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Abstract: The introduction of graphene-based nanomaterials has prompted the development
of flex-ible nanocomposites for emerging applications in need of superior mechanical, thermal,
electrical, optical, and chemical performance. These nanocomposites exhibit outstand-ing
structural performance and multifunctional properties by synergistically combining the
characteristics of both components if proper structural and interfacial organization is achieved.
Here, we briefly introduce the material designs and basic interfacial interactions in the graphene-
polymer nanocomposites and the corresponding theoretical models for predicting the mechanical
performances of such nanocomposites. Then, we discuss various assembly techniques available
for effectively incorporating the strong and flexi-ble graphene-based components into polymer
matrices by utilization of weak and strong interfacial interactions available in functionalized
graphene sheets. We discuss mechan-ical performance and briefly summarize other physical
(thermal, electrical, barrier, and optical) properties, which are controlled by processing conditions
and interfacial interac-tions. Finally, we present a brief outlook of the developments in graphene-
based polymer nanocomposites by discussing the major progress, opportunities, and challenges.

1. Introduction to polymeric nanocomposites

Synthetic polymer composite materials were introduced centuries ago and used as
structural components due to their much improved mechanical properties, chemical
inertness and stability, versatile processing techniques, and reduced cost [1,2]. For many
traditional composite materials, polymers conventionally serve as elastomeric and flexible
matrices by contributing high elasticity, strength, flexibility, controlled surface and bulk
properties, and other unique physical properties.

1.1. Choice of polymeric matrices

Benefiting from almost infinite choices of monomers, oligomers, and chemistries available,
polymer matrices can be precisely tuned and controlled to exhibit the whole spectrum of
physiochemical properties for very different applications, including controlled
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hydrophobicity, ion-izibility, crystallinity, transparency, toughness, strength, densities,
conductivity, and degradability [3–8]. Among the structural polymeric matrices for the
advanced nanocomposites, elastomers, thermoplastics, epoxy, block copolymers, and
hydro/aerogels are used widely due to their unique physical and chemical properties,
which can be tailored to various applications [2,9–13]. For example, elastomers are highly
stretchable polymers consisting of lightly crosslinked (chemically or physically) long chains
[14,15]. In contrast, epoxy resins contain rigid segments and are very heavily crosslinked
so that their mechanical strength, stiffness, as well as their brittleness, are extremely high
[16,17]. Thermoplastic polymers are reinforced by physically ordered (e.g., crystalline)
domains, which are not chemically crosslinked so they can be processed, shaped, melted,
and recycled. Block copolymers are essentially composed of two or more chemically
divergent polymer chains that are covalently linked end to end (or differently) in order to
create complex nanoscale morphologies [2,9,11]. One of the biggest benefits of the block
copolymers is that the physiochemical properties of the resulting nanomaterials can be
tuned by adjusting the content of species that make up the chain and the lengths of each
component [18,19]. Block copolymers have the inherent advantage of possessing
heterogeneous properties, e.g., amphiphilicity, which are controlled by microphase states
with sharp interfaces and tailored 3D morphologies [20]. Hydrogels or aerogels with their
porous morphology and permeable properties can be swollen in water or contain gas.
These materials can be used for scaffolds, catalyst support, controlled release/adsorption,
shock absorbance, and lowdensity thermal or electromagnetic shielding [21–25]. Despite
significant efforts in synthesis new polymers, the mechanical properties of polymer
matrices can be considered to be modest in many cases. Indeed, the elastic modulus of
linear amorphous polymers is usually several GPas in their bulk glassy state, except for
some famous examples of rigid conjugated polymers and polymer fibers with highly
oriented polymer chains [2]. Moreover, the mechanical strength of polymer materials will
further decrease by several orders of magnitude when heated above the glass transition
temperature, which can be relatively low and close to (or even below) ambient temperature.
Therefore, a variety of high performance inorganic (glass, metal, semiconducting) fillers
are frequently introduced as important reinforcing components in order to significantly
improve the structural strength of polymer composites as well as to induce some additional
functional properties (e.g., thermal or electrical conductivity).

1.2. Reinforcing components

Conventional polymer composites are usually fabricated from a relatively compliant matrix
and stiff inorganic fillers in the form of fibers, laminates, or particles. The philosophy of
the fabrication of high performance composite materials is to synergistically combine the
strengths of multiple constituents and optimize the primary mechanical properties. Glass
fibers, carbon fibers, wood sheets, metal particles, and inorganic mineral particles are all
common discrete fillers in conventional composites composed of continuous matrices of
thermoplastic polymers, rubbers, hydrogels, or thermosets. However, conventional
polymer composites suffer from some common issues caused by the very dissimilar
properties of the compliant matrices and hard components, which include modest



improvement of mechanical strength, reduced compliance, catastrophic failure caused by
interfacial defects and weak interfacial bonding, accelerated degradation caused by
mismatching of the coefficient of thermal expansion, and significant manufacturing cost
in some cases [26]. On the other hand, nanocomposite materials with nanoscale fillers
have emerged in the past decades as a promising novel class of materials, which take
advantage of greatly increased specific interfacial area, higher achievable loads, controlled
interfacial interactions, and higher overall compliance. The mismatch of the physical
properties of the components becomes much less critical and the interfacial area between
the filler and the matrix is maximized so that the interfacial strength can be much improved
[27]. Currently, multifunctional nanocomposites with much improved mechanical
performances are primarily fabricated by addition of pre-treated carbon nanotubes and
nanofibers [28,29], inorganic nanoparticles [28,30], and metal nanostructures [30–32].
Among various reinforcing nanoscale components, clay, carbon nanotubes, and metal/
ceramic nanoparticles are the most common nanofillers employed in the past two decades
to fabricate a variety of high performance nanocomposite materials [25,33–42]. Clay
nanoparticles (e.g., montmorillonite, MMT) possess excellent mechanical strengths and
optical transparency, they are relatively cheap, and can be pre-treated and dispersed in
common solvents and even in an aqueous environment [25,33]. The 2D geometry of the
MMT nanoplatelets is also beneficial for their self-assembly in organized layered
(laminated) morphologies, which are important to structural applications with directional
mechanical loads. The mechanical performance of these nanomaterials can show much
improvement compared to traditional composites. For example, the ultimate strength of
MMT/poly(vinyl alcohol) (PVA) nanocomposites can reach 220 MPa with the elastic
modulus can be as high as 19 GPa [43]. However, because MMT is a stiff inorganic platelet
filler the flexibility and biodegradability of these nanocomposite can be compromised.
Metal and carbon nanoparticles show exceptional reinforcing properties and can also add
electrical conductivity, catalytic activity, and plasmonic properties [4,40–42]. However,
metal nanoparticles are not readily dispersible in polymeric matrices due to the
hydrophobicity of the nanoparticles and limitations of the organic ligands utilized.
Therefore, grafting of nanoparticles with various compatible polymeric ligands or growing
metal nanoparticles in situ have been implemented [44–47]. Alternatively, metal oxide
nanoparticles show good aqueous processibility, multifunctional properties, and high
mechanical strength as compared to corresponding metal nanoparticles, but their
integration in polymer matrices can be a challenging task [48–50]. Carbon black is the
most commonly used nanomaterial in industry for the mechanical reinforcement and
mechanical damping in synthetic rubbers, thermal properties of polymeric materials, and
electrical modification of polymer matrices [51–53]. Carbon blacks are mainly amorphous
particulate materials, with moderate physiochemical properties in all major aspects.
However, these fillers are abundant, can be readily functionalized, and are inexpensive.
The surface-to-volume ratio of carbon black is lower than that of activated carbon and its
mechanical and electrical properties are not comparable to its crystalline carbon cousins,
thus novel carbon-based fillers have been intensively elaborated in the past two decades.
Recently, organized carbon materials such as carbon nanotubes and buckyballs have



become much more sophisticated and popular nanostructures. These materials are seen
as one of the most promising nanofilling materials because of their low density, extremely
high aspect ratio (nanotubes), minute dimensions, outstanding mechanical and thermal
properties, good chemical inertness, and tunable electrical properties [34–37,54]. However,
the progress in nanocomposite development made using carbon nanotubes is still
continuing and great challenges still remain to be addressed. Among most critical
unresolved issues are poor aqueous dispersibility, stubborn contaminations, excessive
aggregation, high cost, poor control of surface chemistries, and low interfacial interactions
with the polymeric matrix. Significant efforts in the development of these nanocomposites
are summarized in a number of books and reviews and will not be further considered
here [55–59]. Finally, various graphene materials have very recently emerged as a new
class of prospective components for advanced nanocomposites with intriguing new
opportunities for the integration into polymer matrices as will be discussed in this review.

1.3. Graphene-based nanocomposites

Indeed, the number of publications on graphene-based nanocomposites has grown
exponentially in recent years from almost non-existing records before 2006 to more than a
thousand annually in the past two years. Prior to 2010 less than two hundred publications
can be counted in total, with no significant records found before 2006 (probably caused in
part by a terminology gap). However, since 2010, the number of peer-reviewed publications
on graphene-based nanocomposites has surged greatly and continues rapid growth.
Apparently, the Nobel Prize in Physics for graphene has drawn vast attention from the
materials research community and brought a number of new research groups to this field.
Indeed, the number of the graphene nanocomposite publications appearing in the past
two years exceeds several times those ever published in this field during all previous
years .Therefore, even if some comprehensive reviews which have been recently published
on this topic (mostly in 2010–2012, see summary of some recent reviews below) the overall
landscape changed dramatically in the past two years alone and, therefore, it is necessary
to summarize again very recent results and discuss the newest trends in this fast evolving
field. Overall, polymer-graphene (here under a general term of “graphene” we usually
imply not just traditional graphenes but also various chemical derivatives such as graphene
oxides if not specified otherwise) nanocomposites show not only record mechanical
properties but also impressive functional properties, such as electrical
(semi-) conductivity, unique photonic/optical transportation, anisotropic transport, low
permeability, and fluorescence quenching. It has already been demonstrated that the
introduction of even a small fraction of a graphene component can dramatically improve
the mechanical performance of the variety of the polymeric matrices and some
extraordinary reinforcing and functional properties have been reported very recently.
Graphene materials and their various derivatives show tremendous potential in
revolutionary enhancement of mechanical, electrical, thermal, and chemical properties of
polymeric materials relevant for a wide range of emerging demanding applications
(Fig. 2) [60–67]. Although the current research activities tend to focus on the understanding
of fundamental phenomena and the utilization of the excellent properties of graphene



Figure 1: Graphene derivatives show promising results for various fields, including energy conversion
[60], energy storage [61], electronic materials [62], quantum effects [63], low density structural
materials [64], sensors [65], chemical screening applications [66], and thermal interface materials
[67].

Figure 2: Atomistic structures of individual sheets of basic graphene (a) and graphene oxide (b). The atoms
are color-coded: gray – carbon, red – oxygen, and white – hydrogen.



materials as efficient nanofillers, the next exploding area on the graphene material research
relevant to polymer nanocomposite materials might be the development of atomic multi-
stacking of heterogeneous 2D structures (also known as “van der Waals crystals”) with
promising extraordinary functional properties [68]. The initial results on graphene-polymer
nanocomposites are summarized in a number of excellent recent reviews as briefly
introduced here. In an important “early” publication, Kim et al. provided a general review
on graphene-polymer nanocomposites [69]. Kuilla et al. introduced examples of different
combinations of polymers with graphene materials in addition to presented general
background on graphene and its derivatives [70]. Compton et al. focused on graphene
and graphene oxide, and discussed the properties of these nanofillers in detail [71]. In
their review, Huang et al. paid major attention to devices made of polymer-graphene
nanocomposites and the other constituents including metal, semiconductor, and organic
small molecules [72]. Young et al. reviewed graphene-polymer nanocomposites and
discussed the modeling, fabrication, and characterization of these materials [73]. Among
the most recent reviews, Wu et al. discussed the structures and general functional
applications of the nanocomposites made from chemically modified graphenes [74]. Yang
et al. critically evaluated the fabrication of graphene multilayers, including graphene-polymer
nanocomposite thin films fabricated by layer-by-layer assembly [75]. Finally, very recently
Sun et al. provided an insight on the integration of both graphene and carbon nanotube
materials in polymer nanocomposites [34]. In this review, we focus on recent (mostly
published in 2010–2013) and the most significant results of the outstanding mechanical and
other physical properties of polymer-graphene nanocomposite materials, and discuss some
fundamental properties and the processing approaches of such nanocomposites. We
highlight the fundamental properties and critical characteristics of graphene materials as
prospective reinforcing nanofillers, their chemical and physical functionalities, the interfacial
interactions important for the effective reinforcement, and the methods of the fabrication of
these materials. Finally, we briefly summarize the theoretical work and experimental efforts
on the optimization of the elasticity, strength, deformation, and toughness, and discuss the
results of the ultimate mechanical performance of such nanocomposites with variable
composition, chemistry, and morphology.

