab-
ricate lithium ion batteries, [  124  ]  the composite fi lms exhibited 
high electrochemical performance with a volumetric capacity 
of  ∼ 210 mAh cm  − 3 . In addition, when aligned CNT/poly(3,4-
ethylenedioxythiophene)/poly(vinylidene fl uoride) composite 
fi lms had been prepared as freestanding electrodes for lithium 
ion batteries, [  125  ]  the resulting device showed a stable capacity 
of 265 mAh g  − 1 . However, systematic studies are still required 
to explore the impact of both conducting polymers and aligned 
structures of CNTs on the battery performance.  

 (2)      Graphene/Polymer Composite     

 Graphene/polymer composite materials had been also 
investigated for lithium ion batteries to enhance the charge/
discharge rate capability and cyclic stability, due to the high 
electrical conductivities and porous networks of graphene 
and electroactive properties of both graphene and conductive 
polymers. A graphene/polypyrrole fi lm by electrochemically 
reducing the graphene oxide/polypyrrole composite was used 
as the cathode, [  126  ]  and the resulting lithium ion battery exhib-
ited high rate capability and cyclic stability. A stable specifi c 
capacity of 55 mAh g  − 1  was maintained at a high rate of 20 C, 
and no capacity fade was observed after 200 charge/discharge 
cycles at the rate of 10 C. A large reversible capacity was pro-
duced in the potential window of (0.005–3) V (versus Li/Li + ). 
To further improve the specifi c capacity of lithium ion bat-
tery, Guo and co-workers fabricated a graphene/poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate) composite which 
exhibited two-electron reactions and reversible two-stage 
charge/discharge processes. [  127  ]  A higher reversible capacity of 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 5153–5176
up to 222 mA h g  − 1  at 1 C and  ∼ 150 mA h g  − 1  at 20 C was 
obtained. An ultra-long cycle life of more than 20 000 cycles at 
100 C was realized.     

 5.4. Other Applications 

 CNT/polymer composite materials can be also used in light 
emitting diodes and fi eld emission devices. Conjugated poly-
mers have been widely used for organic light emitting diodes 
due to the low cost, low operating voltage and possibility to be 
fl exible. However, the low quantum effi ciency and stability have 
limited their applications. CNTs were incorporated to increase 
the electrical conductivity and quantum effi ciency while 
decrease the potential barrier. For instance, CNT/poly(p-phe-
nylene vinylene) had been synthesized by fi rst coating mono-
mers onto multi-walled CNT fi lms, followed by polymerization 
at high temperature. [  128  ]  When the composite fi lm was used as 
the electrode, a quantum effi ciency of 1.8% at (2.9 − 2.3) eV had 
been obtained, and it was appropriately twice of the standard 
indium tin oxide-based device. The high effi ciency may be 
explained by the interpenetrated network structure between 
CNTs and poly(p-phenylene vinylene) chains and relatively high 
work function of CNTs. 

 CNTs have been widely studied for fi eld emission devices. 
The CNT/polymer composites were found to show lower fi eld 
emission thresholds and higher emission currents than bare 
CNTs due to the triple junction between CNT, polymer and 
vacuum. For instance, Ajayan and co-workers had synthesized 
fl exible CNT/polymer composites by incorporating aligned 
and patterned multi-walled CNTs into a poly(dimethylsiloxane) 
matrix. [  129  ]  When they were used in fi eld emission devices, 
the composite fi lm had decreased the mutual screening of 
the electric fi eld and produced large fi eld-enhancement fac-
tors with low turn-on fi elds. This composite structure also 
prevented the “pulling out” of CNTs from the cathode during 
high-fi eld operations, which enabled a high stability for the 
device. 

 Due to the atom-thick two-dimensional structure and high 
conductivity of graphene, graphene/polymer composites could 
be used as high effi ciency catalysts [  39a  ,  130  ]  and solid electro-
lytes. [  131  ]  The high conductivity and aspect ratio of graphene 
had also made the composite material for a promising candi-
date in the application of microwave absorption. For instance, 
graphene/poly(ethylene oxide) composites showed a high 
microwave absorption capacity with refl ection loss of  ∼ 38.8 dB, 
which could be attributed to the pronounced dielectric relaxa-
tion, conduction loss and interface scattering. [  132  ]     

 6. Summary and Outlook 

 Carbon nanomaterials such as CNT and graphene have been 
widely incorporated into polymers to develop functional mate-
rials. The conventional mixing methods can produce composite 
materials at high effi ciency and with low cost, but the excellent 
properties of individual CNTs or graphene sheets/ribbons have 
not been fully used at macroscopic scale. The infi ltration methods 
had produced highly aligned CNT/polymer materials but could 
5173wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 not produce aligned graphene/polymer materials. Besides 

the structure control of CNTs or graphene, another important 
direction to improve the properties of composite materials is to 
enhance the interaction between CNT/graphene and polymer. 
The synergetic effects of two phases are particularly useful to pre-
pare functional composite materials, though the related reports 
are relatively very rare. For the CNT/polymer composite, aligned 
structures of CNTs were found to play a critical role on the syn-
ergetic effects with much improved properties and generation 
of new functionalities. For the graphene/polymer composite, no 
systematic studies have been explored for them yet. 

 A lot of researches have focused on the applications of com-
posite materials in energy fi eld including solar cells, superca-
pacitors and lithium ion batteries. However, the mechanisms 
for the rapid charge separation and transport are mainly based 
on hypotheses. As the composite structure cannot be accu-
rately controlled and tuned, it remains very diffi cult to make 
systematic studies to deeply explore the underlying rules and 
clearly clarify the process. Although the aligned CNT/polymer 
composite had been investigate to provide some useful clues, it 
is still far away from a confi dent understanding to the mecha-
nism. This has severely limited the further improvement on the 
performances of above energy devices. 

 Although either CNT/polymer or graphene/polymer com-
posite materials have been widely investigated, the simulta-
neous incorporation of CNT and graphene into polymers is rare, 
through a combination of CNT and graphene may signifi cantly 
enhance the physical properties of polymer composites. Some 
attempts are once made to produce hybrid structures including 
graphene and CNT on the basis of aerogels. A graphene/CNT/
poly(dimethylsiloxane) composite fi lm showed a conductivity of 
2.8 S cm  − 1  at the weight percentage of 1.3% for the graphene/
CNT load, and it remained constant after being stretched for 
100 cycles and bent for 5000 cycles. [  133  ]  CNT also worked as 
spacers among graphene sheets to prevent their stacking and 
thus enhanced the performance of composite electrodes. The 
specifi c capacitance of supercapacitors with graphene/CNT/
polyaniline composite electrodes achieved 1035 F g  − 1 . [  122b  ]  A 
combined property of three components had been effectively 
realized by this unique structure design. For instance, CNTs 
which were interconnected among graphene/polyaniline com-
ponents functioned as conductive wires. CNTs not only pro-
vided highly conductive pathways for the composite electrode, 
but also maintained a high mechanical strength. Therefore, the 
supercapacitors also showed very high cycle stability. A lot of 
efforts should be paid to develop these combined composite 
materials with remarkable properties, and some high perfor-
mance applications may be achieved in the near future.  
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