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Abstract: Graphene, a two-dimensional monoatomic thick building block of a 
carbon allotrope, has attracted tremendous attention due to its remarkable physical 
properties and chemical functionalization capabilities. Graphene and its derivatives 
are potential nanofillers that can dramatically improve the performance of polymer-
based composites at an extremely low loading. This chapter presents the state-of-
the-art progress in the synthetic methods of graphene and its derivatives as well 
as their polymer composite materials. Various fabrication processes of graphene 
and graphene-based polymer composite materials are introduced. The mechanical, 
thermal and electrical, and other important properties of the composites were also 
discussed along with their potential applications. This chapter concludes with a brief 
discussion of the challenge and outlook of the graphene/polymer composites and its 
future prospects in this rapidly emerging field.

7.1  Introduction

Graphene, one of the allotropes (diamond, graphite, fullerenes, and carbon 
nanotubes) of carbon family, is a planar monolayer of sp2 hybridized carbon atoms 
arranged in a two-dimensional (2-D) lattice. It has been viewed as the basic building 
block for graphitic materials of all other dimensionalities (Figure 7.1) (Geim, 2007). 
For example, the fullerenes (buckyballs, 0-D carbon allotrope) can be envisioned 
to be made by wrapping a section of graphene sheet. The carbon nanotubes (CNTs, 
1-D carbon allotropes) can be made by rolling graphene nanoribbon. The graphite 
(3-D carbon allotrope) is made of graphene sheets stacked on top of each other and 
separated by 3.37 A˚. Although known as an integral part of 3-D materials, strictly 
2-D graphene crystals had been believed to be thermodynamically unstable and not 
exist, being described to an ‘academic’ material (Fradkin, 1986). Suddenly, isolation 
of free-standing single-layer graphene was first achieved in 2004 when graphene was 
separated from graphite using micromechanical cleavage (Novoselov, 2004); and the 
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follow-up experiments confirmed that its charge carriers were indeed massless Dirac 
fermions (Novoselov, 2005; Zhang, 2005). The revolutionary discovery of graphene 
has been awarded the Nobel Prize in Physics 2010 to Andre Geim and Konstantin 
Novoselov “for ground breaking experiments regarding the 2-D material graphene” 
(Singh, 2011).

Figure 7.1. Graphene is a 2D building block of all graphitic forms. It can be wrapped to form 0-D 
buckyball, rolled to form 1-D nanotube, and stacked to form 3-D graphite (Geim and Novoselov, 
2007). Copyright 2007 Nature Publishing Group.

During the past decade, graphene sheet and its derivatives have generated great 
interest and activity in most areas of science and engineering due to their unique 
structure and unprecedented physical and chemical properties. Graphene has 
demonstrated the combination of superlative mechanical, thermal and electronic 
properties, such as the quantum hall effect, high carrier mobility under ambient 
condition (~250,000 cm2V-1s-1) (Novoselov, 2005; Novoselov, 2004), exceptional 
thermal conductivity (3000-5000 W m-1K-1) (Balandin, 2008), good optical 
transparency (~97.7%) (Nair, 2008), high specific surface area (~2600 m2g-1) (Stoller, 
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2008), and superior mechanical properties with Young’s modulus of ~1 TPa (Lee, 
2008). To exploit these intriguing properties in practical applications, various 
synthetic routes have been developed to prepare graphene and its derivatives, 
ranging from the bottom-up epitaxial growth (Jiao, 2009; Kim, 2009c; Li, 2009; 
Sutter, 2008) to the top-down exfoliation of graphite by means of oxidation, 
intercalation, and/or liquid exfoliation (Coleman, 2011; Hernandez, 2008; Li, 
2008a; Nicolosi, 2013). To date, graphene-based composites have been successfully 
made with various inorganic and organic materials, and thus are intensively 
explored in applications such as batteries (Bai, 2011a; Lin, 2013a; Wang, 2009b; 
Wang, 2012b; Wu, 2010b; Yoo, 2008; Zhou, 2014b), supercapacitors (El-Kady, 2013; 
El-Kady, 2012; Stoller, 2008; Wu, 2012e; Xu, 2013b; Zhang, 2013b; Zhao, 2013), fuel 
cells (Dai, 2013; Mahmood, 2014; Yang, 2012e; Zhu, 2013), and sensing platforms 
(Abbas, 2014; He, 2010; Li, 2012a; Li, 2013a; Li, 2014b; Lightcap, 2013; Lu, 2009; 
Lv, 2012; Venkatesan, 2012). In particular, to take full advantage of its properties 
for applications, integration of individual graphene in polymer to form advanced 
multifunctional composites is one of the most promising routes (Bortz, 2012; Dikin, 
2007; Fang, 2009; Huang, 2010b; Im, 2012; Kim, 2010a; Kim, 2008; Lee, 2013a; 
Luong, 2011; Rafiee, 2009; Ramanathan, 2008; Shen, 2011; Song, 2013; Stankovich, 
2006a; Tang, 2013a; Teng, 2011; Wan, 2014b; Wang, 2009c; Zaman, 2012b), because 
polymer materials usually have exceptional specific modulus and strength, and 
wide application in aerospace, automobile and defense industries, etc.

As early as 1950, polymer nanocomposites with exfoliated layered silicate fillers 
have been developed (Carter, 1950), and nearly forty years later a report demonstrated 
significant mechanical property enhancement using clay as filler in a nylon-6 
matrix (Usuki, 1993), which attracted significant academic and industrial interest 
in nanocomposites. With the development of nano- science and technology, many 
nanofillers, such as carbon black, nano-silica and CNTs, have been widely studied 
and used to improve mechanical, thermal, electrical, and gas barrier properties of 
polymers. Considering the fact that graphene has a higher surface-to-volume ratio 
than CNT because of the inaccessibility of the inner nanotube surface to polymer 
molecules (Stankovich, 2006a), graphene is promising to be more favorable for 
improving the properties of polymer matrices. In the past few years, graphene and 
its derivatives have been incorporated into a wide range of polymers, including 
epoxy (Liang, 2009c), polystyrene (PS) (Pang, 2011), polypropylene (PP) (Song, 
2011), polyethylene terephthalate (Zhang, 2010b), polyaniline (PANI) (Yan, 2010a), 
nylon (Rafiq, 2010) and polymethylmethacrylate (PMMA) (Zhang, 2012a) for various 
functional applications. However, there are some key issues and challenges for 
fabricating advanced graphene/polymer nanocomposites. Many factors, including 
the type of graphene and its derivatives as well as their intrinsic properties, the 
dispersion and exfoliation of graphene in the polymer, the interfacial interaction 
between the graphene and the matrix, and the network structures of graphene in the 
matrix can affect the properties and application of graphene/polymer composites.
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Based on recent advancements in the production of different kinds of graphene 
and their polymer composites, this chapter presents the synthesis of graphene 
and its derivatives, and narrates the surface modification of graphene with an 
emphasis on methods suitable for fabrication of polymer composites. Then the 
properties and applications of graphene/polymer composites are introduced and 
discussed. Finally, we will conclude with the challenges of the advanced graphene/
polymer composites, providing guidance and stimulating development for wider 
applications.

7.2  Synthesis of graphene

In order to explore the various aspects of graphene/polymer composite materials, 
the synthetic procedures of graphene and its derivatives will be first described. This 
section contains a brief introduction to synthetic methods of graphene that are 
critical to fabricate high-performance graphene/polymer composites.

7.2.1  Bottom-up approaches

Graphene and its derivatives can be prepared by many synthetic methods, which 
can be generally classified as the bottom-up and top-down approaches (Kim, 
2010a). In the bottom-up processes, graphene materials are directly synthesized 
from the carbon sources by various methods, such as chemical vapor deposition 
(CVD) (Dong, 2011; Kim, 2009c; Li, 2009; Li, 2011c; Reina, 2008), epitaxial growth 
on SiC or metals (Berger, 2006; Emtsev, 2009; Gao, 2011; Sutter, 2008), unzipping 
carbon nanotubes (Cai, 2010a; Jiao, 2010; Jiao, 2009; Kosynkin, 2009). Normally, 
CVD and epitaxial growth methods can produce tiny amounts of large-size, 
defect-free graphene sheets. Bae et al. reported a roll-to-roll production of 30-inch 
graphene films using the CVD approach, and the obtained graphene monolayer 
films have low sheet resistances with good optical transmittance, showing great 
potential to replace commercial transparent electrodes (Bae, 2010). They may be 
more attractive and suitable for fundamental studies and electronic applications 
but are not applicable for polymer nanocomposites that require a large amount of 
graphene sheets preferably with modified surface structure. The graphene ribbons 
unzipping from CNTs show some advantages in size controlled by selection of the 
starting nanotubes, but .	 the source of nanotubes is still expensive for preparation 
and application of polymer composites.
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7.2.2  Top-down approaches

Unlike the bottom-up approaches, the top-down approaches involve the synthesis 
of graphene or modified graphene from separation/exfoliation of graphite or 
graphite derivatives. In general, these methods seem to be more appropriate for 
large scale production required for polymer composite applications since graphite 
is a commodity material with current annual global production of over 1-2 million 
tons. Therefore, starting from graphite or its derivatives (such as graphite oxide (GO) 
and graphite fluoride) offers significant economic advantages over the bottom-up 
methods. Herein, two main top-down approaches including directly exfoliated and 
chemically derived graphene will be discussed in detail.

7.2.2.1  Directly exfoliated graphene
Micromechanical cleavage of graphite is an effective and reliable method to 
produce large-size, high-quality graphene. Based on such method, many excellent 
properties of graphene including high electron mobility at room temperature 
(Bolotin, 2008), exceptional thermal conductivity (Balandin, 2008), and superior 
elastic modulus and strength (Lee, 2008) have been verified. Unfortunately, the low 
yield of this approach severely limits its application in the manufacture of polymer 
composites, which makes it only suitable for fundamental studies or electronic 
applications (Novoselov, 2004). Recently, graphite has also been directly exfoliated 
to single- and multiple- layer graphene via sonication or ball milling in the presence 
of various surfactants (Bergin, 2008; Coleman, 2012; De, 2010; Hernandez, 2008; 
Viinikanoja, 2014; Zhao, 2010a), such as polyvinylpyrrolidone (Bourlinos, 2009), 
sodium cholate (Lotya, 2010), electrochemical functionalization of graphite assisted 
with ionic liquids (Liu, 2008). The direct exfoliation of graphite by sonication has 
potential to be scaled up to produce large quantities of graphene or functionalized 
graphene that can be used for composite applications. The schematic description 
of the liquid exfoliation of layered materials including graphene has been proposed 
by Coleman and co-workers (Nicolosi, 2013), as shown in Figure 7.2. When the 
graphite powder is exposed to sonication in the presence of a suitable solvent, and 
the powder fragments are exfoliated into nano-scale sheets, which are stabilized 
against aggregation by the solvent. The exfoliated sheets are free of defects and 
oxides and can be produced in large quantities, showing promise for production 
of graphene with high-quality in large quantities, although some drawbacks such 
as separation of the exfoliated graphene from the bulk graphite, the cost of its 
removal dissolution and low conductivity induced by the residual surfactant are 
still challenges.
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Figure 7.2. Schematic description of liquid exfoliation of layered graphite materials (Nicolosi, 2013): 
(a) ion intercalation: ions (yellow spheres) are intercalated between the layers in a suitable solvent, 
swelling the crystal and weakening the interlayer attraction; then, agitation (such as sonication) can 
completely separate the layers, resulting in an exfoliated dispersion; (b) ion exchange: the ions (red 
spheres) can be exchanged in a liquid environment for other, often larger ions (yellow spheres); (c) 
sonication-assisted exfoliation: the layered crystal is sonicated in a solvent, resulting in exfoliation 
and sheet formation.

7.2.2.2  Chemically oxidized/exfoliated graphene
At present, the most promising scalable method of graphene production is the 
reduction of highly oxidized graphene oxide from the exfoliated GO sheets, which has 
emerged to be a viable route to afford graphene-based single sheets in considerable 
quantities. The GO sheets are usually obtained through the oxidation of graphite 
using a mixture of potassium permanganate and concentrated sulfuric acid based 
on Hummers method (Hummers, 1958). Compared to pristine graphite, GO contains 
various oxygen functional groups including hydroxyl and epoxy groups on the basal 
plane and carbonyl and carboxyl groups located at the sheet edges on sp2 hybridized 
carbon (Stankovich, 2006c). These oxygen groups on the basal planes and edges of 
GO sheets make them highly hydrophilic and very stable aqueous dispersions (Yang, 
2009c). Hence, GO is highly hydrophilic and readily exfoliated in water, yielding stable 
dispersion. Similar exfoliation degree of GO was also attained in tetrahydrofuran 
(THF), N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP) and ethylene 
glycol (Paredes, 2008). The formation of stable graphene oxide colloids in water was 
attributed to not only its hydrophilicity but also the electrostatic repulsion. Li et al. 
showed that the surface charges on graphene oxide are highly negative when dispersed 
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in water by measuring the zeta potential due to the ionization of the carboxylic 
acid and the phenolic hydroxyl groups (Li, 2008a). Note that the structures of GO 
and graphene oxide are different, although they have similar chemical properties 
i.e. surface functional groups (Figure 7.3a). Graphene oxide is a monolayer material 
produced by the exfoliation of GO. AFM images of GO exfoliated by the ultrasonic 
treatment in water always revealed the presence of sheets with uniform thickness 
(~1 nm, Figure 7.3b), while the pristine graphite sheet is atomically flat with the Van 
der Waals thickness of ~0.34 nm. The increased thickness of graphene oxide sheets 
are attributed to the displacement of sp3 hybridized carbon atoms slightly above and 
below the original graphene plane and presence of covalently bound oxygen atoms. 
However, graphene oxide is electrically insulating and contains irreversible defects 
and disorders due to the disruption of the conjugated electronic structure induced 
by these functional groups (Stankovich, 2006b), but the reduction of graphene oxide 
could partially restore its conductivity at values orders of magnitude below that of 
defect-free graphene (McAllister, 2007a; Stankovich, 2007).