1.4. Graphene and graphene derivatives as prospective filler nanomaterials

In this section, we summarize some of the fundamental properties and microstructure of
graphene materials of different types. Similar to carbon nanotubes, basic graphene is
composed of only carbon atoms, but it is a 2D flat sheet rather than rolled up monolayer
of carbon. Benefiting from its pure sp 2 hybridization network, graphene materials
frequently possess record characteristics of mechanical, thermal and electrical properties.
The most important materials characteristics for our discussion are: the highest, 1 TPa,
elastic modulus [76], very high, 5.1 × 10 3 W m –1 K –1 thermal conductivity [77], and the
highest known intrinsic electrical conductivity of 6 × 10 5 S m –1 [78]. Among the most
interesting and fundamental properties we should mention the theoretical van der Waals
thickness of individual graphene sheets of 0.34 nm, which is the thinnest 2D nanofiller
known to date (Fig. 3a) [79]. Other critical parameters of these materials are extremely



high aspect ratio of flakes (ratio of lateral dimensions to the thickness of 10 4 and higher)
and high intrinsic flexibility. Pristine graphene is usually obtained by mechanical
exfoliation of graphite or synthesized by chemical vapor deposition (CVD) [79]. Mechanical
cleavage or exfoliation of highly ordered pyrolytic graphite (HOPG) is a common top-
down method that can easily produce large quantity of graphene sheets with different
microscopic dimensions, individual or multilayered flakes, and modestly defective
microstructure. CVD synthesis of graphene uses carbon-rich precursors (e.g., methane)
and recombines the carbon atoms on the surface of metal foil (copper or nickel) in inert
atmosphere at over 1000 °C [69]. By controlling the reaction parameters, such as the ratio
of the different precursors, temperature, and substrates, single, double or multiple layer
graphene with various sizes can be produced. The synthesis of graphene does not require
catalysts in gas phase that are hard to be removed, and the size of graphene can be
controlled from nanoscale to millimeter scale, giving it huge potentials for nanocomposite
applications. However, both mechanical exfoliation and the CVD synthesis result in
defective and heterogeneous structures. Moreover, time and energy consumption for their
fabrication are high for the mass-production of consistent graphene materials in large
quantities. Therefore, different graphene derivatives that partially preserve the
extraordinary properties of graphene materials and overcome some of their deficiencies
have attracted more attention. One of the most popular graphene derivatives, which can
be utilized for the fabrication of polymer-graphene nanocomposites is graphene oxide,
and derivatives with excellent mechanical and controlled chemical properties. Even though
preliminary studies show that the biocompatibility of graphene oxide materials is good
in many cases [80,81], extensive investigation is required to discriminate cytotoxicity and
metabolic accumulation for prospective biomedical applications [82]. Graphene oxide (GO)
is an oxidized graphene derivative, which can be widely used as an alternative or precursor
for graphene materials due to its high dispersibility and processibility in aqueous
environment [8,83,84]. It is produced from mineral graphite flakes by thermal oxidation
method invented by Hummers and modified by successors [85]. The resulting single atomic
layers graphene-like material possess high density of epoxy and hydroxyl groups on both
sides of the basal carbon plane and carboxyl groups around their edges (Fig. 3b) [86].
Recent studies of surface defect distribution using electrostatic force microscopy (EMF)
[87–89] demonstrated the heterogeneous distribution of nanoscale (<–100 nm across)
oxidized domains that completely dissipate after chemical reduction to graphene (Fig. 4)
[90]. Molecular simulations have shown the bonding energy and shear strength have been
significantly improved by inducing the surface and edge functionalities on graphene sheets,
which is critically important for their integration into polymer matrix [91]. The usual ratio
of carbon and oxygen in graphene oxide materials is close to 2: 1, the overall surface
coverage with oxidized regions can reach 60–70%, and point defects are present among
the honeycomb primary structure, all reflecting an intense and highly localized oxidization
processes (Fig. 3b) [3,70,71,92]. The theoretical thickness of graphene oxide is within 0.7–
0.8 nm, doubling that of the pristine graphene due to the presence of additional prominent
bulky surface functionalities resulting from the oxidation process [3]. The actual thickness
of graphene oxide flakes might be slightly larger due to surface contaminants, organic



Figure 3: (a) Topography, (b) EFM-phase image before reduction, and (c) after chemical reduction from the
same graphene oxide flakes.

Figure 4: Calculations of the theoretical values of elastic modulus predicted by different models described
above with the elastic modulus of 150 Gpa and 3.5 GPa, and Poisson’s ratio of 0.25 and 0.4 for the
filler and the matrix, respectively.



adsorbates, underlying substrate roughening, or occasional presence of bulkier
functionalities [3,64]. Although lacking electrical merits of graphene and being somewhat
inferior in ultimate mechanical performance, graphene oxide and corresponding derivative
materials still exhibit huge potential in nanocomposite fabrications due to its outstanding
mechanical properties, high flexibility, high bonding potential, and extremely high aspect
ratios. The elastic modulus of a single graphene oxide sheet is as high as 250 GPa despite
the high concentration of local defects, which is much higher than modulust developed
with most known fillers [93,94]. This high tensile strength is combined with high lateral
flexibility, which facilitates nanocomposite flexibility but can be problematic during
processing. Graphene oxide flakes are negatively charged in slightly acidic and basic
conditions due to the surrounding surface carboxyl groups. The zeta potential of graphene
oxide decreases progressively with higher pH values and can be as low as –50 mV at pH
= 10.5 [84]. Graphene oxide does not precipitate in most polar solvents and can be
incorporated into correspondingly charged polyelectrolyte matrices [3,83]. Even pure
graphene oxide materials without any polymer matrices show outstanding performance.
Graphene oxide “paper” made by vacuum-assisted self-assembly (VA-SA) and evaporation
methods possess an elastic modulus of 18–36 GPa, with only water molecules serving as
binders [95–97]. Localized water molecules link the neighboring graphene oxide flakes by
hydrogen bonding while free water molecules that are intercalated in the interlayer spacing
of graphene oxide layers lubricate the inter-layer spacing facilitating slippage behavior,
which in turn decreases the efficiency of stress transfer between layers. That is why the
mechanical performance of different graphene oxide papers have a marked dependence
on the local humidity conditions and might disagree in some cases. To this end, it has
been demonstrated that covalently bonded graphene oxide paper with the use of organic,
ionic, or polymeric crosslinkers possesses enhanced mechanical strength compared to
pure graphene oxide paper. An elastic modulus as high as 120 GPa can be reached with
dense inter-layer crosslinking [95]. Graphene oxide can be reduced to graphene-like
structures with similar mechanical and conductive properties by chemical, electrochemical,
thermal, hydrothermal, and photothermal reducing techniques [98,99]. Hydrazine,
hydriodic acid (HI), electron complexes in liquid ammonia, metal particles, sodium
hydroxide, and infrared laser illumination can all remove the oxygen-containing groups
from the graphene oxide surfaces and restore massive hybridization of sp 2 electronic
orbitals [100–104]. Metal foil and laser beam can directly pattern graphene oxide films
with controlled localization of the reduced regions. Aluminum foils have been employed
to reduce graphene oxide paper with intercalated natural binders with controlled surface
patterning and depth distribution [105]. Light-induced and plasmon-assisted
graphitization of amorphous carbon may also be applied to pattern the reduction of
graphene oxide [106]. These patterned reduced graphene oxide (rGO) materials can be
made ready for integration of into flexible electronic devices as will be discussed below.

1.5. Interfacial interactions and polymer matrices

Interfacial interactions between polymers and graphene-based materials play a key role
in the mechanical integrity of the corresponding nanocomposite and their mechanical



performance. Due to the homogeneous carbon composition of graphene without other
heteroatom functionalities, the molecular interactions with polymers are limited to weak
van der Waals forces, ?–?-stacking, and hydrophobic–hydrophobic interactions [107,108].
Van der Waals forces are universal attractive interactions between molecules generated
by the transient or permanent dipoles of the molecules. Although very weak, these forces
contribute the major part of interfacial strength between graphene and common polymers,
such as polyethylene, due to intimate contact and very large specific surface area [109].
Hydrophobic–hydrophobic interactions are a common means for binding graphene in
hydrophobic polymer matrices. A special case of ?–? interactions is especially important
for the graphene materials with the electronrich aromatic rings interacting with a variety
of chemical species and matrices with phenyl rings, which can act as strong bonding sites
[110,111]. Then, ?–?-stacking can adapt to different space organizations and significantly
enhance bonding in graphene nanocomposites. By contrast, graphene oxide possesses
abundant oxygen-containing polar functionalities, such as epoxide, carbonyl, hydroxyl,
and carboxyl groups [98]. The choices of functionalization and resulting interactions with
various polymers are much more versatile for graphene oxide materials. Furthermore,
covalent grafting of polymer chains on graphene oxide surfaces can achieve improved
blending of graphene oxide component and the polymer matrix [112]. The mechanical
strength of the covalent bonds is the highest among the intermolecular interactions and
the compatibility of grafted graphene oxide is much better due to the replacement of
exposed functionalities. Polymers terminated with hydroxyl groups are directly used to
crosslink the graphene oxide sheets with their carboxyl groups through esterification.
The interfacial crosslinking dramatically increases the modulus of the nanocomposite,
but the compliance can be compromised due to the permanent and interlocking structure
caused by the covalent crosslinking [112]. The electrostatic interactions are also strong
and restorable alternatives to covalent bonding for graphene oxides with polar
functionalities. Due to the strong electrostatic interactions and restorability of these
interactions during variable strain loading, the nanocomposites can be much stronger
and tougher than their counterparts without graphene oxide fillers [3]. Hydrogen bonding
between highly polarized donor and acceptor groups is abundant for graphene oxides.
The epoxide, hydroxyl, carbonyl, and carboxyl groups on graphene oxide are all highly
polarized with oxygen atom being the negative center [71]. As a result, graphene oxide
can bond with various polar polymers, especially polyelectrolytes and proteins, through
hydrogen bonding networks and polar interactions [113]. Due to the high density of the
highly polar functionalities, the interfacial strength of the polymer-graphene
nanocomposites with hydrogen bonding network can be as high as, if not higher, than
that of the covalently crosslinked nanocomposites. The toughness of such hydrogen bonded
nanocomposites is greatly improved due to the in situ restoration ability of the hydrogen
bonds, which is another advantage over the permanent nature of the covalent crosslinking
[64]. Graphene oxide has recently been suggested as amphiphilic material, meaning that
their heterogeneous surface contains both hydrophobic and hydrophilic domains, which
can interact concurrently with very different functionalities of hydrophobic and
hydrophilic nature [114]. The amphiphilicity of graphene oxide suggests two important



facts: (1) graphene oxide is readily bonded with either polar or non-polar polymers to
improve the mechanical properties of the nanocomposites; and (2) the strength of the
interface can be further improved if a matching heterogeneous polymer interfaces are
chosen. For every domain on the graphene oxide surface, either hydrophobic graphitic
areas or hydrophilic oxidized areas, the amphiphilic macromolecules can spontaneously
assemble to maximize the interfacial interactions [115–118]. The common bondings for
graphene-based materials, spatial range of interactions, and their relative strengths are
compared in Table 1. Apparently, it is ideal to utilize all possible interactions in the
nanocomposite, not only covalent bonding, to ultimately fabricate a strong, tough system.
As indicated in Table 1, all the weaker interactions are restorable on site after being broken,
which is favorable to facilitate the mechanisms of self-healing of nanocomposites.

2. Theoretical grounds for the selection of nanofillers

Due to the extreme contrasts in composition, interactions, and properties between the
dissimilar components in nanocomposites, conventional models of composite
reinforcement have limitations in describing the mechanical performances of the new
materials with non-traditional reinforcing nanofillers. Therefore, in this section we will
briefly present common models that are used to evaluate the mechanical properties of the
nanocomposites based on the geometry, dispersion, and interfacial properties, and their
applicability to the graphene-polymer materials considered here. Young’s modulus is an
intrinsic property under small elastic deformations. Unlike ultimate strength and ultimate
strain, Young’s modulus values only reflect the stress–strain behavior in the initial state
of the loading process, and can be readily predicted by models. For example, the popular
Takayanagi model for the fiber/laminate composite systems predicts simple rules of mixing
under different types of stress transfers [2]: E || = E m v m + E f v f (1) 1 E � = v m E m +
v f E f (2) where E || and E � represent the Young’s modulus parallel and perpendicular
to the direction of fiber axis or laminate plane, respectively; E m and E f are the Young’s
modulus of the matrix and the filler, respectively; v m and v f are the volume fractions of
the matrix and the filler, respectively. The Takayanaqi model assumes sharp interfaces,
perfect bonding, and complete stress transfer across the interface. It is a reliable model for
evaluating the upper (E ��) and lower (E �) limits of the aligned fiber nanocomposites and
laminated composites. However, due to the discontinuous nature of nanofillers, the
Takayanagi model fails to include the end effect of the nanofillers, which plays a significant
role in a well dispersed nanocomposite systems. Nevertheless, the model is still widely
used for rough evaluation of the upper (E ��) and lower (E �).

2.1. Models for particulate nanocomposites

Kerner has proposed another model to describe the lower limit of the shear modulus of
the particulatereinforced polymer composites with spherical particles and perfect particle/
particle and particle/matrix bonding [2,119]: G c G m = (G f v f /a) + b (G m v f /a) + b; a
= (7 – 5? m )G m + (8 – 10? m )G f; b = v m 15(1 – ? m ) . (3) where G is the shear modulus;
? is Poisson’s ratio; ? is the volume fraction; and subscripts c, m, and f represent composite,
the polymeric matrix, and the particulate fillers, respectively. The number of components



in the nanocomposite system is not limited, so it is suitable to analyze the complex
multicomponent systems. For particulate reinforced elastomers with carbon black and
silica, Guth and Smallwood proposed a simple model to predict the lower bound shear
modulus of the nanocomposite [2,120]. The increase in the shear modulus of the composite
in this model is depends on the volume fraction of the particulate fillers. This model
assumes perfectly spherical fillers, complete adhesive bonding, and uniform dispersion,
which are challenging to realize in nanocomposites.

2.2. Models for nanocomposites with anisotropic fillers

The Halpin–Tsai model was developed for composites with nanoparticle fillers of various
geometries, including rods, disks, and spheres [3,121]. It includes a shape factor to account
for filler shape and is widely adapted for composite behavior analysis [40,64,122]. Also,
the Halpin–Tsai model considers the distribution of 2D aligned anisotropic fillers as well
as 3D randomly oriented fillers with different shapes. For composite materials with parallel
aligned short platelets, the Halpin–Tsai equation is presented as [123]: E �� = ? 1 + 2,? �� v f
1 – ? || v f ? E m (4) ? �� = E f /E m – 1 E f /E m + 2; where E �� and E m are the Young’s
modulus of the parallel aligned nanocomposite and the matrix, respectively; ² is the aspect
ratio of the nanofiller. The Halpin–Tsai equation regresses to the rule of mixture for a
high aspect ratio. When the aspect ratio is low (approaching spherical particles), the
equation regresses to the common inverse rule of mixture for composite materials. For
randomly orientated nanoparticles, the Halpin–Tsai considers the contribution of the
transverse mode, modifying its format to the following: E random = mE �� + nE � (5) E � =
? 1 + 2 � v f 1 – ?  � v f ? E m; ? �� = (E f /E m) – 1 (E f /E m ) + 2; where m and n are the
coefficients that evaluating the contributions from the longitudinal and the transverse
modes [2,124]. Another development, the average-stress theory (Mori–Tanaka model)
calculates the elastic stress field around an ellipsoidal particle in order to derive the
longitudinal and transverse Young’s moduli [125]: E �� = ? A A + v f (A 1 + 2? m A 2 ) ? E m
(6) E � = ? 2A 2A + v f [–2? m A 3 + (1 – ? m )A 4 + (1 + ? m )A 5 A] ? E m (7) where A, A
1 through A 5 are model-specific coefficients that are primarily functions of the physical
properties and geometries of the filler and the matrix [2,125]. By adjusting the geometry
parameters of this model, the filler could be represented as high-aspect ratio fibers or
platelets and even spheres. However, it should be pointed out that the Mori–Tanaka model
treats the geometries of fillers based on ellipsoidal parameters, while the Halpin–Tsai
model treats the fibers as cylinders and considers rectangular platelets. Finally, Jäger–
Fratzl model predicts the elastic modulus of the layered, nacre-like biocomposites, where
the flexible polymeric matrix regressed to a minute binder of the dominating stiff inorganic
phases in the form [126]: E c = ? 8 v m (1 + ? m ) E m v 2 f ` 2 + 1 v f E f ? –1 (8) In summary,
to compare different models, we calculated the expected increase of the elastic modulus
with increasing filler content for different filler shapes (Fig. 5). This comparative analysis
shows that the careful selection of an appropriate model with consideration of composite
properties and morphologies is critical for the prediction of the properties of
nanocomposites. It is striking to see that differences in the predicted values among various
models can easily reach 200%. In general, spherical particulates have much weaker



Figure 5: (a) Aqueous suspensions of PP latex and graphene oxide. (b) TEM image of PP latex. (c) and (d)
TEM images of the rGO/PP latex composite dispersed in water before filtration. (e) SEM image of
fracture surface of the rGO/PP composite (after hot-press molding). (f) SEM of agglomerated rGO
nanosheets [161].

reinforcing effect on the nanocomposite properties. Randomly distributed platelets should
result in the strongest isotropic nanocomposites, while aligned fibers or platelets exhibit
a similar, but direction-dependent reinforcement effect in the anisotropic nanocomposites.
Overall, the existing mechanical models, which have been developed for conventional



composite materials are generally suitable for coarse evaluation of the nanocomposite
behavior. However, these models ignore some critical differences and unique
characteristics of nanocomposites, such as developed interfaces and complex morphologies.
For example, the models discussed above assume an ideal non-slipping boundary condition
between the filler and the matrix, and sharp interface between them, which is not the case
for graphenepolymer nanocomposites. More adequate mechanistic models should be
developed especially those, which consider the role of interphases, end-to-end interactions,
and extremely high specific interfacial area.

2.3. Interphases in nanocomposites

In the special case of nanocomposites, the large surfaceto-volume ratio might result in
high binding efficiency. On the other hand, the strong interfacial binding might alter the
macromolecular conformation in the vicinity of the filler surface. Such a transitional zone
might alter the properties of polymer matrix with gradual change across the interface.
This region is called the “interphase” in contrast to the conventional sharp interface with
an abrupt change in property and composition [127]. The additional reinforcing effect
comes from the interphase layer of the polymer matrix. The stronger, but ultrathin
interphases are usually ignored in regular composites due to their minute contribution to
the overall mechanical properties. In nanocomposite materials, however, the mechanical
properties of the interphase region might play significant role. For example, an interphase
model has been developed to account for the exceedingly high elastic modulus of polymer-
graphene oxide nanocomposites [122,128]. The model assumes that the adsorption of
polymers on graphene oxide surfaces alters the modulus of the adsorbed polymer layer.
By estimating the modulus change, adsorption ratio, and the specific surface area of
graphene oxide, the model adjusted the volume fraction of the nanofiller to an effective
value after the polymer adsorption. In another recent study, Hu et al. suggested a different
interphase model for layered graphene oxide nanocomposites [64], based on the
deformational analysis of the layered elastic solids [129]. The model suggested correlated
deformation of continuous interphases and described the experimental data for graphene
oxide nanocomposites as will be discussed in detail below.

3. Processing of the graphene-polymer nanocomposites

The ultimate properties of graphene-based polymer nanocomposites are critically
dependent upon the processing conditions in the course of nanocomposite fabrication
[130–132]. The functionality of graphene components is critical to lower filler loading
rate, make them highly dispersed and organized sheets within polymer matrix to enhance
overall performance of nanocomposites. In particular, the mechanical properties such as
Young’s modulus, ultimate tensile strength and strain, and flexural strength depend on
the specific surface area, aspect ratio, organization, and loading content of graphene
materials. The dispersion, interfacial strength, affinity of components, and spatial
organization are all of great importance in determining the final stiffness, strength,
toughness, and elongation of polymer nanocomposites under various loading conditions
[133–137]. The pretreatment procedures and the fabrication methods control the fine



morphology and physical/chemical properties of graphene-based polymer
nanocomposites. For various graphene-polymer nanocomposites known to date, the extent
of dispersion and exfoliation of graphitic layers is controlled by the applied shear force,
temperature, and solvent polarity. Effective control of restacking, wrinkling, and
aggregation of graphene sheets is required for the development of functional
nanocomposites with high performance. In fact, extremely flexible and high-aspect ratio
graphene components are prone to random wrinkling, buckling, or folding during
processing, which dramatically affects the ultimate performance. In the case of the post-
treatment, the degree of dispersion can be further influenced by the hydrophobic nature
of reduced graphene oxide sheets and dewetting processes at the interfaces. The choice of
fabrication methods is determined by the surface functionalization of integrated graphitic
sheets. Generally, traditional fabrication routines include solution-based processing
[136,138–141] and melt-based processing [142–144]. Among most popular approaches for
chemical modification and assembly are in situ polymerization, chemical grafting, latex
emulsion blending, layer-by-layer (LbL) assembly, and directed assembly [3,145–149].
For the in situ polymerization method, intercalated monomers within expanded graphite
clusters can promote their efficient exfoliation into single sheets throughout the polymer
matrix caused by catalysis reactions [150]. Solution processing maximizes filler dispersion
in polymer matrix by using pre-suspended single layered graphene sheets. Different
solvents (aqueous to organic) can be used to dissolve graphene materials, including
graphene oxide and reduced graphene oxide materials. This approach has been widely
exploited due to its high dispersion efficiency, facile and fast fabrication step, and a high
level of control on component behavior. Disadvantages of this approach are challenges in
finding common solvents, toxic solvent utilization, thin-film limitation, difficulties in
solvent removal, and common aggregation issues during mixing and solvent evaporation
stages [151,152]. On the other hand, melt-based mixing is a solventfree process in which
applied mechanical shear force distributes the fillers in the polymer matrix using a screw
extruder or a blending mixer [142,153]. This method allows stacked graphite or reduced
graphene oxide sheets to be exfoliated into a viscous polymer melt by suppressing
unfavorable interactions and inducing component dispersion. Melt mixing is recognized
as a practical approach that can be adapted to the graphene-based polymer
nanocomposites. However, thermal heating and high local mechanical stresses can affect
the stability of components, flake shapes, and the reduction state of graphene oxide sheets.
Several examples of various processing approaches are discussed below.

3.1. Examples of solution-based processing

Solution mixing methods have been employed as a powerful strategy widely utilized in a
combination with high shearing (e.g., due to ultrasonication) for a range of common
polymer matrices including poly(vinly alcohol) (PVA) [140,154], poly(methyl methacrylate)
(PMMA) [138], polyurethane (PU) [136], and polyaniline (PANI) [155]. Water-soluble PVA,
which is nontoxic and hydrophilic polymer, has been used for the fabrication of graphene
oxide nanocomposite films by simple solution mixing, which enables the graphene oxide
components to be dispersed on a molecular scale and aligned in the polymer matrix [156].



The authors suggested that the resulting homogeneous dispersion and preferential
alignment of graphene oxide sheets in PVA matrix combined with the strong interfacial
interactions are responsible for the much improved mechanical properties in the
nanocomposite films. In another case of solution-based process, intense ultrasonication
was employed to exfoliate graphite oxide materials into single-layer graphene oxide sheets
that results in better graphene oxide dispersion in the polymer matrix [157]. The effect of
ultrasonication of the solution with graphene oxide on the final mechanical properties of
GO-PVA nanocomposites was explored in another study [158]. Here, graphene oxide
solution treated under different ultrasonication conditions was then mixed with the PVA
solution, and stirred at room temperature. The ultrasonication time was considered as a
critical factor to determine the ultimate reinforcement in a nanocomposite system via the
controlled exfoliation of graphene oxide component. The fabrication of nanocomposites
with fully exfoliated graphene oxide sheets and maximum sheet size was demonstrated
for optimal ultrasonication power. Recently, Wajid et al. reported a comparative study of
a freeze drying and solution mixing strategies for highstrength conductive pristine
graphene/epoxy nanocomposites [159]. Aggregation-resistant polyvinlypyrrolidon (PVP)-
stabilized graphene dispersions have been obtained with the choice of the matrix in
consideration. The authors demonstrated that PVP modification can effectively stabilize
the graphene component and enhances the interfacial interactions between graphene filler
and matrix due to the polarity and affinity of the ring structure on PVP component.
Additionally, polymer-stabilized graphene dispersions in water can be freeze-dried and
then re-dispersed with stirring and sonication prior to the final curing process. The authors
reported that the ability to increase dispersion of graphene component led to enhanced
mechanical properties by about 40% at 0.46 vol% of graphene loading. Moreover, the
nanocomposites also showed a very low electrical percolation threshold at 0.088 vol% of
graphene content. Poly(?-caprolactone) (PCL) is a biodegradable and biocompatible
aliphatic polyester with good resistance to water, solvents and oil, which is synthesized
for biomedical and biomaterials applications [160]. Sayyar et al. reported a fabrication
route for obtaining graphenepolymer nanocomposites by covalent bonding of PCL and
well dispersed, chemically reduced graphene oxide for biodegradable tissue engineering
[160]. The covalently linked and chemically reduced graphene-based nanocomposite
showed improved mechanical properties and electrical conductivity for nanocomposites
with homogeneously dispersed graphene filler. The subsequent chemical bonding of the
components after rigorous solution mixing was critical for the stabilization of the finely
dispersed morphology and the strong interfacial bonding between components. A popular
semi-crystalline thermoplastic polymer, polypropylene (PP) is employed in capacitors
due to its outstanding dielectric properties. It has been demonstrated that the dielectric
constant of PP can be substantially modified if conductive graphene is incorporated. Wang
et al. developed a graphene-filled nanocomposites by mixing PP latex with graphene
oxide (Fig. 6) [161]. The reduced graphene oxide (rGO) mixed with PP matrix was prepared
through an emulsion polymerization followed by a in situ chemical reduction of graphene
oxide and a subsequent filtration. The introduction of latex-type morphology has been
recognized as a versatile and environmental friendly approach to fabricate polymer



nanocomposites with a fine dispersion and spatial stability as compared to traditional
melt mixing of bulk polymer components [161]. The rGO/PP nanocomposites prepared
by the emulsion method revealed the homogeneous dispersion of reduced graphene oxide
sheets in the PP matrix, which facilitates strong interactions at the interface (Fig. 6).
Moreover, an ultralow percolation threshold of 0.033 vol% was observed with the dielectric
permittivity of the nanocomposites increasing by three orders of magnitude above this
limit. In another study, Lalwani et al. reported a thermal crosslinking method for laminated
polymeric nanocomposites and investigated the efficacy of graphene nanostructures as
reinforcing agents for highly cross-linked nanocomposites [162]. Biodegradable and

Figure 6: (A) and (B) The formation from interconnected network of rGO and CNTs using PP latex as a
dispersing agent. (C) TEM image of PP/RGO/CNTs ternary system. (D) Schematic of strong
interactions between RGO and CNTs via stacking [169]. Copyright 2013. Reproduced with
permission from the Institute of Physics.