Various types of reduction methods have been reported to obtain reduced 
graphene oxide (RGO), such as the chemical reduction (Gómez-Navarro, 2007; Li, 
2008a; Nethravathi, 2008; Qi, 2010; Shen, 2012b; Stankovich, 2006c; Tung, 2009; 
Zhang, 2010c), thermal reduction (Becerril, 2008; Dubin, 2010; McAllister, 2007a; 
Schniepp, 2006; Shen, 2013d; Zhu, 2010), photochemical reduction (Huang, 2010a; 
Li, 2012c; Sun, 2013a; Williams, 2008), photothermal reduction (Akhavan, 2012; Cote, 
2009; Mukherjee, 2012; Robinson, 2011), microwave-assisted reduction (Chen, 2010a; 
Chen, 2010b; Sharma, 2010) and electrochemical reduction (Shao, 2010; Wang, 2009d; 
Zhou, 2009). Among these methods, thermal and chemical reduction methods are 
frequently used to reduce GO to RGO through removing the oxide functional groups 
from graphene oxide surfaces (Gao, 2009). Thermally reduced graphene oxide (TRGO) 
can be produced by rapid heating of dry GO under inert gas and high temperature 
(McAllister, 2007a; Schniepp, 2006; Zhu, 2010). The stacked GO can be exfoliated and 
reduced by heating GO to 1050 oC where oxide functional groups were extruded as 
carbon dioxide, and the exfoliation took place when the decomposition rate of the 
epoxy and hydroxyl sites of graphite oxide exceeded the diffusion rate of the evolved 
gases, thus yielding pressures that exceeded the Van der Waals forces holding the 
graphene sheets together (Figure 7.3c). According to the AFM studies, the thermal 
reduction/exfoliation can produce 80% single layer reduced graphene oxide, and 
about 30% weight loss is associated with the decomposition of the oxygen groups 
and evaporation of water. The bulk conductivities of the products were measured to 
be 1000-2300 S/m, suggesting the effective reduction and restoration of electronic 
structures from GO.
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Figure 7.3. Synthesis and microstructure of graphene derivatives: (a) schematic of oxidation of 
graphite to GO, exfoliation and reduction to graphene oxide and reduced graphene oxide; (b) AFM 
image of overlapping GO sheets (Stankovich, 2006a): the height profile shows that the thickness 
of individual GO sheet is approximately 1 nm (The inset shows a photograph of a GO suspension 
in water); (c) SEM image of TRGO (McAllister, 2007a), showing a structure like crumpled sheets 
of paper; (d) SEM image of aggregated graphene oxide sheets chemically reduced with hydrazine 
monohydrate and (e) proposed reaction pathway for epoxy reduction by hydrazine (Stankovich, 
2007).

Chemically reduced graphene oxide (CRGO) sheets have been performed by the use of 
several reducing agents, such as hydrazine (Compton, 2010a; Gao, 2009; Park, 2011; 
Ren, 2011; Tung, 2009; Yang, 2009a; Zhu, 2011), sodium borohydride (Bourlinos, 
2003; Shin, 2009; Si, 2008; Yang, 2012d), strong alkaline media (Fan, 2008), vitamin 
C or ascorbic acid (Dua, 2010), bovine serum albumin (Liu, 2010), and hydriodic acid 
(Moon, 2010; Pei, 2010). Hydrazine hydrate was frequently used and found to be the 
best one in producing very thin and fine graphite-like sheets (Figure 7.3d). Unlike 

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� Processing of graphene/polymer composites   357

other strong reductants, hydrazine hydrate does not react with water. During the 
reduction process, the brown colored dispersion of graphene oxide in water turned 
black and the reduced sheets aggregated and precipitated. The re-establishment 
of the conjugated graphene network could be attributed to the reaction pathway 
(Figure 7.3e) (Stankovich, 2007), and hydrazine takes part in ring-opening reaction 
with epoxides and forms hydrazino alcohols (Stankovich, 2006b). Li and coworkers 
further prepared the stable aqueous suspension of RGO sheets by adjusting the pH 
(with ammonia solution) of the aqueous solution during reduction with hydrazine 
(Li, 2008a). Comparatively, sodium borohydride is more effective than hydrazine as 
a reductant of graphene oxide since such reduction produce RGO with lower sheet 
resistances high C/O ratios measured in the same study (Bourlinos, 2003). Carbon 
elemental analysis revealed the evidence for the complete reduction of graphene 
oxide in this process (Bourlinos, 2003; Shin, 2009). Other chemical reduction routes 
such as strong alkaline media (Fan, 2008), vitamin C or ascorbic acid (Dua, 2010), 
bovine serum albumin (Liu, 2010), and hydriodic acid (Moon, 2010; Pei, 2010) have 
also been investigated. While the hazardous nature and cost of the chemicals used 
in these methods may limit the practical application, although they provide efficient 
routes for production of RGO sheets.

Despite the fact that the conductivity of RGO is much lower compared to the 
defect-free graphene due to the presence of residual oxygenated groups and defects, 
the most promising routes to preparation of graphene for polymer composites start 
from GO. The reactive surfaces of GO and RGO provide the tunability in electronic 
and optoelectronic properties via chemical reactions, and the feasibility for polymer 
composite incorporation. As indicated in the discussion above, the most promising 
routes to preparation of graphene for polymer composites start from GO, which will 
be concentrated in the rest of this chapter.

7.3  Processing of graphene/polymer composites

7.3.1  Nature problem of integration of graphene into polymer

Due to low cost and high yield production, GO and RGO as well as their derivatives 
as fillers for polymer composites have shown a great potential for various important 
applications, although they have inferior physical properties than perfect single-
layer graphene in many cases. In the past decade, research has made successful 
attempts for GO and RGO filled polymer composites similar to CNT-based polymer 
composites. According to the difference in starting graphene materials (graphene 
oxide, TRGO and CRGO), there are three main routes for polymer composites (Du, 
2012). Taking a graphene oxide sheet as a starting filler for composites, oxygen groups 
containing carboxylic, hydroxyl and epoxy groups on the basal planes and edges of 
sheets make them highly hydrophilic and very stable aqueous dispersions. Thus, 
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graphene oxide sheets can be easily dispersed in aqueous media for preparation of 
polymer composites such as epoxy (Yang, 2009c), poly(vinyl alcohol) (PVA) (Liang, 
2009a) and poly (allylamine) (Satti, 2010) to improve their mechanical properties 
and thermal stability (Bortz, 2012; Xu, 2009). Unfortunately, due to the high surface 
area and strong van der Waals force, the GO sheets in the polymer matrix are still 
apt to form severe aggregations at a relatively high loading (McAllister, 2007b), and 
even result in poor sheet/matrix interfacial quality (Wan, 2014b), restricting their 
application in polymer nanocomposites. Similarly, TRGO and CRGO sheets can 
easily form irreversible agglomerates or even restack to form graphite through Van 
der Waals interactions. Therefore, the prevention of aggregation is essential for RGO 
sheets because most of their unique properties are only associated with individual 
sheets.

Normally, the vast interfacial area created by nanofillers can influence the 
behaviour of the surrounding polymer matrix even at a very low content (Desai, 2005), 
which will affect the neighbouring polymer chains (Bansal, 2005) and, consequently, 
the performance of the composites. Thus, the performance of graphene/polymer 
composites is highly dependent on not only the dispersion and exfoliation levels 
of graphene sheets into the matrices but also their interfacial interactions. As a 
result, the other important problem remains to achieve strong interface between the 
graphene and the polymer matrix to promote the stress transferring efficiency (Kotov, 
2006). Additionally, other challenges need to be still overcome for the integration 
of graphene oxide or RGO into polymer matrix (Singh, 2011), i.e. functionalizing 
graphene oxide or RGO sheets with remaining structural integrity and controlling the 
folding, crumpling and bending of sheets into the polymer matrix.

7.3.2   Surface modification of graphene

Pristine graphene is hydrophobic in nature and thus cannot be dissolved in polar 
solvents or polymers, which makes surface modification of graphene sheets 
important for their future applications. The dispersion of graphene against their 
agglomeration in solvents and polymer matrixes, after complete exfoliation of 
graphitic layers, has been achieved by surface modification through non-covalent 
and covalent bonding.

7.3.2.1  Non-covalent modification
Non-covalent modification with different organic compounds is essential and 
effective to disperse or exfoliate graphene in solvents and polymers, and thereby 
avoid the formation of restacking. Non-covalent modification by π-interactions is an 
attractive synthetic method, because it offers the possibility of attaching functional 
groups to graphene without disturbing the electronic network (Georgakilas, 2012a), 
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thus making conductive nanocomposites (Tkalya, 2012). Similarly as previous work 
on CNT dispersion and surface modification (Fukushima, 2003; Islam, 2003; Kim, 
2012; Moore, 2003), non-covalent modification approaches of graphene typically use 
organic mediating molecules ranging from low molecular weight molecules to supra-
molecules to polymers (Choi, 2010; Coleman, 2009; Das, 2012b; De, 2010; Fernández-
Merino, 2012; Li, 2008b; Lotya, 2009; Ronan, 2010; Shen, 2009; Yang, 2012d; Zhang, 
2013a; Zhu, 2009). Especially, interest in aqueous graphene dispersions is driven by 
the desire to minimize or eliminate volatile organic compound formulations in many 
different industrial sectors (Texter, 2014).

Figure 7.4. Non-covalent surface modification of graphene derivatives: (a) schematic representation 
of SDS adsorption onto RGO (Hsieh, 2013): (i) adsorption of isolated surfactant monomers, (ii) 
adsorption of a surfactant monolayer, (iii) formation of hemi-cylindrical surface micelles, and (iv) 
formation of micelles in bulk solution; (b) Triton X-100 surfactant treated RGO (Triton-RGO) (Wan, 
2013): (i) stability of the dispersions after sonication (A: untreated RGO; B: Triton-RGO), TEM images 
of epoxy composites with 0.2 wt% (a) untreated and (b) treated RGO; (c) triblock copolymer modified 
graphene (Qi, 2010): (i) chemical structure of PEG-OPE, (ii) schematic illustration of fabrication of 
PEG-OPE stabilized RGO, (iii) AFM image and cross-sectional analysis of PEG-OPE-RGO on mica; (d) 
Overview of increase in weight fraction graphene for exfoliated graphene dispersions in water since 
early reports (The dotted line at -0.49, corresponding to a weight fraction of about 0.3, represents 
an upper bound to the amount of graphene that may be able to be dispersed in water.) (Texter, 
2014).
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The predominant mode of dispersion uses stabilizers (such as surfactants and 
polymers) to provide steric or electrostatic stability against collision, re-agglomeration 
or flocculation. For example, to surface-modify graphene by using the ionic 
surfactant sodium dodecyl sulfate (SDS) were consistent with a four-stage adsorption 
model (Hsieh, 2013), shown schematically in Figure 7.4a. Adsorption of amphiphilic 
molecules, such as surfactants and amphiphilic copolymers with hydrophilic or 
hydrophobic groups, is one of simplest and most effective methods to nondestructively 
enhance the dispersibility of RGO. Normally, the non-ionic surfactant treatments 
of RGO were effective method to improve their dispersion stability in water and the 
dispersion/exfoliation level of sheet in the polymer (Figure 7.4b) (Wan, 2013). The 
hydrophilic regions of non-ionic surfactants interact with polar solvent molecules, 
and the hydrophobic regions can adsorb onto nanofiller surfaces (Kim, 2012), and 
thus facilitate the dispersion stability of nanofillers in water mainly by forming a large 
solvation shell from the hydrophilic moieties (Kaleemullah, 2012; Ma, 2010; Richard, 
2003). Qi et al used a coil-rod-coil conjugated triblock copolymer (PEG-OPE) as π−π 
binding stabilizer to surface-modify the RGO sheets (Figure 7.4c) (Qi, 2010). Due to the 
amphiphilicity and π-conjugation of PEG-OPE molecules, the modified RGO form a 
sandwich structure, making the RGO soluble in a variety of solvents including toluene 
and water. Recently, Texter deduced the most concentrated graphene dispersions in 
water to exceed a weight fraction of 0.05, an upper bound of about 0.3, as shown in 
Figure 7.4d (Texter, 2014), providing great promise for many low cost and high volume 
processes for producing double layer supercapacitors, highly electrically conducting 
inks and thin layers, and highly thermally conducting coatings.

7.3.2.2  Covalent modification
Covalent surface modifications feature functional groups or modifier molecules that 
are attached to graphene by covalent bonds, which includes two general routes (Hsiao, 
2010): (1) the formation of covalent bonds between free radicals or dienophiles and C=C 
bonds of pristine graphene (Georgakilas, 2012b) and (2) the formation of covalent bonds 
between organic functional groups and the oxygen groups, such as epoxy, carboxyl, and 
hydroxyl groups, on the surface and edge of the of graphene sheets. In the former route, 
the functional groups are anchored to carbon atoms in graphene to yield defect carbons 
in which the hybridization state changes from sp2 to sp3, leading to a loss of conjugation. 
The introduced defects affect the properties of the graphene sheets, most importantly 
its electric conductivity. Comparatively, in the latter route, the organic molecules 
arecovalently attached to graphene surfaces without destruction of carbon lattice, 
showing some advantages for preparation of high performance polymer composites.