biocompatible nanocomposites have been prepared from polypropylene fumarate (PPF)
with very low concentration of reinforcing graphene component of 0.01–0.2 wt%. The
graphene oxide sheets have been dispersed under sonication as individual nanoparticles
in the PPF polymer matrix with high crosslinking density. The resulting nanocomposites
showed significantly improved mechanical properties, which were considered appropriate
for bone tissue engineering. 3.2. Examples of melt-based processing In a recent study,
melt mixing under a high shear force has been employed for the fabrication of graphene-
based nanocomposites with polylactide (PLA) and polyethylene terephthalate (PET) as
matrices [163–165]. As another example, elastomer/graphene platelets nanocomposites
have been developed by a melt compounding method [166]. Thick graphene platelets
(partially exfoliated materials) from graphite intercalated compounds obtained using
thermal shock followed by ultrasonication were exploited in this study. This material was
mixed with an elastomer – ethylene–propylene–diene monomer rubber (EPDM) using a
two-roll mill and then crosslinked through vulcanization. Increased graphitic contents
led to the enhanced tensile strength and reduced strain at fracture due to confinement
effects. Electrically and thermally conductive elastomeric nanocomposites have been
obtained with a modest percolation threshold. It has been demonstrated that the melt
extrusion process promotes the exfoliation of reduced graphene oxide in various polymer
matrices of different polarity, such as isotactic poly(propylene) (iPP), poly(styrene-co-
acrylonitrile) (SAN), polyamide 6 (PA6) and polycarbonate (PC), yielding thermoplastic
nanocomposites with uniformly dispersed graphene materials [167]. Similar to the
conventional expanded graphite, graphene oxide can be converted into thermally reduced
graphite oxide with very low bulk density by a rapid thermal heating process. In that
study, the reduced graphite oxide materials were obtained by oxidation of graphite
followed by thermal expansion at 600 °C. As a result, the functionalized graphene with
large specific surface areas of 600–950 m 2 g –1 exhibited exfoliation during processing.
Enhancement of the flame retardancy with addition of graphite oxide has been attributed
to the oxidation barrier of natural graphite and the graphite oxide [168]. To exploit this
phenomenon, graphite oxide with different oxidation degrees or graphene materials were
blended with PS matrix to serve as a flame retarding additive. Melt mixing the graphite
oxide and graphene with the PS was conducted under different melt-mixing conditions.
The incorporation of low concentration of graphene (5 wt%) showed the enhanced flame
retardant properties (increased by 50%) compared to the pristine PS material. Melt mixing
can be employed for post treatment after solution processing as described in a recent
study [169]. Song et al. presented PP nanocomposites with homogeneous dispersion of
CNTs and reduced graphene oxides obtained via a facile polymer-latex-coating. A
combination of this routine with subsequent melt-mixing has been considered for
developing an advanced hybrid nanocomposite. PP-based nanocomposites were obtained
by mixing graphite oxide and CNTs with PP latex (a waterbased emulation of maleic
anhydride grafted isotactic polypropylene), followed by a reduction of graphite component
to the partially reduced state. The ternary system of PP/rGO/CNTs showed a continuous
interconnected network of reduced graphite oxide and CNTs (Fig. 7) [169]. This processing
strategy enabled the uniform dispersion of two different carbon components that resulted



in remarkable multiple synergy in their mechanical properties, electrical and thermal
conductivity. The formation of the strong chemical bonding between graphene sheets
and polymer matrices via covalent interactions has been considered an attractive route
for the modification of functionalized graphene oxide components with mostly preserved
intrinsic structure and properties. In recent study, Gao et al. demonstrated the efficient
grafting of poly[(dimethylamino)ethyl methacrylate] (PDMAEMA) brushes onto graphene
oxide sheets via “grafting – from” process [170,171]. A two-step grafting methods included
a non-covalent modification of graphene oxide surfaces by pyrene terminated initiator
via?–? interaction followed by in situ surface-initiated atom transfer radical polymerization
(SI-ATRP) (Fig. 8). The resulting positively charged PDMAEMA brush layer has been
used for the modification of the negatively charged graphite oxide sheets to produce GO-
g-PDMAEMA hybrid fillers. These nanostructures exhibit zwitterionic behavior because
of the presence of different functional groups including phenol hydroxyl, carboxyl, and
amine groups and further demonstrated the ability of these composite systems to serve as
a template for metal nanoparticle synthesis [170]. Based on a similar brush-modification
approach, Shen et al. proposed an efficient strategy for the chemical modification of
graphene oxide sheets and demonstrated the preparation of polycarbonate (PC)/(GO-
epoxy) nanocomposites with strong interfacial interactions [172]. In this study, an epoxy-

Figure 7: The preparation from PDMAEMA-modified graphene oxide and charging state of the GO-g-
PDMAEMA composite at different pH values [170]. Copyright 2013. Reproduced with permission
from John Wiley & Sons Inc.



containing layer was coupled to graphene oxide sheets via the “grafting to” method and
then mixed with PC matrix by solution casting. In addition, terminal epoxide groups
were exploited to covalently connect two graphene oxide sheets together, which resulted
in the efficient crosslinking of graphite oxide layers via a coupling reaction. The residual
functionalized sites in the grafted epoxy chains also formed chemical bonds with the PC
matrix, leading to the enhanced mechanical properties of these nanocomposites. The high
pseudocapacitance of PANI arising from the versatile redox reactions and corresponding
color changes allow for use in electrochemical capacitors and for electrochromic
colorimetric applications [173,174]. Wei et al. described a facile electropolymerization
method for the preparation of PANI-graphite oxide nanocomposite films by
electrodeposition of aniline monomers in sulfuric acid solution onto indium tin oxide
(ITO) coated with graphite oxide. In another study, Zhu et al. reported the interfacial
polymerization method for the fabrication of PANI nanofibers with graphite oxide
materials with excellent interfacial strength and the enhanced specific surface area [175].
The elongated fibrous structures were synthesized via a facile surface initiated interfacial
polymerization method. A random growth of PANI fibers derived from the PANI coated
graphite oxide sheets were instrumental in enhanced interfacial strength. In an alternative
approach, Ning et al. reported the one-step template-free polymerization of 3D hybrid
materials composed of 2D fish scale-like PANI morphologies on graphene oxide sheets
and carbon nanotubes [176]. These multicomponent nanomaterials were synthesized by
a one-step process using a simplified template-free oxidative polymerization method. As
a result, complex 3D microstructures were assembled from hybrid PANI nanosheets

Figure 8: Fabrication from ordered and hierarchical multilayered graphene oxide-polyelectrolyte
nanomembranes via combination from LbL and LB techniques [3]. Copyright 2010. Reproduced
with permission from the American Chemical Society.



combined with graphite oxide sheets. In this approach, the graphite oxide sheets were
readily dispersed in an aqueous solution and further acted as nucleation sites for PANI
deposition to fabricate hybrid reinforcing elements. In situ polymerization has also been
demonstrated to provide another efficient means to help intercalate the graphene fillers
in diverse polymer matrices including PS, PMMA, polystyrene sulfonates (PSS), polyimides
(PI), and PET [177–179]. One study demonstrated graphene oxide/PI nanocomposites
based on 4,4-bisphenol A dianhydride, 4,4-oxydiphthalic anhydride, and diaminodiphenyl
methane (MDA) as comonomers [180]. In one example, the addition of a small amount of
graphite oxide component (0.03–0.12 wt%) was found to significantly improve the
mechanical properties of PI nanocomposites without a substantial decrease of film
transparency (sustained above 80% in 500–800 nm range). Overall, although solution and
melt mixing methods offer many benefits in the processing of graphenebased polymer
nanocomposite in terms of scalability and processing time, they are limited in the level of
control of the microstructure due to predominantly random distribution of the flexible
fillers during mixing process and their easily crumpling and folding. To obtain higher
ordering, uniform alignment, unfolded states, and control over the orientation of loaded
graphene sheets a step-wise LbL assembly considered in several recent studies is discussed
in the next section.

3.3. Layer-by-layer (LbL) assembly of graphene components

As is well known, LbL assembly is an efficient fabrication approach for the development
of ultrastrong and robust thin and ultrathin films, membranes, and coatings with high
strength, controlled adhesion, flexibility, and environmental stability [181–186]. These
organized layered assemblies can provide a route to precisely engineer the graphene-
polymer interface and control the distribution and content of graphene component on a
molecular level by alternating deposition of complementary components from graphene
filler suspension and polymer solution [75]. Furthermore, the morphology of the
nanocomposite films can be finely tuned by the deposition mode, solvent removal
procedure, or applied shear force through either direct dipping or spin and spray assisted
LbL methods. On the other hand, vacuum-assisted assembly employs micro-flow at the
filter/solution interface thus making the deposition process continuous [64]. However,
the vacuum-assisted method might not control precisely the arrangement of different
components in the resulting nanocomposite paper. To date, few studies have employed
LbL assembly for the fabrication of graphene-based nanocomposites. However, the use
of graphite oxide layered assemblies was demonstrated in 1996 for the intercalated
graphene oxide and poly (diallyldimethylammonium chloride) (PDDA) components [187].
The chemical and electrochemical postreduction led to conductive nanocomposite films
with high structural uniformity and chemical stability. In a later study, Kovtyukhova et
al. investigated multilayer assemblies by alternate adsorption of anionic colloidal graphene
oxide sheets and cationic poly (allylamine hydrochloride) (PAH) [188]. Multilayer films
have been formed by dip-assisted LbL assembly, which facilitated controlled coverage on
the substrate and low surface roughness. Cassagneau et al. reported multilayer assembly
of graphene oxide and polyelectrolytes (PDDA/GO/PEO) by a dipassisted LbL method



based on electrostatic and epitaxial adsorption of polymers for lithium ion battery electrode
applications [149]. Zhao et al. fabricated multilayer films of PVA and exfoliated graphene
oxide by a hydrogen bonding LbL method and measured their mechanical properties
[189]. The dipassisted LbL fabrication enabled the formation of the uniform ultrathin
multilayer nanofilms with high homogeneity in morphology and flake orientation and
led to a significant improvement of mechanical strength and a manifold increase of
nanocomposite strength with respect to the original polymer matrix. In recent
development, Zhu et al. compared the mechanical and electrical properties of the PVA/
rGO nanocomposites with the same composition fabricated by either dip-assisted LbL
assembly or vacuum-assisted method [190]. Their results revealed that the mechanical
properties are largely determined by the micro-morphology of the well-layered
nanocomposites, which is concluded from the almost identical mechanical properties of
both series of samples. On the other hand, the electrical conductivities are predominantly
affected by the dispersed nanostructures because the transportation of electrons is
predominantly dependent on the tunneling barrier among the finely distributed conductive
components. Recently, Li and coworkers fabricated hybrid multilayered films based on
negatively charged graphene oxide nanosheets and polyoxometalate clusters with cationic
polyelectrolytes using traditional dip-assisted electrostatic LbL assembly [113]. Film
formation was followed by UV photoreduction of graphene oxide sheets by taking
advantage of the photocatalytic activity of embedded clusters without the use of toxic
chemicals. This approach enabled the formation of uniform and large-area nanocomposite
films with precisely controlled thickness on various substrates by varying the number of
deposited graphene oxide layers. In a study from our group, ultrathin free-standing
graphene oxide/polyelectrolyte multilayers were fabricated based synthetic
polyelectrolytes (PSS/PAH) by a spin-assisted LbL assembly in a combination with
Langmuir Blodgett (LB) deposition (Fig. 9) [3]. This combined LbL-LB fabrication strategy
facilitated the fabrication of a highly integrated nanocomposite membrane with large lateral
dimensions (centimeters) and a thickness of around 50 nm by suppressing wrinkling and
folding of graphene oxide sheets during deposition procedure. Micromechanical
measurements on these freely suspended nanocomposite membranes revealed dramatic
enhancement of the mechanical properties with the elastic modulus increased by an order
of magnitude to about 20 GPa at only 8.0 vol% graphene oxide loading content (see more
discussion below) [3]. In subsequent study, Hu et al. demonstrated ultrathin, robust
nanocomposite papers obtained with spin-assisted LbL assembly by incorporating
graphene oxide sheets into silk fibroin matrix through heterogeneous surface interactions
[64]. Remarkable mechanical properties of these LbL membranes were attributed to the
effective coupling of the graphene oxide filler with the silk fibroin matrix. Both polar
random silk domains and the hydrophobic ˇ-sheet nanocrystals interact with oxidized
and graphitic regions of graphene oxide sheets via all hydrogen bonding, polarpolar, and
hydrophobic–hydrophobic interactions. In another example, conductive nanocomposite
films from PS microspheres wrapped by graphene oxide sheets were prepared via LbL
assembly followed by graphite oxide reduction [191]. The nanocomposite films with a
graphene conductive network were fabricated by hot pressing graphene-wrapped PS



Figure 9: AFM topography (left) and phase (right) of (a and b) GO/PS 28 P2VP 28 star copolymer at pH 2
for surface pressures of 15 mN/m; (c) the height profile of corresponding topography image; (d)
FFT of domain morphologies for A and B regions from Fig. 10b. z-scale: 5 nm (topography) and
30° (phase) [192]. Copyright 2013. Reproduced with permission from the American Chemical
Society.



microspheres into thin films with network-like morphology. The use of PS polymer latex
facilitated the uniformity of the graphene filler distribution in the polymer matrix. The
combination of latex technology and LbL assembly offers a facile, efficient, and
environmentally friendly method for the fabrication of electrically conductive graphene/
PS nanocomposites with well-developed network morphology. Supramolecular self-
assembly has also been recognized as a method to enhance the interfacial adhesion based
on diverse chemical functionality [192]. An interfacemediated assembly method has been
exploited for the fabrication of micelle-decorated graphene oxide sheets with ordered
polymer morphology. Amphiphilic heteroarm star copolymers (PS n P2VP n and PS n
(P2VP-b-PtBA) n (n = 28 arms)) were adsorbed on the pre-suspended graphene oxide
sheets at the air-water interface due to the peculiar surface activity of graphene oxide
sheets. The resulting nanocomposites were composed of flat graphene oxide sheets
uniformly covered with a highly ordered and discrete assemblies of unimolecular micelles
of amphiphilic star macromolecules in pancake conformation. This organized morphology
of polymer material at graphene oxide sheets has been attributed to the strong affinity
among positively charged pyridine groups of star polymers onto the negatively charged
basal plane and the edges of graphene oxide (Fig. 10). Nanocomposites of PVA matrix
with functionalized (sulfonated) graphene oxide components show fibrillar, dendritic and
rod like structures under different processing conditions [193]. Since reduced graphene
oxide has a limited dispersion in aqueous medium, the anchoring of –SO 3 H group on
the graphene oxide surface prior to chemical reduction with hydrazine offers a promising
method for producing a highly conducting and dispersible graphene-based materials in
an aqueous medium. The fibrillar morphology, highly branched dendritic morphology,
and rod-like structures were all observed due to hydrogen-bonded controlled
supramolecular organization with different balances of interfacial interactions. To follow
the preceding discussion of various processing routines, in the next section, we consider
the mechanical properties of resulting nanocomposites in conjunction with their
composition, morphology, and processing conditions.

Figure 10:Representative dispersing scenarios of laminated nanofillers in polymer matrix [199]. Copyright
2012. Reproduced with permission from InTech.



4. Mechanical properties of graphene-polymer nanocomposites

It is well known that strong mechanical interfaces are critical for the fabrication of tough
nanocomposites as has been briefly been discussed above [194,195]. Carbon nanomaterials
also offer an advantage of fabricating multi-functional nanocomposites with high electrical
and thermal conductivities along with strong mechanical properties. The most important
factor along with the increased specific interfacial area is the control of the stress transfer
across the interface, which can be achieved by means of covalent bonding, electrostatic
interactions, hydrogen bonding, or van der Waals interactions [196–198]. It is expected
that the strength of the filler material would dominate the properties of the nanocomposite
material but, in fact, it is the interfacial strength that usually controls the ultimate
mechanical properties. Fine dispersion of a reinforcing component determines the high
specific interfacial area. Poor dispersion and excessive aggregation of the carbon
nanomaterials in the polymer matrix results in a decreased interfacial area along with
weaken interfaces thereby leading to poor mechanical properties. Fig. 11 shows the
different scenarios encountered during polymer nanocomposite fabrication with laminated
reinforcing materials [199]. It is widely accepted that the efficient exfoliation of stacked
laminates followed by intercalation can improve the interfacial strength and dramatically
rise the interfacial area thus leading to stronger nanocomposite materials. Efficient
intercalation can lead to stronger interfacial interactions and a localized improvement in
the properties. Thus, a uniform dispersion and exfoliation of graphitic components inside
the polymer matrix are important for improved performance. Carbon nanomaterials are
usually difficult to disperse in the polymer matrix and their simple mixing results in the
formation of a weak interface and significant aggregation, leading to poor mechanical

Figure 11:Schemes of the esterification, crosslinking, and reduction from the graphene oxide nanocomposites
and corresponding changes of mechanical properties [112]. Copyright 2013. Reproduced with
permission from John Wiley & Sons Inc.



properties if special efforts are not applied [200,201]. Most frequently, carbon nanomaterials
are functionalized to ease the dispersion and improve the chemical interactions with the
polymer matrix. Numerous studies on functionalization of the carbon materials have been
reported [132,202,203]. Nevertheless, the properties of these nanocomposites still falls short
of the expected characteristics, considering the superior properties of many nanofillers.
Theoretically, it is not possible to achieve a complete stress transfer across the interface,
but a strong interface with the efficient stress transfer is essential to maximize the
mechanical strength [204]. However, further development might be hindered due to a
poor dispersion of these reinforcing nanostructures within the polymer matrix. The
mechanical properties of a nanocomposite material are judged based on the enhancement
of the performance as characterized by the elastic modulus, tensile strength, elongation,
and toughness [205]. It is difficult to obtain a multicomponent material exhibiting record
values for all these factors due to conflicting reinforcing mechanisms. Usually, efforts to
improve one of these characteristics show an adverse effect on the other factors. Thus,
selective improvement of one or more of these mechanical characteristics is usually
considered as a priority depending on a specific end-application. Many applications require
high toughness thus requiring a balance between increasing mechanical strength, elastic
modulus, and the preservation of materials compliance. Considering that toughness relates
to overall energy dissipation and is formally evaluated by the area under the stress–stain
curve, a material that can withstand high stress under maximum elongation will possess
the highest toughness. Adding stiff nanofillers and tailoring strong polymer-filler
interactions, a usual routine for reinforcement, frequently results in higher elastic modulus
and mechanical strength but lower ultimate elongation. However, more compliant
interfacial interactions might result in a slippage mechanism to be activated at the polymer-
filler interface well before the ultimate fracture. The materials would eventually fail under
higher load and thus demonstrates higher toughness. Consequently, finding the optimum
combination of reinforcing and deformational mechanisms should be carefully considered
for the design of graphene-polymer nanocomposites with ultimate mechanical
performance. Graphene-based derivatives are mechanically strong but flexible that makes
them an ideal nanofiller component for the fabrication of high-performance multi-
functional polymer nanocomposites with high toughness [70,130]. Graphene oxide
components incorporated into different polymer matrices might result in a dramatic
improvement in the mechanical properties such as elastic modulus, tensile strength,
elongation, and toughness. A high level of dispersion and a rich balance of interfacial
interactions play key roles, as will be illustrated in the following with selected examples
from recent studies.

4.1. Graphene papers

Graphene oxide sheets can be assembled into highly layered “paper” as fabricated by a
vacuum-assisted assembly technique [97,112,130,131]. These popular strong “paper”
materials show very good mechanical properties including elastic modulus of 30–40 GPa,
strength of 120 MPa, and toughness of 0.26 MJ m –3 [130]. Chen et al. reported similar
paper materials using reduced graphene oxide and achieved 300 MPa ultimate strength,



around 40 GPa elastic modulus, and higher toughness of 1.22 MJ m –3 [206]. However,
despite these examples, the ultimate values reported are still well below those of the pristine
graphene oxide materials or predicted by mechanical models. Furthermore, the reported
mechanical properties of the graphene oxide papers are frequently divergent, inconsistent,
poorly reproducible, and difficult to control [131,207]. In the original graphene paper
materials, water molecules were considered to be intercalated between the graphene oxide
flakes [131]. Submolecular water layers are suggested to act as a binder, which enables
the hydrogen bonding network between water molecules and the oxygen-containing
functionalities on the surface of the graphene oxide, thereby, linking the neighboring
flakes together. However, hydrogen bonding represents weak forces compared to ionic
or covalent interactions and even a high density of the bonding network might be
compromised by a high mobility of small molecules. Moreover, an excessive amount of
water can act as a plasticizer or lubricant in the layered graphene oxide paper that can
compromise its mechanical strength. As an alternative option, borate-assisted crosslinking
of graphene oxide paper has been suggested to fabricate extremely strong, yet, brittle
materials [95]. Additional crosslinking of graphene oxide sheets in the multi-layered papers
has been suggested to improve mechanical performance [97,112,208]. It is plausible to
employ flexible polymers with proper functionalities as the binder in graphene oxide
materials with various oxidized surface functionalities. For example, the carboxyl
functional groups primarily located around the edge of the graphene oxide flakes are
available for chemical crosslinking with amine groups to reinforce the inter-flake binding.
Cheng et al. reported successful crosslinking of graphene oxide flakes with 10, 12-
pentacosadiyn-1-ol (PCDO) monomers via esterification (Fig. 12a) [112]. The monomers
can be polymerized after intercalation to form a conjugated polymer with an integrated
network of covalently bonded graphene oxide sheets. The resulting material in this study
is significantly tougher than the regular graphene/graphene oxide based polymeric
nanocomposites without crosslinking. The toughness reached a record value of about 3.0
MJ m –3 , with a 120 MPa tensile strength, and significant, 5%, elongation to break. The
authors attributed such outstanding mechanical properties to multiple strengthening
mechanisms, including hydrogen bonding, entropic elasticity of the polymeric binders,
covalent bonding between the graphene oxide and the polymer, as well as between
polymer chains. The chemical reduction of graphene oxide further improved the
mechanical properties of the nanocomposite, resulting in a tensile strength of about 160
MPa, 8% elongation to break, and around 4.0 MJ m –3 toughness (Fig. 12). The crosslinking
through the edge functionalities is inspiring because such reinforcement maintains the
hydrogen bonds. This network acts at the initial stress thus facilitating large flexibility
and compliance with covalent bonding adding strength at small strain. The synergistic
strategy employed in this research is important for developing robust graphene-based
polymer nanocomposites. A recent study employed silk fibroin as a biopolymeric binder
to crosslink the graphene oxide flakes with a highly ordered layered morphology (Fig. 13)
[105]. Heterogeneous functionalities of silk fibroin multidomain backbones act as a natural
“universal” binder with hydrophobic–hydrophilic interactions, which matches random
oxidized domains and graphitic functionalities on the surfaces of graphene oxide flakes.



Figure 12:The morphology of the non-reduced (a) and partially reduced (b) graphene oxide-silk fibroin
nanocomposite films. (c) XPS C1s spectrum and (d) stress–strain curves of the reduced graphene
oxide nanocomposite films. (e) Raman mapping of the I d /I g ratio shows distinct boarder between
the reduced and intact area of GO. (f) Digital photograph shows the uniformity and high resolution
from the reduced pattern (shiny silver, approximate diameter: 40 mm) [105]. Copyright 2013.
Reproduced with permission from John Wiley & Sons Inc.



Such a balance facilitates the outstanding mechanical properties of the layered
nanocomposites, greatly improving the ultimate strength, strain-to-failure, elastic modulus,
and toughness of the graphene-silk nanocomposite films to the value of 150 MPa, 2.8%, 14
GPa, and 2.7 MJ m –3 respectively by intercalating only 5 wt% of silk fibroin. Further
reinforcement of nanocomposite films can be realized by controlled conditions to reduce
the graphene oxide sheets using a green and facile aluminum reduction strategy, with a
defined depth and pattern of microscopic regions [105]. The toughness of the chemically
reduced graphene nanocomposite films was not compromised as a result of this treatment,
but the strength increased by 100%, to above 300 MPa, and the elastic modulus increased
to 26 GPa (Fig. 13). Patterning of the reduced graphene oxide surface has also been
demonstrated with high resolution and uniformity for a large area (Fig. 13e and f). The
mild and environmental friendly strategy to restore the electrical properties and
dramatically improve the mechanical properties introduced in this study can be widely
applied to almost all graphene oxide based nanocomposite materials without the concern
of excessive damage of the polymeric binders that is always a critical issue if the traditional
harsh and toxic reducing techniques are employed. Park et al. reported robust paper
materials from graphene oxide sheets crosslinked by polyallylamine (PAA) [97]. PAA
contains periodic reactive amine groups along the polymer backbones which are ready to
react with the oxygen-containing functionalities on graphene oxide surfaces (Fig. 14a). By
adding 21% of PAA in the graphene oxide suspension and by employing extensive
sonication, the homogeneous mixture can be initially formed. After filtration of this
suspension, uniform paper-like morphologies can be achieved. The mechanical properties
of the PAA-cross-linked graphene oxide paper are somewhat improved as compared to
the non-modified graphene oxide paper (Fig. 14). The ultimate stress increased from 82
MPa to 91 MPa, whereas the ultimate strain slightly decreased from 0.4% to 0.32%. A
significant improvement was observed in the elastic modulus values of the nanocomposites
as well. The elastic modulus measured at three different stages of loading (i.e., initial,
straightening, and maximum) was significantly higher for the graphene oxide paper with
PAAmodified components, reaching the highest value of 33 GPa (Fig. 14b). The authors
suggested that the modification of graphene oxide with a PAA component is critical for
efficient mechanical reinforcement by chemical crosslinking, but the overall reinforcing
effect is modest when compared to the other results reported in literature. The subdued
effect on the mechanical properties of the PAA-crosslinked graphene-polymer
nanocomposites may be due to macroscopic aggregation caused by the strong chemical
interactions between PAA and graphene oxide materials. In order to obtain a homogeneous
dispersion to assure uniform morphology, the initial mixture underwent extensive
sonication. It is suggested that during the sonication the graphene oxide flakes are broken
into smaller pieces, which undermines the strength characteristics of the resulting
nanocomposites. Nevertheless, although the dispersion is more homogeneous after
sonication, the presence of small aggregated nanoparticles compromises the final
mechanical performance. Similar results have been reported by Tian et al., who used
polyethyleneimine (PEI) polymer to crosslink dopamine-functionalized graphene oxide
materials [208]. The paper-like materials fabricated by vacuum-assisted assembly were



Figure 13:(a) XPS spectra of the graphene oxide paper and the PAA modified graphene oxide paper, showing
effective chemical crosslinking; (b) stress–strain curves of the PAA modified and pristine graphene
oxide papers, respectively [97]. Copyright 2009. Reproduced with permission from the American
Chemical Society.

Figure 14:The chemical structure and SEM morphologies of the graphene oxide paper before (a) and after
(b) PEI crosslinking. (c) Summary of the mechanical performance of the PEI crosslinked graphene
oxide paper [208]. Copyright 2013. Reproduced with permission from John Wiley & Sons Inc.

additionally crosslinked with relatively high, 30%, PEI content. These crosslinked papers
showed very high elastic modulus of about 100 GPa and excellent ultimate mechanical



strength of 210 MPa. However, the ultimate strain of these crosslinked nanocomposites
significantly decreased to around 0.2% due to the inevitable dense and poorly deformable
covalent chemical crosslinking network with low molar weight component (Fig. 15).

4.2. Graphene-polymer nanocomposites with weak interfacial interactions

Another strategy for toughening the graphene oxidepolymer nanocomposites is employing
restorable network rather than permanent covalent bonding. Hydrogen bonding,
hydrophobic interactions, electrostatic attractions, and polar-polar interactions with the
potential of self-restoration and large deformation are considered for this purpose (Table
1). The network of such multiple weak interactions can facilitate significant reinforcement
and compensate the weaker individual bindings. Elastomeric synthetic and biological

Figure 15:Representative stress–strain curve (a) of the graphene oxide-polyelectrolyte nanomembranes and
the effect of graphene oxide content on the mechanical properties: (b) ultimate strain, (c) ultimate
stress, and (d) toughness [3]. Copyright 2010. Reproduced with permission from the American
Chemical Society.