Graphene oxide is characterized as a single graphitic monolayer with randomly 
distributed aromatic regions (sp2 carbon atoms) and oxygenated aliphatic regions (sp3 
carbon atoms) containing hydroxyl, epoxy, carbonyl, and carboxyl functional groups, 
which can make them form stable dispersions in water and polar organic solvents 
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such as DMF, NMP, and THF (Paredes, 2008). Such graphene/solution dispersion has 
been used to fabricate the homogenous graphene oxide/polymer composites at a very 
low filler loading (~0.0375 wt%) (Yang, 2009c). However, graphene oxide sheets still 
form agglomerates in the polymer matrix at relatively high loading due to π-π stacking, 
strong  hydrogen  bond and  Van  der  Waals  force (Wan, 2014b). Many protective 
agents have been presented for improving the dispersion/exfoliation of graphene 
oxide in solution or polymer (Bao, 2011; Cao, 2011b; Xue, 2012), such as isocyanates 
(Stankovich, 2006c), hexachlorocyclotriphosphazene and glycidol (Bao, 2011), 
silane coupling agent (Yang, 2009b; Zeng, 2013), octadecylamine (Li, 2011b; Nawaz, 
2012), block copolymer (Cao, 2011b),   PVA (Cano, 2013; Cheng, 2012), poly(methyl 
methacrylate) (PMMA) (Gonçalves, 2010; Li, 2012e), and bio-based polyester (Tang, 
2012). Recently, we used three types of organic molecules with different functional 
ended-groups including polyetheramine (PEA), 3-glycidoxypropyltrimethoxy (GPTMS) 
silane and diglycidyl ether of bisphenol-A (DGEBA) epoxy to modify graphene oxide 
sheets (Figure 7.5a) (Guan, 2014; Wan, 2014a; Wan, 2014b). The results revealed that 
the organic molecules attached to the sheets play a crucial role in determining the 
dispersion/exfoliation in the polymer composites (Figure 7.5b). Among the studied 
methods, the covalent functionalization of graphene oxide with DGEBA epoxy chains 
is promising for an epoxy composite system, since the grafted polymer chains can mix 
easily with the corresponding polymer matrix to lead to an improved dispersion and 
interface (Cheng, 2012; Deng, 2011; Lin, 2011; Liu, 2011; Salavagione, 2009), providing 
a convenient method to achieve the ideal reinforcing effect in polymer composites.

As above-mentioned, graphene oxide sheet is electrically insulating, limiting its 
application for conductive polymer composites. Normally, the electrical conductivity 
of graphene oxide can be significantly increased by reduction through removing the 
oxygen groups and re-hybridizing the effected sp3 C atoms to sp2 C. However, chemical 
reduction of graphene oxide in water and thermal reduction at high temperature of 
graphene oxide or GO sheets usually result in their irreversible restacking, which then 
makes dispersion of individual sheets in a polymer matrix difficult. For this reason, 
the residual oxygen groups of RGO sheets after the reduction can be functionalized to 
fabricate derivatives (Chen, 2012c; Fang, 2009, 2010a; Fang, 2010b; Guo, 2011c; Hsiao, 
2010; Kerscher, 2013; Lu, 2012a; Ma, 2012; Ma, 2013a; Nethravathi and Rajamathi, 2008; 
Rafiq, 2010; Ramanathan, 2008; Tang, 2011b; Verdejo, 2008), showing promising to 
improve the compatibility of RGO sheets in a polymeric matrix. The surface covalent 
functionalization is usually effective to manipulate the physical and chemical 
properties of graphene sheets, as well as to facilitate the interfacial stress transfer 
from polymer to sheet (Guan, 2014). In particular, considering the rich chemistry of 
hydroxyl, carboxyl, and epoxy groups, GO has been selected very often as the starting 
material for the formation of graphene derivatives through the covalent attachment 
of organic groups on its surface (Georgakilas, 2012a). For example, based on mussel-
inspired surface chemistry (Lee, 2007), dopamine molecules with adhesive property, 
reducing ability, high thermal stability, and high carbon-yielding characteristic were 
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used to surface functionalize graphene oxide (Kaminska, 2012; Kang, 2011; Lee, 
2013b; Xu, 2010b). Since dopamine can serve as an effective reducing agent due to its 
oxidative self-polymerization to produce polydopamine, simultaneous reduction and 
surface functionalization of graphene oxide were thus obtained. Similar simultaneous 
reduction and functionalization of graphene oxide were also obtained by using 
different diamine molecules, such as octadecylamine (Li, 2011b), ethylenediamine 
(Kim, 2013) and polyetheramine (Tang, 2014a).

Figure 7.5. Covalent functionalization of graphene oxide for polymer composites: (a) schematic 
of synthesis of graphene oxide sheets functionalized by various organic molecules with different 
functional ended-groups (Guan, 2014; Wan, 2014a; Wan, 2014b) and (b) the optical images of 
sheet dispersion in epoxy resin: (i) 0.5 wt% graphene oxide , showing some clusters (dark dots) 
at a relatively high filler content, (ii) 0.5 wt% PEA functionalized graphene oxide (Guan, 2014), 
indicating the almost unchanged dispersion after the PEA functionalization and (iii) 0.5 wt% 
DGEBA functionalized graphene oxide (Wan, 2014b), demonstrating good dispersion due to the 
compatibility and miscibility between the functionalized graphene oxide and the epoxy matrix.
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Herein, we briefly introduced the surface modification of graphene for fabricating 
polymer composites. More information about achieving a well-dispersed system by 
either covalent or non-covalent functionalization of graphene surface is referred to 
reviews on graphene chemistry (Dreyer, 2010; Georgakilas, 2012a; Kuila, 2012; Park, 
2009).

7.3.3  Mechanical methods for dispersing graphene into polymer

Several main methods including ultrasonication, three roll mill, ball mill, stir and 
extrusion (Figure 7.6), have been widely used to disperse graphene and its derivatives 
into polymers, which is similarly to disperse CNT into polymers reported by Kim and 
co-workers (Ma, 2010).

Ultrasonication is the act of applying ultrasound energy to agitate nanofillers in 
a solution and/or polymer. The principle of this technique is that when ultrasound 
propagates via a series of compression, attenuated waves are induced in the molecules 
of the medium through which it passes (Ma, 2010). Such shock waves promote the 
‘‘peeling off” of individual nanoparticles located at the outer part of the nanoparticle 
bundles, or agglomerates, and thus produce the separation of individualized 
nanoparticles from the agglomerates (Figure 7.6a). This method is an effective method 
to disperse and exfoliate graphene and obtain stable suspensions in various solvents 
with a low viscosity, such as water, acetone and ethanol (Luo, 2011; Paredes, 2008; 
Wajid, 2012). Considering the solid or viscous liquid nature of most polymers, they 
are usually required to be dissolved or diluted using a solvent to reduce the viscosity 
before using this method. It should be noted that both of frequency of ultrasound 
(most commonly used zone: 10-50 KHz) and treatment time are crucial parameters for 
the integrity of graphene structure and its dispersion state in polymer (Li, 2013d). In 
particular, ultrasonication can be used to tune the structure of graphene oxide sheets 
(Qi, 2013), and the sheets were exfoliated gradually in an appropriate time and further 
treatment led to a reverse trend. It was also found that the size of graphene oxide 
decreased sharply in the first hour and then remained almost unchanged with the 
extension of sonication, but such localized damage to graphene oxide deteriorated 
both of the electrical and mechanical properties of polymer composites.

Calender (e.g. three-roll or two-roll mill), is especially suits for elastomer and 
adhesive processing. The two or three roll mill methods employ the shear force 
created by rollers to mix, disperse or homogenize viscous materials. For instance, 
three-roll mill consists of three adjacent cylindrical rolls where three rolls turned 
at the different angular velocity ratio (ω1<ω2, Figure 7.6b). The first and third rolls 
rotated in the same direction while the center roll rotated oppositely. Adjusting the 
gap distance (δg) and nip force between rolls resulted in high shearing stress, which 
could break up the nanoparticle agglomerates and hence generate highly dispersed 
polymer dispersion (Thostenson, 2006). A serial of polymer composites with low 
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loading of RGO sheets have been prepared by using the calendering process (Ahmadi-
Moghadam, 2014; Araby, 2013; Chandrasekaran, 2014; Hernández, 2012; Mannov, 
2013; Potts, 2013; Prolongo, 2013), which is effective to improve the mechanical, 
thermal and electrical properties. Although some sheet clusters were still found in 
polymer (Chandrasekaran, 2014), the dispersion state can be tuned by changing the 
gap between the adjacent rolls (Ahmadi-Moghadam and Taheri, 2014).

Ball milling is a typical grinding method used to grind materials into extremely 
fine powder for use in paints, pyrotechnics and ceramics. During the milling, a 
high pressure is generated locally due to the collision between the tiny, rigid balls 
in a concealed container (Figure 7.6c), which can grind nanoparticle clusters to as 
small as nano-scale (below 100 nm) in polymer matrix, even exfoliate the graphite 
to be graphene sheets (Leon, 2011; Zhao, 2010a). Some useful functional groups 
can be successfully grafted onto graphene surfaces by using the ball milling 
process (Chen, 2013a; Wu, 2011). In general, ball milling processing can produce 
good graphene dispersion in polymer matrix, even further exfoliate the graphene 
sheets (Tang, 2013a). A one-pot method which involves peeling graphite sheets 
off into graphene and in situ producing graphene-based nanocomposites by ball 
milling has been presented in some works (Wu, 2011; Wu, 2012c). However, it is 
worthy to note that an appropriate milling time is very important since a relatively 
long balling time may significantly destroy the structure of graphene sheet and 
decrease the sheet size.

Stir is a common technique to disperse particles in liquid systems and can be also 
used to disperse graphene in a polymer matrix. Size and shape of the propeller and 
the mixing speed are important to determine the dispersion state of fillers in polymer. 
For dispersing nanofillers including alumina, CNT and graphene, higher shear speed 
(>2000 rpm) are needed to produce high shear round the stress around the propeller 
(Figure 7.6d) (Gao, 2014; Tang, 2013b; Tang, 2011a; Zhang, 2010a). After intensive 
stirring of graphene sheets in polymer matrix, although a relatively good dispersion 
and exfoliation state of sheet can be achieved, the dispersing effect by such method 
is still inferior to that by using the calendering methods (Prolongo, 2013). Similarly, 
extrusion is a frequently used to disperse graphene into solid polymers like most 
thermoplastics. Twin screws in extruder hopper rotate at a high speed generating high 
shear flow through adjusting various parameters such as screw speed, temperature 
and time (Figure 7.6e), and it leads to graphene dispersing and mixed with polymer 
matrix. The extrusion method meets large-scale production of polymer composites, 
which has been used for fabricating high-performance graphene/polymer composites 
(Chatterjee, 2011a; Kalaitzidou, 2007; Steurer, 2009; Vallés, 2013; Zhang, 2010b). A 
drawback of this technique is that it may cause graphene buckling and even rolling or 
shortening due to the strong shear forces, thus reducing their aspect ratios, which is 
not favorable for achieving a low percolation threshold and high conductivity of the 
composites (Kim, 2010b).
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Figure 7.6. Mechanical methods and schematic of the related mechanisms for dispersing graphene 
into polymers: (a) ultrasonication, (b) calender, (c) ball milling, (d) high speed shear mixer and (e) 
extruder.

7.3.4  Fabrication of graphene/polymer composites

In order to facilitate industrial fabrication and application, directly using graphene 
as fillers to prepare polymer composites is preferred. Based on the above mechanical 
dispersing methods, there are three main strategies to achieve this: solution mixing, 
in situ polymerization and melt blending.

7.3.4.1  Solution mixing
Solution mixing is the most widely used technique for preparing graphene/polymer 
composites because it is amenable to small sample sizes and possesses a low viscosity 
condition for nanofiller dispersing. Typically, solution mixing method involves 
three major steps: dispersing graphene in a suitable solvent by mechanical mixing, 
magnetic agitation or sonication, then, mixing the nanofiller suspension with a 
polymer in the same solvent or in a mixed solvent by simple stirring or shear mixing, 
finally obtaining composite by removal of solvent though precipitating using a non-
solvent for the polymer or directly evaporating solvent. This method is considered 
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an effective means to prepare composites with uniformly dispersed graphene or its 
derivatives. Many composites based on epoxy (Tang, 2013a; Teng, 2011; Wan, 2013; 
Yousefi, 2013b), PS (Stankovich, 2006a; Tang, 2014b), PMMA (Gonçalves, 2010; Li, 
2012e), polyvinylidene fluoride (PVDF) (Shang, 2013), polypropylene (PP) (Yun, 2011), 
polyurethane (PU) (Chen and Lu, 2012c; Kim, 2010b; Yousefi, 2013a), etc., have been 
fabricated using this technique. However, it is worthy to note that solvent removal is 
a critical issue and the trace of the solvents always remains such as absorbed on the 
graphene even after careful removal and drying processes.

7.3.4.2  In situ polymerization
In situ polymerization is another very efficient method to obtain uniform dispersion of 
graphene and provide strong interaction between the graphene and polymer matrix. In 
this technique, the sheets are mixed with the monomers or pre-polymers, sometimes in 
the presence of a solvent, and then the polymerization occurs by adjusting condition 
such as temperature and time. Successful examples of in situ polymerization include 
PS (Liu, 2011), polyimide (PI) (Wang, 2011b), PP (Huang, 2010b), PU (Kim, 2010b; Li, 
2013c), polyacrylonitrile (Yin, 2012), PS (Liu, 2011), PMMA (Potts, 2011b), epoxy (Guo, 
2011c), phenol formaldehyde (Zhao, 2014). This technique is particularly important for 
the composites with insoluble or thermally unstable polymer matrices, which cannot 
be processed in solution or melt processing. However, the polymerization process is 
usually accompanied by an influence of the matrix polymerization and an increasing 
viscosity hinders manipulation and limits load stress (Verdejo, 2011). In addition, in 
some cases, this technique is carried out in the presence of solvents, and thus has the 
similar shortcomings as solution processing (Du and Cheng, 2012).

7.3.4.3  Melt blending
Melt blending is much more economical and scalable than both solvent mixing 
and in situ polymerization. This technique utilizes both high-shear forces and 
high temperature melting to blend the filler and matrix materials, so it is more 
environmentally friendly than solvent mixing. However, because of thermal instability 
of most chemically modified graphene, use of melt blending for graphene has so far 
been limited to a few studies with the thermally stable graphene. Thermoplastic 
polymers, such as PU (Kim, 2010b), PS (Shen, 2011; Zhang, 2010b), polycarbonate 
(PC) (Shen, 2013b), PP (Hsiao, 2011), PA (Yuan, 2013), poly(styrene-co-acrylonitrile) 
(Steurer, 2009), polyurethane 12 (PA12) (Yan, 2012), and elastomers (Araby, 2013), 
can be processed as matrix materials by using this processing. The shortcomings of 
this procedure are the low bulk density of thermally exfoliated graphene that makes 
extruder feeding to be a troublesome task and the low degree dispersion of filler. 
Meanwhile, the high shear forces employed can sometimes cause the breakage of 
graphene sheets. These drawbacks are detrimental to the performances of composite, 
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so optimization of melting process for high performance polymer composites is a 
challenging but significant task.