materials might be efficient binders due to their wide spectrum of chemical compositions
and functions. In addition, their easy processability, high mobility, and conformational
flexibility are important advantageous features. In recent study, Kulkarni et al. exploited
electrostatic interactions to bind the negatively charged graphene oxide sheets and
oppositely charged polyelectrolyte multilayers [3,132]. Negatively charged monolayer
graphene oxide flakes in high concentration (60% of surface coverage) were incorporated
into the polyelectrolyte matrix without folding and wrinkling (Fig. 9). The multiple
electrostatic interactions at the graphene oxide-polyelectrolyte interface resulted in a
significant toughening the ultrathin membrane by 500%, from 0.4 MJ m –3 to a high value
of 1.9 MJ m –3 (Fig. 16) [3]. The application of LbL assembly significantly increased the
interaction area of the two components, thus optimizing the stress transfer during large
strain. The content of graphene oxide required to achieve the optimum toughness was
only 3.3 vol%, owing to the high density of electrostatic interactions and the ability to
restore the interactions under large strains. Meanwhile, the elastic modulus value increased
by 8fold to 18 GPa; the ultimate stress increased by 120% to 130 MPa, and the ultimate
strain increased by 50–2.3% (Fig. 16). The increase in strain is unusual for graphene oxide
reinforced polymeric materials because the ultrastrong graphene oxide tends to make the
nanocomposite brittle. However, in this case, the interactions are either too strong (e.g.,
covalent bonding) or too weak (e.g., van der Waals force), facilitating the stress distribution
and the constituent reorganization. Utilizing moderate, but high density interactions to
bind graphene oxide and the polymeric component is a plausible philosophy to develop
nanocomposites with balanced mechanical properties. The formation of hydrogen bonding
networking is the most utilized reinforcement mechanism for the integration of graphene
oxide component in various polymeric matrices. Putz et al. compared the effect of the
incorporation of graphene oxide nanofillers in the matrices of such different matrices as
PVA (hydrophilic) and PMMA (hydrophobic) [209]. Due to the contrasting hydrophobicity
of these matrices, the reinforcing effects caused by the addition of graphene oxide are
very different. As 64% of graphene oxide is added to the hydrophilic PVA matrix, the
strong hydrogen bonding networking results in dramatically increased elastic modulus
of 36 GPa and significantly improved tensile strength of 80 MPa (Fig. 17a). However, the
strain to failure of these nanocomposites plunged from 14.2% to 0.25%, indicating stiffening
of the reinforced material. The change in mechanical properties is attributed to the strong
hydrogen bonding between PVA matrix and graphene oxide. In contrast, for the
hydrophobic PMMA matrix, the hydrogen bonding is much weaker because the PMMA
molecules can only serve as hydrogen bond acceptors through the ester oxygen. As a
result, the Young’s modulus of the 68% graphene oxide filled PMMA matrix is very modest,
around 6 GPa (Fig. 17). On the other hand, the ultimate strain is higher, around 2.6%
(Fig. 17). In different study, Li et al. reported the effect of addition of a small content of
graphene oxide in PVA and the load transfer using polarized Raman spectroscopy [210].
Addition of 3% of graphene oxide to the PVA matrix caused a modest increase in the
storage modulus value by 50% to around 6 GPa. On the other hand, the ultimate strength
increased by 100% to 60 MPa with minimal compromise of the ultimate strain (decreased
from 180% to 155%). Furthermore, the authors have employed Raman spectroscopy to



Figure 16:Storage moduli and tensile strengths of: (A) PVA-based and (B) PMMA-based nanocomposites.
The average and maximum values are shown by the white and shaded bars, respectively [209].
Copyright 2010. Reproduced with permission from John Wiley & Sons Inc.

Figure 17:Shift of the D band position with strain to the PVA-graphene oxide nanocomposite for loading
and unloading [210]. Copyright 2013. Reproduced with permission from the American Chemical
Society.



understand the stress development in these nanocomposites and observed the shift of the
D band of graphene oxide material as a function of engineering strain (Fig. 18). The D
band of the graphene oxide embedded in the nanocomposite shifted linearly and reversibly
from 1334 cm –1 to 1326 cm –1 when 1.0% strain was applied, indicating good interfacial
transfer between the nanofiller and the matrix (Fig. 18) [210]. The calculated modulus
value for graphene oxide is much smaller than the nominal value of 250 GPa. The use of
Raman spectroscopy to monitor the strain in the nanocomposite is important for the
understanding of the load transfer between graphene oxide sheets and polymer matrices.
Xu et al. also reported the mechanical strengthening of reduced graphene oxide to the
PDMS matrix using Raman spectroscopy [211]. The authors demonstrated that the elastic
modulus, toughness, damping capability, and strain energy density were all increased by
42%, 39%, 673%, and 43%, respectively, with the addition of only 1% graphene component.
Also, a G band shift rate in Raman measurements of 11.2 cm –1 per 1% strain for
compression and 4.2 cm –1 per 1% strain for tensile stress was observed for these
nanocomposites. These values are much higher than the common values reported for the
graphene sheets embedded in PDMS matrix [212]. The higher shift rate of the Raman
bands in this study was primarily attributed to the efficient bonding of monolayers of
reduced graphene oxide sheets to the hydrophobic PDMS matrix in contrast to the stacked
graphitic platelets. Hu et al. reported on the ultra-strong graphene oxide nanocomposites
fabricated by LbL assembly by using silk fibroin as a novel binder as was introduced
above [64]. The ultimate stress was estimated to be above 300 MPa, which was a 2-fold
increase compared to the silk fibroin films. The toughness was also boosted to 2.8 MJ m –
3 , and the elastic modulus reached an extremely high value of about 150 GPa (Fig. 19).
The mechanical properties of these nanocomposites were much higher than those measured
for the individual components, and moreover, the elastic modulus of the nanocomposite
films was higher than the predicted values of the well-established models (Fig. 19). Such
a significant reinforcement was attributed to the complementary heterogeneous nature of
the interactions between graphene oxide and silk fibroin that resulted in the formation of
finely distribute silk molecules on graphene oxide flakes (Fig. 19). Adequate prediction of
the mechanical performance of such nanocomposite materials was suggested by
introducing a continuous interphase layer between the two components. The interphase
region with gradual variation of silk matrix properties in the graphene oxide-silk fibroin
nanocomposite was calculated to be a little less than 1 nm in thickness (Fig. 19b). Thus,
the contribution of the interphase layer (reinforcing about 1/3 of total silk matrix) was
significantly improved to the overall mechanical properties, which are well beyond those
predicted by traditional mechanical models with sharp interfaces. Interaction of graphene
oxide with the polymer matrices can be enhanced by chemical functionalization of
graphene oxide surfaces. In order to crosslink epoxy resin with graphene oxide, Bao et al.
functionalized graphene oxide surface with hexachlorocyclotriphosphazene and glycidol
treatment to graft chains with epoxide groups [17]. The functionalized graphene oxide
was mixed with epoxy oligomer and polymerized in situ to fabricate dispersed and
crosslinked morphologies. The resulting highly crosslinked nanocomposites with only
2% graphene oxide content showed an improvement in elastic modulus from 1.5 GPa to



3.2 GPa. The ultimate strength also improved to 217 MPa when 4% graphene oxide was
added. In another recent study, a solution of graphene oxide was mixed with ultra-high
molecular weight polyethylene (PE) and hot pressed to prepare a composite film [213].
Addition of small quantities of graphene oxide increased the mechanical properties of the
neat PE films with the composite having 0.5 wt% graphene oxide showing the best tensile
strength. Moreover, the biocompatibility of these nanocomposites was tested and no
negative effect on the cell growth was observed.

Figure 18:(a) Elastic moduli of the graphene oxide-silk fibroin nanocomposite versus GO content and (b) the
interphase modulus transition model (distribution from modulus across GO-silk region). (c)
Representative stress–strain curves. (d) AFM phase image of the silk fibroin adsorbed on graphene
oxide flake [64]. Copyright 2013. Reproduced with permission from John Wiley & Sons Inc.



4.3. Incorporation of graphene into nanocomposites

To date, very few results have been reported on the fabrication of polymer nanocomposites
with a pristine graphene component. This is primarily due to the chemical inertness of
graphitic surfaces and difficulties in the exfoliation. Graphene is highly hydrophobic and
non-dispersable in most conventional organic solvents, which is another challenge for
materials processing. The range of interactions between graphene and various polymer
matrices is very limited as well. Hydrophobic–hydrophobic interactions and ?–? stacking
are usually employed to enhance interfacial interactions with proper polymer matrices
like PS but they are not extremely strong [110]. Laaksonen et al. reported graphene-
nanofibrillated cellulose (NFC) nanocomposites as mechanically robust materials [214].
The approach employed genetically engineered materials to match the properties of the
two components, which opens wide opportunities for the field of bio-nanocomposites.
The authors exploited a diblock protein, which can bind graphene layers through
hydrophobic interactions and cellulose fibrils with biological terminal group, to crosslink
the different components (Fig. 20). The elastic modulus, ultimate strength and toughness
increased to 20 GPa, 280 MPa, and about 5 MJ m –3 , respectively, with only 1.25 wt%
graphene added (Fig. 20d–f). Virtually all polymeric materials can be engineered to fit in
this strategy and bond strongly with graphene. However, the genetic modification requires
significant synthetic efforts and long term screening and purification procedures. Another
approach for the incorporation of graphene components into polymeric matrices is the in
situ reduction of graphene oxide. Li et al. reported graphene-PVA nanocomposites through
mixing of graphene oxide suspension and PVA solution [215]. The mechanical properties
of the nanocomposite were already excellent even before chemical reduction of graphene
oxide component with the ultimate stress and ultimate strain reaching 120 MPa and 1.2%,
respectively. After HI reduction, the ultimate stress, ultimate strain and stiffness increased
significantlyto 190 MPa, 2.6%, 11 GPa, respectively. The reinforcement is claimed to be
strong because of the restoration of the defected carbon network and the reduction of the
interlayer spacing after the chemical reduction of graphene oxide. However, the real
reinforcing mechanism is still unclear because the strength of the affinity between PVA
matrix and the reduced graphene oxide which is hydrophobic is not clarified.

4.4. Hydrogels reinforced by graphene derivatives

Hydrogels are known for their wide applications, including tissue engineering, drug
delivery, and energy storage owing to their large specific surface area, high compliance,
responsive behavior, and biocompatibility [216–222]. In particular, polymer hydrogels
are promising for biomedical applications including controlled drug release, enzyme
immobilization, sensors and actuators, and as tissue culture substrates. However,
conventional hydrogels show modest mechanical properties such as low mechanical
strength and low elastic modulus. Thus, significant effort is devoted to improving
mechanical properties (mostly mechanical strength and toughness) of the hydrogels by
employing organic and inorganic crosslinkers, hydrophilic silica particles, and
functionalized clay nanoplatelets as reinforcing agents. Recent studies have reported the
incorporation of graphene and graphene oxide into hydrogels. In particular, Shen et al.



reported the fabrication of graphene oxide-PAA hydrogels and investigated the
mechanical, thermal, and swelling behavior of these reinforced hydrogels (Fig. 21) [223].
The functional groups on the graphene oxide surface were used as anchoring sites for the
in situ polymerization of PAA matrix by N,N-methylenebisacrylamide (BIS). Moreover,
the oxygenated functionalities also enabled the formation of the network of hydrogen
bonds of graphene oxide with the compliant PAA matrix. The analysis of the stress–strain
behavior of the hydrogels fabricated with and without the graphene oxide component
showed that the incorporation of grapheneoxide sheets resulted in a significant increase
in the elongation to break up to 300% (Fig. 21). Also, the nanocomposite PAA hydrogels
with graphene oxide were found to be more ductile and capable of sustaining large
deformation and complex shear force fields. The simultaneous increase in the mechanical
strength and ductility was attributed to the strength and flexibility of graphene oxide
components. Poly (N-isopropylacrylamide) (PNIPAAm) is a material of choice for
thermoresponsive applications owing to the ability of polymer chains to undergo a
reversible coil-to-globule transition at the Lower Critical Solution Temperature (LCST)
[224–227]. PNIPAAm is considered for biomedical applications such as drug delivery
ondemand. However, the poor mechanical properties with low compressive modulus and
poor elastic recovery limit its use. Thus, graphene-based PNIPAAm nanocomposites have
gained attention as a prospective material exhibiting enhanced mechanical properties along
with high temperature sensitivity. Thermoresponsive graphene-nanocomposite PNIPAAm
hydrogels were fabricated by Mariani et al. [228]. Graphene was dispersed in N-methyl
pyrrolidone by subjecting graphite to ultrasound treatment. The resulting solution was mixed
with NiPAAm monomer and polymerized using a frontal polymerization technique.
Mechanical analysis of the resulting nanocomposites revealed that the addition of graphene
into the hydrogel matrix resulted in a material with thermoplastic behavior. The storage
modulus and viscosity of hydrogels increased with increasing graphene content; however,
at higher concentrations, a significant decrease in the mechanical strength of these
nanocomposites was observed, possibly due to slippage of the sheets at higher loading
rates. In another study, pH-responsive and thermalresponsive graphene oxide hydrogels
have been fabricated by covalently attaching graphene oxide sheets to PNIPAMco-AA
microgels in water [229]. However, the mechanical properties of these reinforced hydrogels
were not mentioned. Hydrogels made from conducting polymers such as polypyrrole (PPy)
can be promising for electrochemical and energy storage applications. Shi et al. demonstrated
the fabrication of graphene oxide-PPy hydrogels using in situ polymerization of monomer
in graphene oxide solution and tested their electrical properties (Fig. 22) [230]. Graphene
oxide components, known for their effective gelation properties, are expected to have a
strong interaction with the conducting polymer, resulting in a cross-linked network. Indeed,
the hydrogels showed a frequency independent storage modulus and the values were much
higher than the loss modulus suggesting the fabrication of strong hydrogels (Fig. 22). These
hydrogels were much stronger than the other graphene oxide basedhydrogels reported in
literature due to the strong ?–? interactions between the graphene oxide and PPY matrix.
The enhanced crosslinking and the high moduli of conjugated polymer with a stiff backbone
both contributed to improved mechanical performance.



Figure 19:(a)–(c) The assembly of the graphene-NFC nanocomposites; (d)–(f) mechanical properties of the
graphene nanocomposites: Young’s modulus (YM), work of fracture (WOF), and ultimate tensile
stress (UTS) versus the weight fraction from graphene in the nanocomposite, respectively [214].
Copyright 2011. Reproduced with permission from John Wiley & Sons Inc.



Figure 20:(a) Scheme of the crosslinked gel network consists of graphene, BIS, and PAA; (b) stress–strain
curves of PAA gels with different combinations of GO and BIS contents. The inset shows the
photographs of BIS-gel and GO-BIS gel from left to right, respectively [223]. Copyright 2012.
Reproduced with permission from the Royal Society of Chemistry.

Figure 21:(a) TEM of a GO/PPy nanocomposite sheet with platinium nanoparticles embedded, (b) I–V curve
of a lyophilized GO/PPy hydrogel, (c) cyclic voltammograms of GO/PPyl hydrogel in 0.1 M
LiClO 4 at different scan rates, and (d) Ammonia gas sensing performance of three devices with
different sensing elements [230]. Copyright 2011. Reproduced with permission from the Royal
Society of Chemistry.