The fabricating processes play crucial roles in determining the dispersion and 
exfoliation of graphene and its derivatives in polymers and thus influencing the final 
performance of graphene/polymer composites. Several works have compared the 
effect of different processing methods through characterization of filler dispersion 
and performance of composite (Kim, 2010b; Potts, 2013; Raza, 2012; Tang, 2013a). 
For example, Macosko and co-workers prepared PU based composites containing 
thermally reduced GO (TRG) by using three different methods of dispersion: solvent 
blending, in situ polymerization, and melt compounding (Kim, 2010b). The results 
revealed that the structure and performance of the composites are closely related 
to preparing methods and can be tailored by experiencing a certain processing 
procedure. It was found that solvent processed composites have higher stiffness and 
lower electrical percolation threshold than melt mixing processed composites. This 
observation is in good qualitative agreement with the dispersion level inferred from 
solid property enhancements (Figure 7.7a).

Figure 7.7. Various fabricating processes for fabricating graphene/polymer composites: (a) 
schematics of TRG/TPU composite preparation routes and their TEM images of TRG in TPU and TEM 
images of 3.0 wt% TRG/PU composites prepared different fabricating processes, showing the better 
dispersion/exfoliation of TRG obtained by the solution mixing and in situ polymerization compared 
to melt blending (Kim, 2010b); (b) porous graphene scaffolds synthesized by the ethanol-CVD 
method (Cao, 2011a): (i) schematic illustration of the synthesis of 3D graphene networks on Ni foam 
by ethanol-CVD, (ii) photographs of Ni foam before and after the growth of graphene and (iii) 3D 
graphene networks after removal of Ni foam; (c) 3-D RGO network via a self-assembly process (Pham, 
2012): (i) schematic illustration of self-assembly of PMMA latex and graphene oxide, followed by 
hydrazine reduction of graphene oxide, and SEM images of RGO/PMMA composites filled with 
different filler loading: (ii) 2.0 wt% and (iii) 4.0 wt%.
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7.3.4.4  Other methods
Recently, some novel methods have been developed to synthesize graphene/polymer 
composite materials with 3-D porous graphene scaffolds (Cao, 2011a; Chen, 2011; Jia, 
2014; Li, 2014a; Pham, 2012; Vickery, 2009; Wu, 2013a; Wu, 2013b). Typically, CVD, 
template and lyophilization methods have been used to prepare 3-D porous graphene 
scaffolds (Barg, 2014; Cao, 2014; Sun, 2013c) (Figs. 7b and 7c). In the CVD method, 
carbon was first introduced to the nickel foam by decomposing carbon sources such 
as hydrocarbon gases, and a graphene film with a continuous and interconnected 
3-D network was then produced on the surface of the nickel foam (Cao, 2011a; Pettes, 
2012). Then, the porous graphene scaffolds can be used to prepare high mechanical 
performance and conductive graphene/polymer composites (Chen, 2011; Jia, 2014). 
In the template approach, highly conductive polymer composites with 3-D graphene 
scaffolds can be prepared by a self-assembly of positively charged polymer latex 
particles and negatively charged graphene oxide sheets through electrostatic 
interactions, followed by hydrazine reduction (Choi, 2012b; Pham, 2012; Wu, 2013a). 
In the lyophilization method, the graphene or graphene oxide dispersion was frozen 
at a low temperature, and the solvent was converted to the solid state and removed by 
a drying process in vacuum. Gao and co-workers prepared the multifunctional, ultra-
flyweight graphene/CNT aerogels by injecting aqueous dispersion of graphene oxide 
and CNT into liquid nitrogen during the lyophilization, followed by the chemical 
reduction of hydrazine vapor (Sun, 2013b). Liao and co-workers synthesized graphene 
sponge scaffold from graphene oxide solution by a hydrothermal method combined 
with freeze drying and then infiltrated epoxy into such porous graphene structure to 
prepare highly conductive composite materials (Li, 2014a).

7.4  Properties of graphene/polymer composites

7.4.1  Mechanical properties

The in-plane elastic modulus and fracture strength of defect-free graphene are ~1.0 
TPa and ~130 GPa (Lee, 2008), respectively. Despite some structural distortion, the 
measured elastic modulus of RGO sheets is still as high as 0.25 TPa through tip-
induced deformation experiments (Gómez-Navarro, 2008). As a comparison, Figure 
7.8a presents a chart of Young’s modulus as a function of density comparing graphene 
properties to more traditional materials (Verdejo, 2011), indicating that the defect-
free graphene is the stiffest and strongest material ever reported in nature. These 
outstanding intrinsic properties of graphene or RGO sheets (compared to most 
polymeric materials), coupled with their large surface areas, allow them to be the 
primary load-bearing component of polymer composites. Therefore, graphene-filled-
polymer composites has attracted a great deal of attentions and become one of the 
most explored directions in composite materials now (Sun, 2013c).
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The mechanical properties can be significantly improved by incorporating 
graphene into polymers, even showing advantages of graphene in mechanical 
reinforcement over existing carbon fillers such as carbon black (CB), expanded 
graphite (EG), and single-walled carbon nanotubes (SWNT) (Rafiee, 2010; Rafiee, 
2009; Ramanathan, 2008; Shadlou, 2013; Steurer, 2009; Tang, 2014b; Wang, 2011d; 
Yavari, 2010; Zandiatashbar, 2012). Zhao et al. had developed a fully exfoliated RGO/
PVA composite by an aqueous solution mixing method (Zhao, 2010b). Compared with 
the pure PVA polymer, the tensile strength and Young’s modulus had been increased 
by 150% and appropriately ten times at 1.8 vol% of RGO, respectively (Figure 7.8b). 
Ramanathan et al. investigated and compared thermal and mechanical properties of 
PMMA-based composite containing functionalized graphene sheets (FGS), SWNTs and 
EG fillers (Figure 7.8c) (Ramanathan, 2008); and the results suggest that the presence 
of the wrinkles may actually lead to nanoscale surface roughness which likely produce 
an enhanced mechanical interlocking and adhesion with the polymer chains. Also, 
comparative studies of both RGO and CNT filled polymer composites made by Rafiee 
et al. (Rafiee, 2009; Yavari, 2010) revealed greater improvements for RGO/polymer 
than for CNT/polymer systems (Figure 7.8d). Recently, we also investigated the creep 
and recovery of PS composites with different geometrical morphologies of carbon 
nano-additives i.e CB, multi-wall carbon nanotube (MWCNT) and CRGO sheets (Tang, 
2014b). At a fixed loading of fillers, the CRGO sheets showed better efficiencies in 
reducing the creep and unrecovered response than the CB and MWCNT fillers (Figure 
7.8e).

When dispersed in a polymer matrix, these compliant RGO sheets usually show 
wrinkled structures which may effectively reduce these modulus values (Tang, 2013a), 
as crumpled sheets would tend to unfold rather than stretch in-plane under an applied 
tensile stress. This nanoscale surface roughness likely leads to increased mechanical 
interlocking with polymer chains and consequently strengthens the interaction and 
load transfer between graphene and the polymer matrix. Thus, the reinforcing/
toughening effectiveness observed from these materials thus far may be limited 
by problems with dispersion and exfoliation of sheets in the polymer matrix. The 
restacking and/or incomplete exfoliation of RGO sheets could lead to lower effective 
modulus values due to the decreased aspect ratios; and the weak van der Waals forces 
exist between individual shells of the graphene agglomerates (Chen and Lu, 2012c), 
slipping between the shells will occur. It has been suggested that such aggregates 
may be highly compliant and could reduce the effective aspect ratio of the filler, with 
both factors diminishing the reinforcing/toughening effect (Schaefer, 2007). Previous 
work demonstrated that epoxy composites with highly dispersed RGO showed higher 
tensile strength and fracture toughness than those with poorly dispersed RGO (Figs. 
9a and 9b) (Tang, 2013a), and the sheets were observed to debond/delaminate and 
bridge the micro-crack during fracture process due to the poor filler/matrix and filler/
filler interfacial quality (Figs. 9c and 9d), which should be the key elements of the 
reinforcing and toughening effects on epoxy resin.
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Figure 7.8. Mechanical properties of graphene and graphene-reinforced-polymer composites: (a) 
chart of Young’s modulus as a function of density comparing graphene properties to traditional 
materials (graphene density was taken as 2200 kg/m3) (Verdejo, 2011); (b) tensile properties 
of graphene/PVA composites: typical stress-strain curves (left) and dependence of the tensile 
strength and elongation (right) on the graphene volume concentration (Zhao, 2010b); (c) summary 
of mechanical and thermal property improvements for PMMA composites containing 1 wt% FGS, 
SWNT and EG fillers (Ramanathan, 2008) (All property values are normalized to the values for neat 
PMMA; neat PMMA values are Young’s modulus, E=2.1 GPa, Tg=105 oC, ultimate strength=70 MPa, 
thermal degradation temperature=285 oC); (d) fracture toughness (KIC) and fracture energy (GIC) for 
the baseline epoxy and GPL/epoxy, MWNT/epoxy, and SWNT/epoxy nanocomposites at ~0.1 wt% 
fraction of nanofillers (Rafiee, 2009); (e) creep strain and unrecovered strain at 900s of pure PS and 
its composites with 5.0 wt% MWCNT, CB and CRGO fillers under the applied stress of 8 MPa and 
environment temperature of 60 oC (Tang, 2014b).

As is well known, the mechanical properties of polymer composites are not only 
determined by the dispersion levels of nanofillers, but are also essentially dependent 
on their interface with the polymer host (Huang, 2012a; Shim, 2012; Verdejo, 2011; 
Yousefi, 2013a; Zaman, 2011). A strong interfacial bond between the RGO sheet and 
the surrounding polymer matrix is crucial to determine the mechanical performance of 
polymer composites (Kim, 2010b; Liang, 2009a; Paul, 2008; Shen, 2013a; Wang, 2011f). 
In the composites, incompatibility between the phases may lower stress transfer due 
to poor interfacial adhesion, resulting in a lower modulus (Schadler, 1998). Gong et al. 
measured the graphene/polymer interfacial adhesion by using Raman spectroscopy 
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measured under strain (Gong, 2010). The results revealed an interfacial shear stress 
of ~2.3 MPa in a graphene/PMMA composite (where graphene was produced by 
micro-mechanical exfoliation), suggesting that the interaction between PMMA and 
the monolayer graphene was relatively weak. Previous work has also demonstrated 
that the mechanical properties of the polymer composites are slightly improved after 
the presence of pristine graphene, but not enough as expected (Rafiee, 2009; Wang, 
2012c; Zaman, 2012a), especially for the elastic modulus. As the above-mentioned 
discussion, surface modification of the surface or edges of RGO and its derivatives is 
effective to significantly improve the graphene/polymer interface through covalent and 
non-covalent bonding (Das, 2012b; Fang, 2010b; Hu, 2014; Layek, 2012; Meng, 2014; 
Naebe, 2014; Park, 2013b; Potts, 2011b; Shen, 2013b; Tang, 2011b). For example, the 
non-ionic surfactant treatments of Triton X-100 were effective to improve the dispersion 
and interface in the RGO/epoxy composites (Wan, 2013); and the debonding between 
the untreated RGO and the matrix seems to be restricted after the surfactant treatment 
(Triton-RGO) as indicated by the black arrows in Figure 7.9e. As a result, the tensile 
strength and fracture toughness of the composites were thus greatly improved. Aside 
from the main issues of the dispersion and interface, the mechanical performance of 
graphene/polymer composites are strongly influenced by other several factors, such as 
intrinsic structure, size and propeties of RGO sheets as well as orientation in polymer 
(Chatterjee, 2012; Du and Cheng, 2012; Layek, 2012), which is still further investigated to 
optimize the mechanical proeprties of the composites.

In general, graphene oxide sheets are also attractive fillers for reinforcing/
toughening polymer (Vallés, 2013; Wan, 2012; Wang, 2013b), which is due to the 
following reasons: (i) it has excellent mechanical properties, such as elastic modulus 
of ~207.6 GPa (Suk, 2010); (ii) it has abundant functional groups, which facilitate 
strong interfacial interaction and load transfer from the host polymers to the sheets 
(Wang, 2011e; Yang, 2009c); (iii) the functional groups can significantly alter the van 
der Waals interactions between the sheets, making them easier to disperse in polymer 
matrices (Liang, 2009a). For example, Bortz et al. found 28-111% enhancements in 
mode I fracture toughness (KIC) and up to 1580% in uniaxial tensile fatigue life 
through the addition of small amounts (<1.0 wt %) of graphene oxide to an epoxy 
system (Bortz, 2012). Compared to the traditional and natural 2-D fillers of clay, 
graphene oxide has a weight and flexibility advantage, so that polymer composites 
containing graphene oxide sheets are more applicable as structural materials 
requiring lightweight and/or flexibility. In order to further improve the mechanical 
performance of the graphene oxide/polymer composites, chemical modification is an 
effective method of manipulating the physical and chemical properties of graphene 
oxide to improve the interfacial interaction with a polymer matrix (Nawaz, 2012; Satti, 
2010; Yun, 2011), especially the grafted polymer chains for the corresponding polymer 
composites (Fang, 2009; Gonçalves, 2010; Liu, 2011; Shen, 2013a). For example, in 
epoxy system, the DEGBA epoxy functionalization of graphene oxide (DGEBA-f-GO) 
improved the dispersion of graphene oxide and its interfacial interactions with the 
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epoxy matrix (Wan, 2014b); and consequently, the elastic modulus (+13%), strength 
(+75%) and fracture toughness (+41%) of epoxy were simultaneously and significantly 
enhanced at a DGEBA-f-GO loading of 0.1 wt%. When compared with those of other 
epoxy systems with similar GO weight content (0.10-0.50 wt%) (Bortz, 2012; Chen, 
2012a; Jiang, 2013; Li, 2013e; Wang, 2013b; Yousefi, 2013b), the DGEBA-f-GO/epoxy 
samples exhibited a good balance among the thermal properties, tensile strength and 
elastic modulus as well as fracture toughness.

Figure 7.9. Mechanical properties of polymer composites as a function of different dispersion and 
interface conditions: (a) tensile strength and (b) fracture toughness of epoxy composites filled with 
poorly and highly dispersed RGO and surfactant-treated RGO (Tang, 2013a; Wan, 2013); (d) SEM and 
(e) TEM image of the composite filled with untreated RGO, showing the sheet/matrix debonding and 
graphene bridging a propagating micro-crack; (f) SEM image of epoxy composites containing Triton-
RGO. (f) Mechanical properties of epoxy composites with different chain lengths of polyetheramine 
(PEA, D230 and D2000) functionalized graphene oxide and (g) the proposed PEA-functionalized-GO/
epoxy composite formation mechanism (Zang, 2015).
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Interface design also plays a crucial role in developing superior mechanical 
performance of graphene oxide/polymer nanocomposites. Recently, we used two 
types of PEA molecules with different molecular lengths (D230 and D2000) to 
synthesize the PEA-f-GO sheets (Guan, 2014). The addition of PEA-f-GO was found to 
produce significant enhancements in the mechanical properties of epoxy, including 
elastic modulus, tensile strength, elongation at break and toughness. In particular, the 
PEA-f-GO sheets containing shorter PEA molecules produced higher improvement in 
strength but smaller increases in both ductility and toughness than those containing 
longer PEA molecules. For example, at 0.50 wt% filler loading, the two composites 
showed ~63% and 51% increases in tensile strength and 90% and 119% in toughness 
as compared to the unfilled epoxy (Figure 7.9f). The results indicated that the effective 
and tunable interphases between the polymer host and the graphene oxide sheets 
(Figure 7.9g), established by varying the molecular lengths of grafted modifiers, not 
only promote load transfer but also modulate the structure of organic networks such 
that the strength and toughness of composites can be optimized simultaneously.

7.4.2  Electrical conductivity

Conductive fillers are generally employed to insulating polymer matrices to realize 
electrical conductivity. This can be explained by a percolation theory, i.e., conductive 
fillers form conductive pathways, i.e. percolation thresholds after they reach a critical 
concentration with an onset of conductivity (Bauhofer, 2009). Once electrical percolation 
has been achieved, the increase in conductivity as a function of filler loading can be 
modeled by a simple power-law expression: σc=σf[(Ф-Фc)/(1-Фc))]t, where σf is the 
conductivity of the filler, Ф the filler volume fraction, Фc the percolation threshold (the 
onset of the transition), and t is the ‘universal critical exponent’). The large aspect ratio and 
high electrical conductivity of graphene and its derivatives make it promising conductive 
fillers to improve the electrical properties of various polymers, including PMMA (Li, 2012e; 
Pham, 2012; Zhang, 2012a), PVA (Das, 2012b; Zhou, 2011), poly(vinyl chloride) (PVC) 
(Vadukumpully, 2011), polyethylene terephthalate (PET) (Zhang, 2010b), PP (Huang, 
2010b), polyethylene (PE) (Pang, 2010), PU (Kim, 2010b; Liao, 2012), polyamide (PA12) 
(Chatterjee, 2011b; Yan, 2012), PS (Li, 2011b; Ma, 2012; Pham, 2011; Qi, 2011; Stankovich, 
2006a; Wu, 2012d), epoxy (Jia, 2014; Luan, 2012; Meng, 2014; Monti, 2013; Yang, 2012a; 
Zaman, 2012a; Zaman, 2012b). Stankovich et al. investigated the electrical conductivity 
of RGO/PS composites as a function of filler volume fraction (Figure 7.10a) (Stankovich, 
2006a); and the results revealed that the RGO/PS composites exhibit a typical percolation 
behavior (percolation value: near 0.1 vol%) and the introduction of RGO to PS can increase 
the conductivity to higher than 10 orders of magnitude. The composites containing only 
~1.0 vol% RGO loading show crumpling, wrinkling and folding morphologies (Figure 
7.10b) and have an electrical conductivity value of ~0.1 S/m, indicating that highly 
conductive graphene/polymer composites can be constructed using a low loading of 
graphene.
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Figure 7.10. Electrical properties of polymer composites prepared by using different fabricating 
processes: (a) electrical conductivity of PS composites filled with isocyanate-functionalized RGO 
prepared by the solution blending method (top, the fitting cuves of the experimental data to the 
effective conductivity equation) and (b) the microtomed composites with ~1.0 vol% RGO sheets, 
revealing the crumpling, wrinkling and folding morphologies of sheets (Stankovich, 2006a); (c) 
surface resistance of melt-blended graphite/PU composites (closed symbols, also in inset) and melt-
blended, solution-mixed, and in situ polymerized TRGO/PU composites (Kim, 2010b); (d) Electrical 
conductivity of PS composites filled with graphene oxide and PPD functionalized graphene oxide by 
using solution blending (top: TEM images of PS composites containing 3.0 wt% graphene oxide-
PPD) (Ma, 2012); (e) conductivity of graphene/PS composites as a function of filler volume fraction 
prepared by electrostatic self-assembly method (percolation value: 0.15 vol%; inset: SEM images 
of remained graphene skeleton after annealing the testing samples) and (f) electrical conductivity 
comparison of graphene and CNT-PS composites fabricated by the solution mixing and electrostatic 
self-assembly methods (Wu, 2013a).
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An outstanding electrically conductive graphene/polymer composite is 
expected to have lower Фc and higher conductivity at a lower filler loading, which 
can not only decrease the cost of filler loading but also preserve the processability 
of the composite. A theoretical study by Xie et al. predicted that graphene is more 
effective for conductivity improvement than corresponding CNTs because of their 
large specific surface area (Xie, 2008). However, experimental comparison of 
electrical conductivity and percolation thresholds between graphene- and CNT- 
based polymer composites show complicated. Comprehensive data compiled on 
CNT-based polymer composites reveals that the CNT/epoxy composites have been 
reported with electrical percolation thresholds as low as approximately 0.0025 
wt% (Bauhofer and Kovacs, 2009; Martin, 2004), which is usually far lower than 
those for graphene-based polymer composite (Das, 2012a). This discrepancy may 
be attributed to the following reasons reported by Du et al. (Du and Cheng, 2012): 
(i) graphene is easier to aggregate than MWCNTs in some cases due to its larger 
surface area and restacking; (ii) TRGO is apt to wrinkle and crimp, thus resulting in 
a lower aspect ratio; (iii) 2-D graphene is more difficult to interlace each other into 
a network structure than 1-D CNTs.

The electrical percolation threshold of graphene/polymer composites depends 
on the dispersion, alignment, intrinsic properties of the graphene sheets as well as 
their network structures in the polymer matrix. The effective fabrication methods 
are essential to disperse graphene, keeping them flat and preventing them from 
restacking and rolling, thus producing an effective conductive network. Kim et al. 
investigated the electrical properties of TRG/PU composites fabricated by three 
different methods of dispersion: solvent blending, in situ polymerization, and 
melt compounding (Kim, 2010b). The results showed the composites prepared by 
solution blending have the highest electrical conductivity and lowest percolation 
value among three systems (see Figure 7.10c), which is strongly dependent on the 
dispersion state of TRG in the matrix. On the other hand, although the dispersion 
states were similar for both solvent and in situ polymerization methods, the electrical 
conductivity of the two composite systems showed different. The differences among 
solvent and in situ polymerization could arise from the intimate contact between 
the graphene sheet and the polymer chains attained by in situ polymerization 
which effectively coats the sheet and shields it from the others (Verdejo, 2011). As 
reported in Ref. (Schaefer and Justice, 2007), it has been said that a high degree 
of dispersion may not necessarily yield the lowest onset of electrical percolation 
becuase a sheath of polymer may coat the surfaces of well-dispersed filler and 
prevent direct interparticle contact.

Another strategy to prepare conductive RGO/polymer composites is based on 
the starting materials of graphene oxide by the above-mentioned methods. Ma and 
his coworkers reduced and functionalized simultaneously graphene oxide by simple 
refluxing with p-phenylene diamine (PPD) in the presence of NH3 solution. The 
functionalization of graphene oxide with PPD (graphene oxide-PPD) substantially 
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enlarged the interlayer spacing of graphene oxide sheets, which effectively 
prevented their aggregation after reduction (Figure 7.10d). Thus, graphene oxide-
PPD was efficient in improving the electrical conductivity of PS, leading to a sharp 
conductivity transition with a low percolation threshold of ~0.34 vol%. Yousefi 
et al. prepared graphene oxide/waterborne epoxy composites using an easy, all 
aqueous, in situ polymerization method, and achieved highly stable RGO/epoxy 
dispersions, leading to the formation of composites with a self-aligned layered 
structure (Yousefi, 2013b). The highly aligned, ultralarge RGO sheets gave rise to a 
remarkable percolation threshold of 0.12 vol%. When the platelets are aligned in the 
polymer matrix, there are, at least at relatively low concentrations, fewer contacts 
between them, and thus the percolation threshold could be expected to increase.

Recently, construction of a 3-D, compactly interconnected graphene network is 
promising to prepare highly conductive polymer composites with low percolation 
threshold and high conductivity. Different from the graphene structures in polymer 
matrix formed by the conventional processing methods, the resulting 3-D porous 
graphene scaffolds would realize a uniform distribution of graphene without 
aggregation in polymer matrix and produce graphene sheets tightly contacting 
between them. Based on CVD of carbon occurred on nickel foams, Cheng and 
co-workers prepared flexible graphene/poly(dimethylsiloxane) composite films 
from the porous graphene scaffold with a high electrical conductivity of ~1000 S/m 
at a low graphene loading of ~0.5 wt% (Chen, 2011). Wu et al. used a self-assembly 
process to fabricate highly conductive PS nanocomposites with 3-D compactly 
interconnected graphene networks (Wu, 2013a) (Figure 7.10e), which is superior 
to that of the graphene- or CNT- based composite prepared by a solvent mixing 
method (Figure 7.10f). Similar 3-D scaffolds structures were established in other 
polymer composite systems (Chen, 2014; Li, 2014a; Ren, 2012), such as PVDF-based 
composites with a percolation value of ~0.105 vol%(Li, 2013b) and poly (methyl 
methacrylate-cobutyl acrylate) composites with a low percolation value of ~0.1 
vol% (Noël, 2014). To the best of our knowledge, the lowest percolation threshold 
achieved thus far for a graphene-based polymer nanocomposite (~0.07 vol%) was 
observed when the filler was not homogeneously dispersed in the polymer matrix, 
but rather segregated from the matrix to form a conductive network (Pang, 2010).

7.4.3  Thermal conductivity

In addition to the excellent mechanical and electronic properties, graphene and its 
derivatives exhibit unusually high intrinsic thermal conductivity (Balandin, 2008; 
Cai, 2010b; Chen, 2012b; Ghosh, 2008), which has been measured to exceed 3000 
W/mK when suspended (Balandin, 2008; Ghosh, 2008). The physics of phonons 
(the main heat carriers in graphene) has been shown to be substantially different 
in 2-D crystals, such as graphene, from three-dimensional 3-D graphite (Balandin, 
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2011; Ghosh, 2010). The 2-D geometry of graphene sheets may provide lower 
interfacial thermal resistance and thus produce highly-improved conductivity for 
polymer composites (Yu, 2008), even impart significant anisotropy to the thermal 
conductivity of the polymer composite (Kalaitzidou, 2007), due to the measured 
in-plane thermal conductivity as much as ten times higher than the cross-plane 
conductivity (Veca, 2009). Nevertheless, unlike the exponential increase in electrical 
conductivity, the thermal conductivity improvement produced by graphene fillers is 
not dramatic, although 2-D graphene can improve the thermal conductivity more 
effectively than 1-D CNT (Hu, 2010; Song, 2012a; Yu, 2007). This may be explained by 
the fact that the contrast in thermal conductivities between graphene and polymer 
is very smaller when compared to that in their electrical conductivities.

As is well known, thermal energy is transmitted by the interaction of adjacent 
particles through a combination of vibrations and free electrons. Interfacial thermal 
resistance across a filler/matrix or filler/filler interface is well known to limit the 
thermal conductivity of the composite (Zhong, 2006). Since phonons are the primary 
mode of thermal conduction in polymers, an effective interface between the matrix 
and filler can reduce phonon scattering at the matrix/filler interface, promoting 
higher thermal conductivity  (Ganguli, 2008; Song, 2013). Hu and co-workers 
investigated the thermal conductivity of epoxy-based composites containing 
4,4-diaminodiphenyl sulphone (DDS) functionalized graphene (D-graphene) 
and compared it with other carbon fillers including expandable GO (EGO), DDS 
functionalized EGO (D-EGO), pristine MWCNTs and DDS functionalized MWCNTs 
(D-MWCNTs). The results in Figure 7.11a revealed that DDS functionalization can 
obviously improve the interfacial heat transfer between the carbon materials and 
the epoxy matrix due to enhanced interfacial bonding (Hu, 2010). Similarly, Teng 
and co-workers synthesized the poly(glycidyl methacrylate) (PGMA) containing 
localized pyrene groups (Py-PGMA) to non-covalently functionalize graphene 
nanosheets (GNSs) through π-π stacking (Teng, 2011). The Py-PGMA on the GNS 
surface not only plays an important role to facilitate a homogeneous dispersion in 
the polymer matrix but also improves the GNS/polymer interaction. Consequently, 
the thermal conductivity of integrated Py-PGMA-GNS/epoxy composites exhibited a 
remarkable improvement and is much higher than epoxy reinforced by MWCNTs or 
GNSs (Figure 7.11b). The thermal conductivity (1.91 W/mK) of 4 phr PyPGMA-GNS/
epoxy composites has ~20% (higher than that of pristine GNS/epoxy composites) 
and 267% (higher than pristine MWCNT/epoxy composites) improvements.
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Figure 7.11. Thermal conductivity of graphene-based polymer composites: (a) thermal analysis of 
neat epoxy and composites with 0.1 vol% EGO, MWCNT and D-graphene (Hu, 2010); (b) influence of 
surface modification of graphene on thermal conductivity of epoxy composites and the comparison 
of thermal conductivity of epoxy composites filled with MWCNT and exfoliated graphite (Teng, 2011); 
(c) thermal conductivity of graphene oxide-CNT hybrid/epoxy composites (Im and Kim, 2012): (i) 
thermal transport properties and (ii) theoretical expected and experimental porosity of GO/epoxy 
composite and (iii) thermal conductivities of GO/MWCNT/epoxy composites as a function of the 
MWCNT loading, and (d) schematic diagrams of GO/MWCNT/epoxy composites (i) in the absence of 
MWCNTs, with a MWCNT loading of (ii) 0.36 wt% and (iii) 0.48 wt%.