5. Other functional properties and applications

Beside the strong mechanical performance which has been discussed in the preceding,
graphene materials play a critical role in the fabrication of polymer nanocomposites with
novel functionalities. Most important functionalities addressed in current studies are
enhanced optical, electrical, thermal, or barrier properties. To date, graphene components
have been included in a variety of polymer matrices such as epoxy polymers, PS, PANI,
Nafion, and poly (3,4-ethyldioxythiophene) to fabricate nanocomposites with new
functionalities [231–233]. The percolation threshold, conductivity, and mechanical
properties of the nanocomposites were tested for prospective applications, including
supercapacitors, transparent conducting electrodes, gas barrier membranes, and biosensors
[147,234–236]. To improve the functional performance of the nanocomposite, efficient
uniform dispersion of the graphene components inside the polymer matrix without
aggregation should be implemented. This is a challenging task for potentially functional
matrices similarly to those discussed above for mechanical performance. For example, as
was mentioned in the preceding, inert graphene isdifficult to disperse in commonly used
organic solvents and also in the functionalized polymer matrices. Thus, efforts to employ

Figure 22:(a) LbL assembly of PEI-GO nanocomposites as gas barrier films. Oxygen transmission rate of
PEI-GO composites assembled on PET, measured at 23 æ% C under (b) 0% RH and (c) 100% RH
[253]. Copyright 2013. Reproduced with permission from John Wiley & Sons Inc.



reduced graphene oxide or decorate the surface of graphene or graphene oxides with
different functionalities are needed for improving the dispersibility and functionality
[70,235,237].

5.1. Graphene-polymer nanocomposites for sensing applications

In one of the earlier studies, reduced graphene oxide was mixed with Nafion, a well-
known material [238]. The resulting mixed solution was to fabricate an electrochemically
active polymer nanocomposite. These materials were used as a sensing platform to detect
trace levels of toxic elements, such as lead and cadmium. It was observed that the resulting
Nafion-reduced graphene oxide films possess a high sensitivity toward metal ions and
exhibit an improved detection limit of 0.02 ?g L –1 for selected metal ions. Graphene-
PANI nanocomposites have also been fabricated for hydrogen sensing applications [239].
Hydrogen sensing of the nanocomposite material was compared with that of PANI
nanofibers and graphene sheets. The nanocomposite films were found to have a much
higher sensitivity for hydrogen gas detection than films fabricated solely from graphene
sheets or PANI nanofibers. In another study, graphene oxide-PP nanocomposites have
further been fabricated by polymerization of pyrrole in graphene oxide solution [230].
These hydrogels were used as a sensing element in a chemoresistor structures to detect
ammonia gas. The lyophilized graphene oxide-PP composites showed a good sensitivity
toward ammonia with a 40% increase in sensitivity. Several recent developments include
the fabrication of multicomponent polymer nanocomposites from silica and other oxide
particles coated with graphene oxide for detection of dopamine [240] and monitoring of
mammalian nervous cells, proteins and Escherichia coli cells [241–243]; conducting reduced
graphene oxide-polymer with high barrier and gas sensing properties [244,245] and
electrochemical sensing of isomers [246]. Methanol-sensitive nanocomposites with
enhanced characteristics from PANIgraphene oxides [247], amplified colorimetric sensors
for target DNA detection [248,249], sensing skins for detection of volatile organic vapors
[250], advanced electrochemical electrodes for peroxide and glucose detection [251], and
electrically conductive aerogels for catalysis and sending applications [252] have also been
reported.

5.2. Graphene-polymer nanocomposites as gas barriers

Solid, non-porous fillers with a high surface area to volume ratio are one of the prime
necessities in fabricating polymer nanocomposite thin films to prevent the permeation of
gas and water molecules through the film. Sensors, electronics, Li-ion batteries, and fuel
cells are sensitive to the presence of gases such as oxygen and moisture and require
protective/active elements [147,253]. Strong and modestly flexible metal thin films such
as aluminum foils form excellent barriers, but the presence of pin holes and defects during
stretching, bending, and handling limits their broad use. On the other hand, flexible
polymer nanocomposites offer an alternative due to their high mechanical strength
combined with high transparency and a tendency to reduce the permeation of gases and
moisture through the films. Traditionally, clay-based polymer nanocomposites known



for their low permeability to gases and moisture are exploited for these applications [254].
Recent studies have also considered the use of graphene for gas barrier and gas sensing
applications owing to its non-permeable sheets-like structure. For example, Yang et al.
deposited graphene oxide sheets alternatively with PEI polymer to form a stacked polymer
nanocomposite to investigate the oxygen barrier properties (Fig. 23) [253]. A 91 nm thick
film comprising of 10 bilayers of 0.1 wt% graphene oxide and 0.2 wt% PEI on top of PET
supporting film showed an improved oxygen permeability of 2.5 × 10 –20 cm 2 s –1 Pa –2.
This low permeability is comparable to the oxygen permeability observed in case of 100
nm thick SiO x nanocoatings. Also, these films were found to be useful for gas separation
with a H 2 /CO 2 selectivity (i.e., the ratio of permeabilities of different gasses, H 2 and
CO 2 ) higher than 383. A significant reduction of oxygen and carbon dioxide permeation
and the potential for high selectivity of hydrogen permeation has been reported for in
situ polymerized, paper-like, and LbL graphene oxide-conjugated polymer nanocomposite
films [253, 255, 256]. In another study, high moisture barrier properties combined with
high transparency has been reported for robust graphenebased polyimide nanocomposite
materials [257]. Graphene oxide-polymer films have been suggested for use as flammable-
resistant coatings based on their high gas barrier properties and reduced oxidation [258],
as well as highly elastomeric nanocomposites, which combine low permeability with good
electrical conductivity [147].

5.3. Graphene-polymer nanocomposites for photovoltaic applications

Graphene components are well known as hole transport materials, which can be effective
in fabricating organic photovoltaic materials [259]. However, these nanocomposite
materials are frequently deposited from highly acidic aqueous solutions, which adversely
affects the commonly used ITO electrodes and degrades device performance. Chhowalla
et al. demonstrated the use of graphene oxide as alternative, solution processable hole-
transport material in organic photovoltaic films (Fig. 24) [260]. Graphene oxide thin films
were obtained from neutral solutions between the photoactive poly(3-hexylthiophene)
(P3HT): phenyl-C61-butyric acid methyl ester (PCBM) layerand transparent conducting
ITO electrode. This design resulted in a dramatic improvement of the photovoltaic
efficiency,  comparable to devices fabricated using traditional poly(3,4-
ethylenedioxythiophene) (PEDOT): PSS pair. Also, the use of non-aqueous solvents for
the deposition of graphene oxide was suggested for further improvement of the device
performance and to ensure the reliability of these films. Thin layers with graphene oxide
and carbon nanotubes were also used as a replacement for PEDOT: PSS in P3HT: PCBM
layers in a tandem devices [261]. Regular and inverted tandem photovoltaic cells fabricated
in this study showed significant increase in open-circuit voltage (V oc ) by 84% and 80%
of the sub-cell V oc . Power conversion efficiency (PCE) as high as 4.1% was achieved for
these modified tandem cells. The tandem cells showed high transparency in the near-
infrared region and were expected to work well with tandem cells with a low band gap
polymer component. Also, doping of the carbon nanotubes was expected to further
improve the charge recombination at the interface. This study indicates that graphene
oxide can effectively serve as the hole transport component and electron-blocking layer



Figure 23:Device schematic (a) and energy level diagram (b) of the photovoltaic device structure consisting
of ITO/GO/P3HT: PCBM/Al components. Current–voltage characteristics of (c) photovoltaic
devices with no hole transport layer (curve labeled as ITO) and (d) ITO/GO/P3HT: PCBM/Al
with different GO thicknesses [260]. Copyright 2010. Reproduced with permission from the
American Chemical Society.

for photovoltaic and light-emitting applications. Recent publications in this field discussed
all-polymergraphene nanocomposites with various graphene components and conjugated
polymer matrices for a variety of related applications including those for optoelectronic
phenomena [262,263] and other energy-related and broader prospective applications [264–
266]. Additional results include a combination of graphene with solid polymer electrolytes
and dye-sensitized solar cells [267,268], fabrication of nanocomposites with
photoluminescent quenching [269], non-covalent integration of variously reduced
graphene oxide and stamping transfer into bulk heterojunction polymer solar cells [270–
274].

5.4. Graphene-polymer nanocomposites with high thermal conductivity

Decreases in the size of electronic devices necessitate the fabrication of high density
electronics leading to an increase in the heat generation. Fillers with high thermal
conductivities efficiently transfer the phonons, but the transport is slowed at the polymer-
filler interfaces in polymer nanocomposites due to the amorphous characteristics of the
polymer with low thermal conductivity and imperfect interfacial binding [275]. Graphitic



nanoplatelets composed of a few graphitic layers were incorporated in the epoxy matrix
at different loading concentrations to prepare nanocomposites that were tested for their
thermal conductivities [276]. A linear increase in the thermal conductivity of the
nanocomposite was observed for higher graphene content. The incorporation of 5 wt%
graphene oxide in the epoxy matrix resulted in a fourfold higher thermal conductivity
than the neat polymer, and can be further increased by incorporating 20 wt% graphene
oxide, or up to 20 timesfor a graphene loading of 40 wt%. Expanded graphite was acid-
functionalized and used as a filler material for fabrication of polymer nanocomposites
with high electrical conductivity [277]. At similar loadings, functionalized graphite was
found to be more effective filler in improving the thermal conductivity of the polymer
nanocomposites. A number of recent publications addressed improving of thermal
conductivity graphene-polymer nanocomposites such as in silane-crosslinked graphene
oxide nanocomposites [278] and in nanocomposites with strong interfacial interactions
[278,279]. Several studies reported nanocomposites with enhanced thermal conductivity

Figure 24:Cross-section SEM images of (a) pure chemically converted graphene and (b) graphene-PANI
nanofiber composite film. (c) Plot of specific capaci-tance versus current density of graphene-
PANI composite and PANI, and (d) cycling stability of graphene-PANI composite and PANI
films [155]. Copyright 2010. Reproduced with permission from the American Chemical Society.



and dimensional stability [278], fabrication of dielectric epoxy thermosets with increased
thermal conductivity [280], design of stable nanocomposites which exhibit a high dielectric
constant and low dielectric loss along with high thermal conductivity [281], improving
thermal properties of polyimide and polyamic acid matrices [282], and controlling
thermoelectrical properties of PANI films [283].

5.5. Graphene-polymer nanocomposites with electrical conductivity

Large-scale graphene electrodes have been demonstrated for industrial applications with
reasonable cost and productivity [284,285]. Graphene oxide is known to become highly
conductive on chemical reduction or thermal reduction, or a combination of both
techniques [98–104]. The extent of the restoration of the electrical conductivity during the
reducing procedure is largely dependent on the effectiveness of the removal of the oxygen-
containing functionalities, especially the epoxide groups, from the surface and the
restoration of carboncarbon sp 2 bonds [98]. Therefore, graphene oxide-polymer
nanocomposites are potentially useful for the integration into electronic devices if an
effective reducing treatment is applied. Graphene oxide incorporated into a PDMS matrix
was found to show unique electric properties [286]. On application of an electric field of
low strength, the composite showed a lower conductivity compared to the neat power
due to the blockage of ion transport by the graphene oxide network. Further increase in
the electric field resulted in nonlinear conductivity that is progressively more sensitive to
the applied electric field. At a high electric field, the electrical conductivity is dominated
by the electron transport across the graphene oxide network, which can be tuned by varying
the oxidation state, the volume fraction of graphene oxide, and morphology. The authors
suggested that the unique electrical properties, combined with high mechanical strength,
has potential applications, such as field electromagnetic field protective materials or
insulation materials in high voltage power system and electronic devices. Koratkar et al.
compared the electrical conductivity of multi-walled carbon nanotube-PS materials and
graphenePS nanocomposites fabricated by mixing the filler materials followed filtration
and drying [287]. The conductivity of the nanocomposites was found to increase
significantly, but still was several orders of magnitude lower than the PS films with carbon
nanotubes. Further, selective localization of graphene was achieved by adding PLA into
the matrix. PLA interacts poorly with graphene and the higher viscosity of PLA compared
to PS results in the isolation of PLA in the matrix. As a result of this phase separation,
graphene migrates into the hydrophobic PS regions, which resulted in a decrease in the
percolation threshold for electrical conductivity to 0.075 vol%. Electrical conductive PP-
graphene oxide nanocomposites were fabricated by in situ polymerization [288]. The use
of a supported catalyst system helped overcome the incompatibility between polar
graphene oxide and nonpolar PP matrix. Although, the nanocomposites showed a poor
electrical conductivity of 0.3 S m –1 at a 4.9 wt% loading, it enabled a means of incorporating
graphene oxide into a variety of incompatible polymer matrices. Nanocomposite films of
polypyrrole, a well-known conducting polymer and graphene functionalized with sulfonic
acid groups were electrochemically deposited from aqueous solutions containing pyrrole
monomer, sulfonated graphene, and dodecyl benzene sulfonic acid [289]. The negatively