Thermal conductivity of polymer composites containing graphene- or graphene nano-
platelet (GNP)- based hybrid fillers has attracted much interest (Chu, 2012; Im and Kim, 
2012; Shahil, 2012a; Shahil, 2012b; Yu, 2008). Yu and co-workers found a synergistic 
effect of combining SWCNTs and GNPs on improving the thermal conductivity of 
epoxy (Yu, 2008). The epoxy composites with 10 wt% loading of the individual fillers 
gave thermal conductivities of kSWCNT=0.85 W/mK for the SWNT filled composite and 
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kGNP=1.49 W/mK for the GNP-filled composite; comparatively, the hybrid composites 
showed pronounced maximum thermal conductivities of kHYBRID=1.75 W/mK at a ratio 
of approximately 3:1 of GNP:SWCNT, which is attributed to the SWCNTs bridged across 
adjacent GNP platelets, forming an extended network of filler in direct contact. As 
shown in Figure 7.11c, significant improvements in thermal conductivity have been 
achieved in these hybrid GO/MWCNT/epoxy systems (with composite conductivities 
ranging from 3 to 6 W/mK, up from approximately 0.2 W/mK for neat epoxy), but such 
large gains require relatively high carbon loadings (20 wt% and higher). When the 
total amount of fillers was fixed 50 wt% while changing the amount of MWCNTs, a 
maximum thermal conductivity was obtained with the addition of about 0.36 wt% 
of MWCNTs in the fillers. However, the thermal conductivity decreased for MWCNT 
concentrations above 0.4%. The increased thermal conductivity was due to the 
formation of 3-D heat conduction paths by the addition of MWCNTs (Figure 7.11d); 
whereas too high a MWCNT concentration led to increased phonon scattering, which 
in turn led to decreased thermal conductivity.

7.4.4   Thermal stability, glass transition temperature and dimensional stability

Due to the unique structure and high thermal stability, integration of graphene and 
its derivatives into polymer matrices can significantly improve their thermal stability 
and glass transition temperature. Thermal degradation temperature, characterized 
by the maximum weight loss rate in thermogravimetry, can be enhanced by 10-100 oC 
at a low filler loading (<10 wt%) for various polymers, such as epoxy (Prolongo, 2013; 
Shen, 2013a; Wan, 2014a; Wan, 2014b; Wan, 2013; Wang, 2012c), poly(lactic acid) 
(PLA) (Cao, 2010), PS (Cao, 2011b; Ma, 2012), PC (Xu, 2013a), PU (Cai, 2012), PE (Kuila, 
2011), PP (Song, 2011; Yun, 2011), poly(butylene succinate) (PBS) (Wang, 2011c), PVA 
(Cheng, 2012; Guo, 2011b; Liang, 2009a; Xu, 2009), phenol formaldehyde (PF) (Zhao, 
2014), PMMA (Gonçalves, 2010; Hu, 2014; Potts, 2011b; Ramanathan, 2008; Vallés, 
2013; Wang, 2011f; Yang, 2012d), and silicone materials (Ma, 2013b; Verdejo, 2008). 
Decomposition of graphene based polymer composites is substantially slower than 
neat polymers, which is attributed to restricted chain mobility of polymers near the 
graphene surface. During combustion, inflammable anisotropic nanoparticles form 
a jammed network and ‘‘tortuous path’’ effect of char layers that delay the escape 
of volatile degradation products and also char formation (Cao, 2010; Huang, 2012a; 
Kashiwagi, 2005).

In general, the presence of well-dispersed graphene usually improves the Tg value 
of polymer significantly at a low filler loading (<5.0 wt%) (Beckert, 2012; Bora, 2013; 
Cheng, 2012; Fang, 2009; Liang, 2009a; Martin-Gallego, 2011; Naebe, 2014; Tang, 2013a; 
Wan and Chen, 2012; Wang, 2013b; Wang, 2011f; Yousefi, 2013b; Zaman, 2012b). Some 
previous work revealed that RGO sheets are much more effective to increase the Tg value 
of polymer matrix than the corresponding CNTs (Ramanathan, 2008; Zaman, 2012b), 
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which probably attributed to the following reasons: (i) for the polymer composites with 
pristine CNTs, localized clustering leads to nanotube-rich and nanotube-poor regions 
(Tang, 2011a), which makes the polymer molecules to move easily and thus decreased 
or remained the Tgs (Shen, 2007), and similar phenomenon was also observed in the 
composites with the poorly dispersed RGO and thus results in almost unchanged Tg 
value (Tang, 2013a); (ii) the nanotubes are curled up and thicker, resulting in a decrease 
of the surface area in contact with the polymer and a smaller Tg shift compared to the 
highly dispersed graphene (Ramanathan, 2008); (iii) the wrinkled structures and large 
specific surface area of graphene sheets likely induce strong interfacial interactions 
with polymer chains and substantially larger influence on the thermal properties of 
the matrix (Fang, 2009), even probably affect the curing reaction rate by changing 
the maximum exothermic heat flow temperature (Wu, 2004). Such effect has been   
suggested by the previous molecular dynamics studies in which the polymer mobility 
was altered due to geometric constraints at nanofiller surfaces (Smith, 2002). On the 
other hand, in some epoxy composites with functionalized graphene, the decreased 
degree of cross-linking induced by partial absorption/reaction of the curing agent even 
led to a drop in Tg value (Bao, 2011; Fang, 2010b).

Thermal expansion is another important property of graphene/polymer 
composites since graphene has a negative coefficient of thermal expansion (CTE), high 
specific surface area, and high stiffness. Therefore, graphene can prevent dimensional 
changes of polymers when incorporated and oriented appropriately (Kim, 2010a). The 
GNP suppresses thermal expansion of PP as effectively as other carbon fillers such 
as CB and CNF, especially in the direction of platelet alignment (Kalaitzidou, 2007). 
Wang and co-workers demonstrated the addition of GO into epoxy reduced the CTEs 
of the composites, and the effect increases as more graphene is added. The CTE of a 
graphene/epoxy composite was lowered by nearly 32% for temperatures below the Tg 
of the matrix at 5 wt% loading (Wang, 2009c). Kim and Macosko found that RGO is 
only marginally better or even less effective than graphite in improving dimensional 
stability of glassy polymers despite the higher aspect ratio (Kim and Macosko, 2008; 
Kim, 2009a), which is likely attributed to the lower reinforcement efficiency of RGO to 
its wrinkled structure and flexibility.

7.4.5  Other properties

In addition to the abovementioned mechanical, electrical, thermal conductivity, thermal 
and dimensional stability as well as glass transition temperature, many other important 
properties of graphene/polymer composites, such as dielectric property (Dimiev, 2013; 
Shang, 2013; Tian, 2014; Wang, 2013a; Wang, 2011b), gas permeability (Kim and Macosko, 
2009a; Kim, 2010b; Wu, 2012b), microwave absorption (Bai, 2011b; Basavaraja, 2011; 
Singh, 2012; Wang, 2011a), and tribological performance (Huang, 2013b; Kandanur, 2012; 
Lin, 2013b; Shen, 2013c), were also investigated. Although these functional properties 
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have only been studied for a few years, graphene/polymer composites have shown 
promising and ideal materials for prospective technological applications. Based on the 
percolation theory, conductive fillers/polymer composites exhibit an insulator-conductor 
transition when the metal concentration is increased resulting in a large enhancement 
of the dielectric constant near the percolation threshold (Qi, 2005). For instance, Shang 
and co-workers prepared the graphene-polyaniline (PANI) nanoflakes (GPNs) (Shang, 
2013), and the results revealed that the PANI layer played an active role in the dielectric 
properties of GPNs/PVDF composites. Compared to graphene/PVDF composites, the 
GPNs/PVDF composites showed a small dielectric loss (~0.04), high break downfield 
(275.0 MV/m), and large energy density (3.10 J/cm3).

A ‘tortuous path’ of 2-D platelet percolating network is effective to inhibit 
molecular diffusion through the matrix, thus resulting in significantly reduced 
permeability relative to the neat matrix polymer (Paul and Robeson, 2008). In 
particular, orientation of the platelets may further enhance barrier properties 
perpendicular to their alignment, while higher platelet aspect ratios correlate with 
increased barrier resistance. Accordingly, the 2-D GO-derived sheets have been used 
for improving gas permeability of polymer materials. Kim and Macosko indicated 
that a 39% reduction in the nitrogen permeability of a polycarbonate composite at 
approximately 3.5 wt% loading of thermally treated GO (Kim and Macosko, 2009a). 
In their another work (Kim, 2010b), phenyl isocyanate-functionalized graphene 
oxide were reported to endow superior barrier properties (99% reduction in nitrogen 
permeability) of thermoplastic PU at approximately 3.7 wt% loading relative to an 
81% reduction for TRGO at the same loading; and the barrier properties correlated 
with modulus improvements suggest better filler alignment or higher aspect ratio for 
the functionalized graphene oxide/PU composites.

The residual defects and groups in CRGO cannot only improve the impedance 
match characteristic and prompt energy transition from contiguous states to Fermi 
level, but also introduce defect polarization relaxation and groups’ electronic dipole 
relaxation, which are all in favor of electromagnetic wave penetration and absorption 
(Wang, 2011a). The CRGO sheets show enhanced microwave absorption compared 
with graphite and CNTs, exhibiting a promising prospect as microwave absorbing 
material. Bai et al. prepared CRGO/poly (ethylene oxide) (PEO) composites by simply 
mixing GO with PEO and in situ reducing GO by L-ascorbic acid (Bai, 2011b). The PEO 
composites with uniformly dispersed CRGO have a high permittivity, and a 2.6 vol% 
CRGO/PEO composite with a thickness of 1.8 mm shows a high microwave absorbing 
capacity with a minimum reflection loss of -38.8 dB. This is attributed to the huge 
number of electrical pathways formed by the CRGO in the PEO matrix, which can 
effectively dissipate microwave energy into heat, as well as dielectric relaxation 
and interface scattering induced by large CRGO/PEO interfaces. Similar improved 
microwave absorbing properties of a TRGO/nitrile butadiene rubber composite 
(Singh, 2012), and the calculated reflection loss value of a composite of 10% TRGO 
by weight in NBR matrix is quite high, i.e. 57 dB at 9.6 GHz and reflection loss (>10 
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dB) over a wide frequency range 7.5-12 GHz at a thickness of 3 mm. Due to their light 
weight and high value of microwave absorption, this kind of RGO/polymer composite 
materials have wide potential in civil and military fields.

Koratkar and co-workers reported that TRGO sheets served as excellent wear 
reducers when incorporated as fillers in a polytetrafluoroethylene (PTFE) matrix 
(Kandanur, 2012), and the high ~0.4×10-3 mm3/Nm steady-state wear rates of PTFE 
were found to decrease ~10-fold and ~50-fold upon the inclusion of merely 0.32 and 
0.80 wt% TRGO sheets, respectively. Notably, more dramatic ~1700-fold and ~4000-
fold decreases in wear rate were observed when the filler content was increased to 
5 and 10 wt%, respectively. Such TRGO sheets were also found to be significantly 
more effective in wear reduction than conventional micro-scale graphite. Huang et al. 
prepared modified RGO/PI composites via a two-stage process consisting of surface 
covalent modification of RGO grafting with small molecule segments and in situ 
polymerization (Huang, 2013b); and the results revealed that, compared to pure PI, 
the PI-based composites with 2 wt% modified RGO exhibited a 20-fold increase in 
wear resistance and a 12% reduction in friction coefficient.

7.5  Applications of graphene/polymer composite materials

According to the above review on synthesis of graphene, fabrication and properties 
of graphene/polymer composites, graphene shows a promising filler to improve 
the mechanical, electrical, thermal, and other important properties of polymers. 
Though numerous challenges remain in developing a fundamental understanding 
of graphene derived materials and their polymer composites, these materials have 
already been explored for wide potential applications in many fields including 
structural reinforcement and functional materials. The use for reinforcement, 
electronic memory device, sensor, photoelectric conversion and energy storage, 
photoelectric and biomedical application has been mostly studied.

7.5.1  Structural reinforcement materials

The significant improvement on the mechanical performance of polymer matrices 
can be obtained at a low graphene loading, suggesting the use of these materials in 
transport applications requiring the combination of high strength and light weight. 
In particular, the use of graphene and its derivatives opened up the possibility to 
further enhance the mechanical properties of the traditional fiber reinforced polymer 
composite systems. Yavari et al. found only ~0.2% (with respect to the epoxy resin weight 
and~0.02% with respect to the entire laminate weight) of RGO additives enhanced the 
fatigue life of the glass fiber/epoxy composite in the flexural bending and uniaxial 
tensile mode by up to 1200- and 3-5- folds, respectively. The fatigue life increase (in 

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� Applications of graphene/polymer composite materials   383

the flexural bending mode) with RGO additives was 1-2 orders of magnitude superior 
to those obtained using CNTs; and directly spray-coating the RGO at the fiber-matrix 
interface yielded significant benefit over uniform dispersion of RGO in the bulk epoxy 
resin (Figure 7.12a). In situ ultrasound analysis of the composite during the cyclic 
fatigue test suggested that the RGO network toughens the fiberglass/epoxy-matrix 
interface and prevents the delamination/buckling of the glass microfibers under 
compressive stress (Yavari, 2010). Similarly, graphene oxide was also used to modify 
the surface of carbon fibers (Huang, 2013a), which provided improved interfacial 
properties in carbon fiber/polymer composites (Zhang, 2012b). As a result, significant 
enhancement of interfacial shear strength (IFSS), interlaminar shear strength (ILSS), 
and tensile properties was achieved in the composites when low loading (~5.0 wt%) 
of GO introduced on the fiber surface. In addition, the combined use of carbon fiber 
and graphene nanoplatelet produced dramatic mechanical and thermal increments 
of thermoplastic composites (Yang, 2013b). These high performance hierarchical 
materials show potential to improve the safety, reliability, and cost effectiveness of 
fiber-reinforced polymer composites that are increasingly the material of choice in 
the aerospace, automotive, marine, sports, biomedical, and wind energy industries.