charged sulfonated graphene resulted in the doping of the polypyrrole during the
polymerization process. The resulting composite films with 40 wt% sulfonated graphene
sheets showed a specific capacitance of 285 F g –1 at a discharge rate of 0.5 A g –1 with
improved electrochemical stability. In another study, isocyanate functionalization of
graphene oxide and its subsequent reduction after solvent blending within the PS matrix
resulted in a highly dispersed uniform nanocomposite film at a graphene oxide loading
of 2.4 vol% [130]. These nanocomposites revealed a percolation threshold for electrical
conduction of 0.1 vol% graphene oxide, which is three times lower than the values obtained
for other filler materials. Stable nanocomposite films of graphene oxide and PANI
nanofibers were prepared by vacuum filtration to form a layered material with the PANI
nanofibers sandwiched between the graphene oxide layers (Fig. 25) [155]. These
mechanically robust and flexible nanocomposite films with 44% graphene oxide showed
a 10 times higher electrical conductivity than the pristine PANI nanofiber films. These
films were further employed in the fabrication of supercapacitor micro-devices and resulted
in a 210 F g –1 electrochemical capacitance at a discharge rate of 0.3 A g –1 . Flexible PANI
electrodes doped with graphene oxide were fabricated by in situ polymerization of aniline
in the presence of graphene oxide [290]. Incorporation of graphene oxide resulted in a
remarkable enhancement in the electrical conductivity and specific capacitance of the
nanocomposite materials as compared to individual PANI materials. The nanocomposite
showed an electrical conductivity of 1000 S m –1 at a PANI: GO ratio of 100: 1 and specific
capacitance of 531 F g –1 (compared to 216 F g –1 for pure PANI). This process was further
improved by incorporation of carbon nanotubes into the GO-PANI composite [176]. For
this material, graphene oxide was mixed with carbon nanotubes to form a 3D network
and further mixed with PANI by a one-step template-free process. The PANI formed a
scale-like structure on the graphene oxide sheets aided by electrostatic interaction,
hydrogen bonding, and ?–? interaction. These multicomponent nanocomposite materials
exhibited a specific capacitance of 589 F g –1 andretained 81% of its initial capacitance
even after 1000 cycles. Different graphene-PANI nanocomposites were prepared by the
use of a polymerized ionic liquid [291]. Graphene sheets were dispersed in
N,Ndimethylformamide (DMF) and polymerized ionic liquid poly(1-vinyl-3-
butylimidazolium chloride) (PIL) in order to stabilize the dispersion. PIL was found to
adsorb on the graphene surface due to non-covalent ?–? interaction and helped in
stabilizing the graphene dispersion in DMF. Aniline was polymerized on the surface of
the PIL stabilized graphene sheets and resulted in a fivefolder higher electrical conductivity
at a 21 wt% loading due to excellent electronic transport of graphene and the ?–?
interactions with the PANI. Graphene-PANI nanocomposites were fabricated by in situ
polymerization of graphene oxide and aniline followed by the reduction of graphene
oxide [232]. The relative concentration of polymer and the graphene filler was tuned by
varying the mass ratio of graphene in mixed suspension. The nanocomposites with 80
wt% graphene showed a remarkable specific capacitance of 480 F g –1 at a current density
of 0.1 A g –1 along with good reliability. Chemically reduced graphene oxide was stabilized
with cationic PEI to fabricate supercapacitors [292]. The charged polymer component
ensured good dispersibility of reduced graphene oxide and acted as binding sites for



negatively charged carbon materials. These hybrid films showed an interconnected
network of carbon structures with welldefined pores to enable the diffusion of ions through
the interconnected morphology. Finally, these conducting nanocomposites showed a good
specific capacitance of 120 F g –1 even at a high scan rate of 1 V s –1 . 3D porous structures
of reduced graphene oxide and cellulose composites were fabricated by ball milling,
template shaping, coagulating, and lyophilization [293]. Ball milling ensured the formation
of homogeneous hydrogel composed of reduced graphene oxide embedded in cellulose
matrix, improved thermal stability, and enhanced crystallinity of the cellulose matrix inside
the nanocomposite. Reduced graphene oxide along with the coagulation effect of cellulose
material facilitated the preservation of 3D porous morphology during freeze-drying and
the conducting material. This nanocomposite material with a GO/cellulose ratio of 70:
100 showed a modest electrical conductivity of 15 S m –1 . Also, these composites showed
an ideal capacitive behavior and showed a specific capacitance of 71 F g –1 at a current
density of 0.5 A g –1 . A facile technique to selectively write conductive layers in graphene
oxide nanocomposite films with a predefined pattern and controlled depth of the
conductive layer has been introduced recently by the Tsukruk group [105]. The reduced
graphene oxide-silk fibroin nanocomposite films exhibit high electrical conductivity
reaching 1500 S m –1 along with outstanding mechanical performance. The ecofriendly
reduction strategy using aluminum metal at ambient conditions and the versatility of 3D
conductivity patterning of graphene oxide containing nanocomposite films are attractive
for further development of flexible electronics. Numerous recent publications on this topic
include studies on inkjet printing of nanocomposite films with highly conductive patterns
[294], high performance and flexible electromagnetic shielding nanocomposites [294],
elastic and conducting hydrogels with double network morphology [295], and conducting
melt-spun nanocomposite fibers [296]. Among other interesting developments are free-
standing flexible graphene-PANI papers with good cycling stability [297], polycarbonate
nanocomposites with much improved electrical conductivity [298], a variety of natural
electroconductive cellulose nanocomposites [299,300], electrical memory devices from
conjugated polymers and reduced graphene oxides [301], and melt processed polyamide
conductive films [302]. However, large-scale production of graphene-polymer
nanocomposites are rarely mentioned despite the numerous prospective applications
suggested in sensing, gas permeation, energy conversion/storage, thermal management,
and the other electronic applications discussed in this chapter.

6. Outlooks

6.1. Dispersion and distribution of the graphene nanofillers

A fine control of dispersion and distribution of the graphene nanofillers remains the major
problem for the effective reinforcement of the mechanical properties and adding functional
properties to the graphene-based nanocomposites. Distributed network morphology and
suppressed flexible component aggregation enable the optimal exposure of the graphene
surface to the polymer matrix. For these optimal dispersion levels, the interfacial binding
can be maximized and interconnected morphology can be realized. The achievement of



such optimal morphology represents a great challenge and indeed is an acute issue for
the integration of graphene components that, considering their flexibility and high aspect
ratio, can be easily folded, crumpled, and wrinkled by even modest shearing forces and
complex force field distribution during processing. Although the conventional solution
and melt stirringmixing techniques can facilitate, to some extent, prevention of macroscopic
aggregation, it is difficult to prepare a uniform morphology with a fine dispersion of the
interconnected graphene derivatives due to inherent affinity of the same species of material
components. Several mixing techniques such as high-speed stirring, forced convection
flow, and sonication, might improve the uniformity of mixing, but it usually ignores the
negative impact of the violent preparation processes on flexible graphene components. In
fact, vigorous mixing with external stirring and intense sonication may tear or crumple
the large flakes of the graphene derivatives, which can be exceptionally unfavorable to
achieving the ultimate mechanical, electrical, optoelectronic, and thermal properties of
the resulting nanocomposites [83]. Various assembling techniques and in situ
polymerization approached should be considered to suppress the problems associated
with of the inhomogeneous distribution and coarse dispersion of graphene components
by conventional mixing or the presence of small, broken or crumpled flakes by forcibly
enhanced mixings. One of them is via an LbL assembly, facilitated by alternative nanoscale
assembly of the polymer and graphene components. The highly ordered LbL layered
nanocomposite films are built through natural or force-assisted adsorption of
complementary components. Vacuum assisted formation of layered papers is another
promising and practical approach. These techniques control the nanostructures of
graphene-polymer nanocomposites from bottom up and result in optimized distribution
and dispersion of components in a layered fashion thus enhancing interfacial interactions
and mechanical performance. However, these approaches are usually only capable of
constructing layered and relatively thin (usually micrometer range) materials; bulk items
cannot be formed easily. Moreover, the functional properties of the resulting films and
coatings are highly anisotropic. Due to the 2D sheet geometry of the graphene derivative
materials, the mechanical, electrical, and thermal properties are outstanding only in the
in-plane directions, while the out-of-plane properties being modest. In addition, vacuum-
assisted fabrication techniques are usually slow, compromise on precise control of graphene
distribution, and are not very suitable for the robust fabrication of bulky macroscopic
items with complex shapes. In situ polymerization approaches utilize an initially
homogeneous mixture of the graphene derivatives and reactive monomers. Because the
entropy penalty for the mixing of the small molecules with graphene derivatives in solution
is much smaller than that of the macromolecules, phase separation of different components
is less severe problem and might be avoided by proper selection of components. The
uniformly distributed monomer can be polymerized without significant distortions of
dispersed phase and the graphene derivatives can be encapsulated in the resulting polymer
matrix. However, due to the potential chemical instability of the graphene derivatives,
the in situ polymerization approach faces some limitations. For example, large graphene
oxide flakes might precipitate in acidic reactive conditions and in the course of
polymerization or be reduced in high temperature or strong basic conditions.



6.2. Improving interactions between graphene and the polymer matrix

Although graphene has by far the best mechanical properties of all potential reinforcing
components, the binding options are limited to weak van der Waals forces, hydrophobic
interactions, and ?–? interactions due to the homogeneous sp 2 carbon composition. These
forces are generally too weak as the primary binding means and only ?–?-interactions
might be a promising candidate to assemble graphene and polymers with a strong interface
[130,303]. Therefore, enhanced functionalization of graphene components with proper
surface and edge chemical groups must be considered in order to improve interfacial
binding with various polymer matrices and implement reinforcing effects. To this end,
graphene oxide sheets and other functionalized graphene-based components are
considered as promising reinforcing agents. Graphene oxide is a widely explored derivative
of graphene with a lot of advantages over graphene itself from the prospective of
nanocomposite design, including aqueous processibility, low cost, the ability to further
functionalization, and large-scale production. The heterogeneous surfaces of these
graphene derivatives caused by the heavy localized oxygen-containing groups might
facilitate the diverse options for the strong interfacial binding. A whole class of polar
interactions becomes available for designing new strong interfaces, including hydrogen
bonding, Coulombic and polar interactions, in addition covalent bonding. To fully unveil
the binding potential of functionalized graphene derivatives, a careful choice of the
matching polymer matrices is critical. Pre-treatment of these derivatives by grafting proper
polymer chains compatible with a polymer matrix can be considered as a plausible routine
for enhanced reinforcement, which, however, requires additional complex polymerization
routines. For heterogeneous graphene oxide sheets it is paramount to have a heterogeneous
binder that can bind with the different functionalities so that the integrated interfacial
binding is maximized. Biomacromolecules or block-copolymers with multi-domain
composition should be considered to explore such strategies. However, this approach is
largely unexplored to date.

6.3. Controlled reduction of graphene oxide in nanocomposites

It is well established that the next important property to be considered, electrical
conductivity, is greatly compromised for graphene oxide by the scission of sp 2 bonds,
high concentration of hole defects and surface oxygen functionalities. Therefore, for
emerging applications, which require the ultimate conductivity of graphene-polymer
nanocomposites, graphene oxide has to be reduced through a variety of chemical and
thermal methods before, during, and after nanocomposite fabrication [61,101–103,304–
306]. Efficient reduction results in the partial restoration of pristine electrically conducting
state of reduced graphene oxide sheets and graphene-polymer nanocomposites as a whole
to a practically relevant high level. The electrical conductivity may be restored to relatively
high values, at least 1000 S m –1 , high enough for many “soft” electronic applications
such as those considered in flexible organic/polymer electronics and bioelectronics. The
corresponding graphene-polymer materials may be considered for the integration into
flexible electronic devices. It is also critically important that the mechanical properties of



the reduced graphene can be improved as well due to the restoration of the sp 2 hybridized
carbon network and reduction of surface defects. Both electrical and mechanical properties
may be improved significantly to a level suitable for various structural and functional
applications by controlling the reduction level of the graphene oxide in the polymer
nanocomposites. However, it is important to remember that many of the of reducing agents
and approaches, employed through harsh thermal, chemical, or light means, may damage
the less stable polymeric matrix in the nanocomposite. More material components and
environmentally friendly processing options should be developed to assure the feasibility
of this approach. Both a careful choice of reducing techniques and a combination of
reducing techniques with minimum damage for the polymer components are critical for
the control of the mechanical, electrical, optical, thermal, and chemical properties of the
graphene-polymer nanocomposites.

7. Conclusions

This review has summarized recent efforts on the materials selection, binding approaches,
processing methods, theoretical models, design rules, and resulting mechanical, thermal,
electrical and other functional properties of graphene-polymer nanocomposites. Graphene
derivatives have outstanding mechanical properties and versatile functionalities to bind
with various polymeric materials. Generally, the ultimate performance might be potentially
outstanding as has been already demonstrated on a number of occasions. Solution and
melt-mixing, LbL assembly, vacuumassisted routines, and in situ polymerization have
unique characteristics and their own advantages for the fabrication of graphene-based
nanocomposites with ultimate mechanical and functional properties. Critical issues are
related to homogeneous dispersion in initial mixed states and fine dispersion with
exfoliations of individual layers and the establishment of the interconnected morphology.
Choosing the appropriate dispersion technique or the combination of processing
techniques and finding proper functionalized components is critical for reaching the best
mechanical performance as illustrated with major characteristics such as those collected
for a number of representative nanocomposite materials reported to date in Table 2. In
conclusion, the best performing graphene-polymer nanocomposites presented in Table 2
in terms of the most important mechanical properties for the ultimate mechanical
applications such as the elastic modulus value and toughness are visualized in Fig. 26.
The data points, related directly to numbering from Table 2, are color-coded to reflect
their ultimate mechanical strength in terms of stress-to-break values. This summary plot
shows that the majority of the best results reported to date for graphene-polymer
nanocomposites are skewed to different axes and can be grouped in two very dissimilar
groups. The first group represents tough graphene-polymer nanocomposites with record
values of toughness, which, however, do not show very high mechanical performance in
terms of elastic modulus (mostly below 20 GPa) and the ultimate mechanical strength.
The second group of materials includes mechanically strong nanocomposites with the
extremely high elastic modulus value of 100–150 GPa (higher than steel), which, however,
possess lower toughness due to their brittle behavior (well below 2 MJ m –3 ). A wide area
of the potentially best performing tough, strong, and compliant graphene-polymer



nanocomposites (central region) remains largely empty currently. Only few recent
examples (3, 12, 15) cross the critical linesseparating these data into the two groups (Fig.
26). Currently, such a general pattern, common for many composite materials, leaves
exciting opportunities for the synergistic reinforcement of the universal mechanical
properties of graphene-polymer nanocomposites to be explored in the near future. Finally,
various theoretical models with different assumptions are used to predict the mechanical
properties of the graphene-polymer nanocomposites with various successes. The validity
of the predicted values by different models largely depends on the assumptions made by
the models are not always valid for these nanocomposite materials with developed
interphases, posing a subject for further development.
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