Graphene and its derivatives can be used to reinforce polymer fibres through 
solution and melt compounding methods such as melt spinning method or 
electrospinning, showing potential applications of fiber composites in optical fibres, 
smart fabrics and woven materials (Bao, 2010; Matsumoto, 2013; Shin, 2012). A 
membrane made of electrospun graphene/PVA fibers demonstrated its capability as 
a saturable absorber with wideband absorption and as efficient photonic material for 
the generation of ultra-short pulses in fiber lasers; and a small loading (0.07 wt%) 
of functionalized graphene enhances the total optical absorption of PVA by 10 times 
(Bao, 2010). A superior and tough PVA basd composite fibre was synthesized through 
the hybridization of wrinkled RGO flakes and SWNTs (Shin, 2012). The hybrid fibers 
can be shaped into high-modulus helical springs and showed gravimetric toughness 
of ~1,000 Jg-1, and this toughness value is far exceeding spider dragline silk (165 Jg-1) and 
Kevlar (78 Jg-1). Recently, a graphene nanoribbon (GNR)/carbon composite nanofibers 
were prepared by electrospinning from poly(acrylonitrile) containing graphene oxide 
nanoribbons (GONRs), and successive twisting and carbonization (Matsumoto, 2013). 
During electrospinning, the well-dispersed GONRs were highly oriented along the 
fiber axis in an electrified thin liquid jet, and the carbonization of the matrix polymer 
enhanced the mechanical electrical properties of the composites. Such GNR/carbon 
composite nanofibers could be applied to reinforcements for lightweight composites 
and high-performance electrodes for fuel cells, fiber-shaped solar cells, secondary 
batteries, and capacitors, including flexible and wearable electronic devices.

Due to the unique structure and high thermal stability, graphene can also serve 
as an alternative to the conventional flame retardants since it may act as a barrier 
hindering transfer of combustion gases into the flame zone and energy feedback 
and then retarding combustion. Hu and co-workers investigated the flame behavior 
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of epoxy composites containing EG, GO, organic phosphate functionalized GO 
(FGO) and CRGO (Guo, 2011c). The flame retardant properties measured by micro 
combustion calorimeter revealed that both CRGO/epoxy and FGO/epoxy composites 
performed better than GO/epoxy composites in flame retardant properties with a 
maximum reduction of 23.7% in peak-heat release rate when containing 5 wt% FGO 
and a maximum reduction of 43.9% at 5 wt % loading of CRGO. Similar flame retardant 
graphene/polymer composites were also developed and investigated during the past 
several years (Bao, 2012; Guo, 2011c; Higginbotham, 2009; Liu, 2014a) and showed 
potential application for flame retardation. In addition, RGO sheets in polymer foams 
were also demonstrated the simultaneous enhancement of the compression strength, 
with an increase in the normalised modulus of more than 200%, and thermal 
stability, with an increase of the decomposition temperature of nearly 60 oC, with 
loading fractions as low as ~0.25 wt% (Verdejo, 2008). These lightweight and multi-
functional graphene/polymer foams are versatile materials, showing potential to be 
widely used in transport, construction, electron, packaging applications (Eswaraiah, 
2011b; Hodlur, 2014; Shen, 2012a; Verdejo, 2008; Wu, 2013b; Wu, 2013c; Zhang, 2011).

Aside from mechanical reinforcement, a host of diverse applications have 
been envisioned for graphene-based polymer composites, all harnessing the other 
mechanical property improvements were discussed in the previous sections. 
Incorporation of graphene and its derivative can significantly reduce gas permeation 
through a polymer composite relative to the neat matrix polymer (Potts, 2011a). The 
combination of the improved barrier properties and increased light absorption of a 
graphene/PS composite versus neat PS suggests wider application as a packaging 
material (Compton, 2010b). The mechanical reinforcement of graphene/polymer 
composites together with suppression effect of graphene in the generation of wear 
debris, and protective effect of graphene against the friction force, offers potential 
application as superior wear resistant materials (Kandanur, 2012).

7.5.2  Functional materials

The intrinsic high electrical and thermal conductivities as well as large aspect ratio 
of graphene enable the attainment of percolation thresholds in polymer materials 
at a very low loading, making them as functional materials from sensors to flexible 
conductor, photovoltaics, energy storage, electrostatic discharge and electromagnetic 
interference shielding materials.

7.5.2.1  Sensors
The sensing responses of graphene/polymer composite materials could be categorized 
into two main facets, including strain and damage sensing (Cai, 2014; Chiacchiarelli, 
2013; Du, 2008; Goncalves, 2014; Hou, 2013b; Kuang, 2013; Kujawski, 2010; Li, 2012b; 
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Ramanathan, 2007) and temperature sensing (Hewitt, 2013; Mahmoud, 2012; Quan, 
2009; Syurik, 2013; Zhang, 2014). The overall conductivity of graphene/polymer 
composites depends strongly on the tunnelling between local conductive networks; 
hence, a change in the local tunneling distance would produce a significant change in 
the conductivity. Therefore, outer-stimuli-induced changes in the tunneling distance 
could result in a significant change in the conductivity, which can be monitored and 
used for sensing purposes (Sadasivuni, 2014).

Graphene and its derivatives, including GNP, GO and RGO sheets, can be 
incorporated into an insulating polymer matrix to fabricate strain sensors (Al-Solamy, 
2012; Eswaraiah, 2011a; Goncalves, 2014; Kim, 2011b; Kuang, 2013). When an external 
pressure is applied, the conducting network of electrically conductive composites 
changes, and this results in resistance variation. This is so-called piezoresistive effect, 
which can provide simple and direct energy/impulse dependence relative to the 
mechanical and electrical domains. A wide range of applications have been proposed 
for piezoresistive materials, including smart textiles, health monitoring, wearable 
electronics and movement sensors (Yamada, 2011). Chen and co-workers prepared 
the piezoresistive GNP/silicone rubber composites (Chen, 2007), and the composite 
with 0.0136 vol% GNP loading which is close to the percolation threshold presents 
a sharp positive-pressure coefficient effect of the resistivity under very low pressure, 
namely, in the finger-pressure range (0.3-0.7 MPa). This rapid transition behavior 
is due to the compressive-stress-induced deformation of the conducting network. 
The good dispersion state of GNPs throughout the silicone rubber matrix produced 
insufficient conductive paths between the fillers under applied pressure. Cheng and 
co-workers synthesized 3-D foam-like graphene macrostructures by template-directed 
chemical vapour deposition and then prepared the graphene/PDMS composites 
(Chen, 2011). The results revealed that with a graphene loading as low as ~0.5 wt%, 
graphene/PDMS composites showed a very high electrical conductivity of ~10 Scm-1. 
In particular, the resistance of the composite was increased through the first three 
cycles of bending and straightening, it became stable and the electrical resistance 
increase remained constant at only ~7% from the fourth cycle under bending, 
compared with that when straightening (Figure 7.12b). Such unique network structure 
and the outstanding electrical and mechanical properties of graphene foams showed 
great potential for flexible, foldable and stretchable conductors. Similarly, Zhang 
and co-workers coated graphene sheets or ribbons onto pre-stretched PDMS films 
and formed periodically buckling structures after the strain release of the PDMS film 
(Wang, 2011g). The rippled and buckled graphene/PDMS composites as flexible strain 
sensors showed resistance changes under different strains, and the resistances were 
linearly decreased from 5.9 to 3.6 kΩ with the increase of strains from 0 to 20% in the 
case of the rippled graphene, while they were linearly increased when the strain was 
improved from 0 to 25% for the buckled graphene.

Temperature has a substantial impact on the conductivity of polymer composite 
materials due to the thermal expansion or melting of the matrix with increasing 
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temperature (Dai, 2012; Hewitt, 2013; Mahmoud and Al-Ghamdi, 2012; Rybak, 2010; 
Syurik, 2013; Zhang, 2014). Thus, this characteristic can be used as temperature sensors, 
self-regulated heaters and over-current protectors. Mahmoud et al. investigated the 
influence of temperature on the electrical conductivity of GNPs/rubber composites 
with different filler loadings ranging from 1% to 5%, and observed the dependence of 
both temperature and filler loading on conductivity (Mahmoud and Al-Ghamdi, 2012). 
This increase in conductivity is due to the decrease in the hopping path between GNP 
layers as the amount of GNP in the rubber matrix increases. Syurik et al. studied the 
temperature dependence of electrical conductivity of GNPs/PS composites (Syurik, 
2013). The results revealed that for low loadings of GNPs the conductivity behaviour 
changed significantly within the temperature range of 295-369 K. The conductivity 
saw a drop with decrease of temperature from 369 to 331 K, while a slight decrease of 
conductivity was observed within the temperature range of 331-305 K. Within the low-
temperature range of 305-295 K a growth of conductivity was explained by increasing 
of electron tunnelling through the contact caused by the creation of electret state. The 
observed dependence of conductivity upon temperature is non-linear for low loadings 
of GNPs and it is close to the linear dependence for higher loadings of the filler.

Due to the combination of extraordinary optical, electrical, thermal and 
mechanical properties, graphene and its derivatives can also function as “energy 
transfer” in various actuators (Ansari, 2013). Cheng and co-workers demonstrated 
that the graphene/PU composites showed an excellent light-triggered actuation with 
enhanced mechanical properties (Liang, 2009b). It was found that the composites 
containing ~1.0 wt% sulfonated functionalized graphene exhibited intriguing and 
repeatable actuations performance which can strikingly contract and lift a 21.6 
g weight 3.1 cm with 0.21 N of force on exposure to infrared light and demonstrate 
estimated energy densities of over 0.33 J/g, and the highest energy density reached 
~0.40 J/g. In addition, the graphene/polymer composites had been also studied for 
electromechanical actuators and thus have attracted increasing interests for various 
applications such as artificial muscles, microrobotics, switches and microscopic 
pumps (Huang, 2012b; Liang, 2012). Compared to traditional electromechanical 
actuators made of electroactive polymers, conducting polymers and ferroelectric 
ceramics, graphene represents a new and promising candidate for electromechanical 
actuators due to the high conductivity and a negative thermal expansion coefficient. 
By incorporation of the graphene and its derivatives into various polymers, a variety 
of electromechanical composite actuators with excellent sensing properties had been 
prepared (Kim, 2014; Lian, 2010; Liu, 2012a; Lu, 2013; Ramasamy, 2014). For example, 
Liang et al. prepared a graphene/polydiacetylene bimorph actuator and obtained a 
large actuation motion with curvature of appropriately 0.37 cm−1 at a current density 
of 0.74 A/mm2 and high actuation stress of more than 160 MPa/g for an applied direct 
current of 0.29 A/mm2 (Liang, 2012); and such composite actuator exhibited reversible 
swings under alternating currents and showed a long cycle life under high frequencies 
up to 200 Hz.
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Figure 7.12. Graphene/polymer composite application as structural reinforcement and functional 
materials: (a) flexural bending fatigue results comparing performance of three-phase composites 
with RGO dispersed into the bulk epoxy resin vs. the same amount of RGO by weight directly spray-
coated onto the glass microfibers (Yavari, 2010); (b) electrical resistance change of a graphene/
PDMS composite under bending and then straightening for each cycle (left inset: the resistance 
variation of the composite in a typical bend cycle after becoming stable, right inset: bending 
process), and photographs of a free-standing graphene foam (GF) and a bent GF/PDMS composite, 
showing its good flexibility (Chen, 2011); (c) electrical resistance change with tensile strain applied 
to RGO and ITO films on PET substrates under bending and unbending conditions (inset: a flexible 
RGO/PET film) (Wang, 2012a); (d) electrochemical performance of the RGO film, 3D-RGO film, 
and 3D-RGO/PANI film: right) CV curves in the potential range and left) specific capacitance at 
different current densities (inset: SEM images of cross-section of the hierarchical composite film) 
(Meng, 2013); and (e) biocompatible properties of a RGO/PVA composite: right) phase contrast and 
fluorescence images of HUVECs grown on TCPS plates and RGO/PVA coated surface for 48 h (The 
phase contrast images, the green fluorescence from the CFP-DEVD-YFP4 fusion protein, and the 
blue fluorescence from Hoechst 33342 were recorded from the same observation field in the phase 
contrast, green, and blue channels, respectively. The scale bar represents 50 μm for all the images. 
Cell viability of HUVECs on TCPS and a RGO/PVA-coated surface after being cultured for different 
time (Li, 2012d).
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7.5.2.2  Flexible conductor
Flexible conductor can maintain the high electrical conductivity when highly 
stretched or bended, which has created exciting opportunities and has attracted 
intensive interest in recent year (Chae, 2013; Choi, 2012a; Chun, 2010). As indicated 
by the name, a combination of good mechanical flexibility and high electrical 
conductivity is required for flexible conductors, which is potential for applications 
in robot arm joints, wearable displays, flexible electronics, dielectric elastomer 
actuatorsm, stretchable solar cells, supercapacitors, lithium-ion batteries, and field 
emission devices (Deng, 2014).

Considering the excellent mechanical and electrical properties of graphene 
and its derivatives, they have been used to prepare flexible conductor (Chen, 2013b; 
Cong, 2013c; Hou, 2013a; Kim, 2009b; Lee, 2014; Liang, 2014; Liu, 2012b; Seol, 2012; 
Tuukkanen, 2014; Wang, 2012a; Yu, 2013a; Yu, 2013b). In general, two main strategies 
are employed: (i) the traditional compounding of conductive graphene fillers into 
a polymer matrix and (ii) the use of some novel preparation methods. The first 
strategy for obtaining a flexible conductor is to compound a conducting graphene 
into a rubbery polymer matrix (e.g. poly(acryloyl-6-aminocaproic acid) and PDMS) 
to form elastic composites (Chen, 2013b; Cong, 2013c; Hou, 2013a; Liu, 2012b; Seol, 
2012). Graphene/polymer composites with a low filler loading can produce highly 
elastic conductors with a strain higher than 100% (Liu, 2012b), yet the conductivity 
is typically too low for use as a flexible electronic device. The composites with a 
high filler loading can produce devices with a high level of conductivity but with 
poor flexibility due to the segregation or agglomeration of the fillers (Seol, 2012). An 
effective method for fabricating a highly conductive and stretchable composite can 
be obtained by backfilling a preformed graphene/MWCNT aerogel with PDMS, and 
the electrical conductivity reached 2.8 S/cm with only 1.3 wt% graphene/MWCNT 
loading, and remained constant after 100 times repeated stretching by 20% and 5000 
times bending (Chen, 2013b).

In the second strategy, a flexible conductor can be developed by integrating 
conductive graphene-based fillers onto a flexible substrate using various technologies 
such as rod-coating (Wang, 2012a), etching and transfer processes (Kim, 2009b), 
room temperature rubbing (Yu, 2013a; Yu, 2013b). For instance, Kim et al. developed 
a simple method to grow and transfer high-quality stretchable graphene films on a 
large scale using CVD on nickel layers, which can easily be transferred to stretchable 
substrates (such as PDMS) by simple contact methods (Kim, 2009b). Similarly, the 
rod-coating technique was successfully used to fabricate a flexible RGO-based film 
with a low resistance and good transparency prepared directly on PET substrates 
(Wang, 2012a). A fully functional 4.5 inch four-wire resistance touch screen fabricated 
using the RGO/PET film showed not only a linearity comparable to ITO-based touch 
screens, but also a high mechanical flexibility exceeding that of ITO-based touch 
screens (Figure 7.12c), indicating an approach potentially suitable for the roll-to-roll 
production of usable RGO films for various flexible electronic devices. Recently, the 
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graphene-based hybrid fillers were also used for transparent conductive electrodes 
with high surface conductivity, high transmittance in the visible wavelength range, 
and mechanical compliance. Liang et al. prepared a transparent conductive electrode 
(ICE) based on a silver nanowire (AgNW) percolation network modified with graphene 
oxide (Liang, 2014), and the graphene oxide-soldered AgNW (G-s-AgNW) network 
has a figure-of-merit sheet resistance of 14 ohm/sq with 88% transmittance at 550 
nm. Composite ICE fabricated by inlaying a G-s-AgNW network in the surface layer of 
polyurethane acrylate films is stretchable, by greater than 100% linear strain without 
losing electrical conductivity.

Graphene/polymer composites have  been widely studied for polymer solar 
cells and other optoelectronic applications as a new family of photovoltaic devices 
(Beliatis, 2014; Chao, 2013; Choe, 2010; Hsu, 2012; Kim, 2011a; Li, 2010; Li, 2011d; Park, 
2013a; Stratakis, 2014; Yang, 2012b; Yusoff, 2014). Photovoltaics and optoelectronics 
mainly rely on the fact that monolayers of graphene are about 98% transparent but 
still have high electrical conductivity. This feature makes graphene-based materials 
potentially well-suited to address issues related to photoexcitation and exciton 
mobility/diffusion as transparent conducting electrodes (Potts, 2011a). A lot of edges 
of graphene provided it with higher electrocataltyic activities in the use for counter 
electrodes in polymer solar cells than CNTs as the edge of such carbon nanomaterials 
was much more effective for the catalysis of redox interaction than the side part (Sun, 
2013c). Yu et al. prepared a bilayer polymer solar cell based on the graphene/poly(3-
hexylthiophene)/C60 heterostructure with an efficiency of 0.61%, which is three times 
of the poly(3-hexylthiophene)/C60 heterostructure (Yu, 2010). A theoretical study 
predicted that a much higher efficiency of over 12% may be achieved for polymer 
solar cells based on the graphene/polymer composite (Yong, 2010). Although current 
results revealed that overall efficiencies for these devices are still relatively low when 
applied as organic photovoltaics, there is still much room for improvement in these 
devices by optimizing the structure of composite materials.

Advanced energy storage technologies and systems have attracted considerable 
interest due to continuously increasing demand for more energy and projected 
exhaustion of fossil fuels. Due to the low dielectric loss, high electric breakdown field, 
low cost, and robustness, polymer based composites are the materials of choice for 
energy storage applications (Huang, 2014). To enhance the electrical energy density of 
polymer, an effective approach is to disperse high dielectric constant ceramic powders 
or conductive fillers into the polymer matrix. Unfortunately, the concentration of 
the ceramics must typically be over 50 vol% in order to achieve a high dielectric 
constant but such a large content may adversely affect the mechanical properties of 
the composites (Wang, 2004). Recently, graphene-based composites incorporating 
PANI and other conducting polymers have been studied for energy storage (Lu, 2012b; 
Wang, 2009a; Wu, 2010a; Xu, 2011; Zhou, 2013). In general, graphene may exhibit 
high mechanical and thermal stability and high electrical conductivity while shows 
a  relatively low electrochemical activity; while polymers are found to demonstrate 
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high electrochemical activity but with low stability and conductivity. Thus, the 
formation of graphene/polymer composites may combine their advantages for high 
performances in energy storage. In particular, specific capacitances reported from 210 
F/g to over 1000 F/g have been reported for the PANI-based composites containing 
different graphene structures (Cong, 2013b; Kumar, 2012; Li, 2011a; Li, 2013f; Liu, 
2014b; Lu, 2011; Sarker, 2012; Wang, 2013c; Xu, 2014; Xu, 2010a; Yan, 2010b; Zhang, 
2010d). For example, Wei and co-workers fabricated hierarchical porous graphene/
PANI composite film formed by the polymerization of PANI nanowire arrays, and the 
flexible free-standing film exhibited excellent supercapacitor rate performance with 
a retention of 89% as current density was varied from 0.5 to 10 A/g arrays, the specific 
capacitance reached up to 385 F/g at 0.5 A/g, with a rate retention of 94% as current 
density was varied from 0.5 to 10 A/g (Figure 7.12d) (Meng, 2013). Similar free-standing 
and flexible RGO/PANI nanorods composite paper exhibited excellent supercapacitor 
performance with an enhanced specific capacitance (763 F/g) and good cycling 
stability by electropolymerization of PANI nanorods on the above graphene paper 
(Cong, 2013a).

With the advent of flexible electronics, flexible lithium-ion batteries have 
attracted great attention as a promising power source in the emerging field of flexible 
and wearable electronic devices such as roll-up displays, touch screens, conformable 
active radio-frequency identification tags, wearable sensors and implantable medical 
devices (Zhou, 2014a). Due to the high electrical conductivities and porous networks 
of graphene and electroactive properties of both graphene and conductive polymers, 
graphene/polymer composite materials had been also investigated for lithium 
ion batteries to enhance the charge/discharge rate capability and cyclic stability 
(Abouimrane, 2010; Bai, 2011a; Guo, 2011a; Guo, 2012a; Kundu, 2013; Liu, 2013; 
Song, 2012b; Sun, 2013c; Wu, 2012a; Yang, 2012c). The highly-dispersed graphene in 
the polymer composite drastically enhances the electronic conductivity and allows 
the electrochemical activity of the polymer cathode to be efficiently utilized, which 
allowed for ultrafast charging and discharging (100 mAh/g delivered within just a 
few seconds (Song, 2012b)). Other applications of the conductive graphene/polymer 
composites are electrostatic discharge and electromagnetic interference shielding 
materials (Liang, 2009c; Zhang, 2011), which offers potential uses from carpeting 
floor mats, and electronics packaging to mobile phone parts, telecommunication 
antenna, and frequency shielding coatings for aircraft and electronics.

7.5.3  Biomedical applications

Another emerging application for graphene-based composites has focused on 
biomedical applications in recent years owing to their biocompatibility, the ease 
with which they can be functionalized and their excellent properties. Potential 
applications for functionalized graphene sheets range from drug delivery and 

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� Summary and outlook   391

multimodal imaging to exploitation of the electrical properties of graphene toward 
the preparation of biosensing devices (Carpio, 2012; Guo, 2012b; Hess, 2014; Lu, 
2008; Luo, 2013; Unnikrishnan, 2013; Wan, 2011; Wang, 2010). For instance, Chen 
and co-workers prepared the RGO-filled glucose oxidase (GOx) biocomposite film, 
showing very good stability, reproducibility and high selectivity. In particular, the 
developed biosensor exhibited excellent catalytic activity towards glucose, which 
may open up new horizons in the production of cost-effective biosensors and biofuel 
cells (Unnikrishnan, 2013).

Other biocompatible and biodegradable polymer composites have also been 
investigated, and incorporation of graphene oxide or RGO sheets into chitosan (Fan, 
2010; Zeng, 2011), PVA (Li, 2012d), Bis-GMA/tetraethyleneglycol diacrylate (Nuvoli, 
2013), polyethylene glycol (Yang, 2013a), and poly(lactide) (Mittal, 2014). Composite 
films of chitosan and graphene have been prepared via a solution mixing, and the cell 
adhesion result showed that the L929 cell adhered to and developed on the composite 
films as well as on pure chitosan film, indicating that the graphene/chitosan 
composites have good biocompatibility (Fan, 2010). A hybrid building block of PVA-
coated graphene oxide sheets was prepared and the RGO/PVA composite films with 
a nacre-like bricks-and-mortar microstructure were made through a facile solution 
casting method followed by a post-reduction treatment (Li, 2012d). As shown in Figure 
7.12e, biocompatibility of the composite film was studied using human umbilical vein 
endothelial cells (HUVECs). The PVA/RGO films are suitable to support cell growth; 
and the number of cells of HUVECs on RGO/PVA films was almost the same as that 
on common tissue culture polystyrene (TCPS) plates on the days when this assay 
was carried out. No cytotoxicity was indicated and the seeding efficiency of HUVECs 
was even higher on PVA/RGO films than on common TCPS plates. Combined with 
outstanding mechanical properties and electrical conductivity, their biocompatible 
properties make these films promising candidates in biotechnology applications, 
such as electroactive substrates/scaffolds for tissue engineering, drug delivery, cell 
culture, and biosensors.

7.6  Summary and outlook

Graphene and its derivatives have been widely incorporated into polymers to fabricate 
multi-functional composite materials. Two main synthetic approaches i.e. bottom-up 
and top-down have been developed to obtain graphene and its derivatives. Unlike the 
bottom-up approaches, the top-down approaches involve the synthesis of graphene 
or its derivatives from separation/exfoliation of graphite or graphite derivatives, 
showing more appropriate for large-scale production required for polymer composite 
applications. Surface modification of graphene and its derivatives have been employed 
to disperse graphene into various polymers, and the corresponding conventional 
fabricating methods including solution mixing, in situ polymerization and melt 
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blending, can produce composite materials at high efficiency and with low cost, but 
the excellent properties of individual graphene sheets are challenges for being fully 
used at macroscopic scale. The template method can synthesize graphene/polymer 
composite materials containing 3-D porous graphene scaffolds and effectively avoid 
the restack of graphene in polymer.

Various properties of the graphene/polymer composites, such as mechanical 
properties (tensile strength and elastic modulus, fracture toughness), electrical 
and thermal conductivity, thermal stability and dimensional stability, dielectric 
property, gas permeability, microwave absorption, and tribological performance can 
be significantly improved at a small amount of graphene or its derivatives. Several 
factors including the dispersion/exfoliation and alignment of graphene and the 
interfacial graphene/matrix interaction play crucial roles in significantly improving 
mechanical properties. The fabricating techniques are important for influencing 
reinforcement as well as electrical and thermal properties. The combination of 
graphene and other fillers such as CNTs produces synergetic effects on enhancing the 
mechanical, electrical and thermal conductivities, showing promising to fabricating 
multifunctional and high performance composite materials. Based on these physical 
properties, graphene/polymer composites are promising as structural, functional and 
biocompatible composites that can be widely used in various applications, including 
hierarchical materials, flame retardants, sensors, flexible conductors, solar cells, 
microwave absorption, supercapacitors, biomedical devices, etc.

Although the advanced graphene-based polymer composites have been widely 
investigated, there are still many challenges that must be addressed for these 
composites to reach their full potential. First, the defects, introduced into RGO sheets 
by the oxidation to convert graphite to GO followed by thermal or chemically reduction 
process, might ultimately limit the electrical conductivity and mechanical properties 
achievable with RGO sheets relative to pristine and defect-free graphene platelets 
(Potts, 2011a). Thus, large-scale synthetic methods of graphene production that 
preserves its extended, conjugated structure may be favorable for certain demanding 
applications of graphene-based polymer composites. Second, although some surface 
modification techniques are effective to enhance the graphene/matrix interfacial 
interaction and thus improve the mechanical properties, they usually impair the 
electrical conductivity. On the other hand, the fabricating processing techniques 
such as sonication can reduce the aspect ratio of the exfoliated sheets, which in turn 
negatively affect reinforcement as well as electrical and thermal properties (Li, 2013d). 
The exfoliation and/or dispersion techniques that promote an ideal dispersion and 
interface in the composites conceivably further develop multifunctional graphene/
polymer composites. Third, how to prepare structure-controlled graphene with 
identical geometry as well as consistent and dependable high performance is helpful 
to achieve further property improvements. Increased control over alignment and 
spatial organization of graphene and its derivatives could be beneficial to nearly all 
types of composite properties. Especially, much more work are needed to prepare 
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conductive polymer composites with low electrical percolation thresholds as reported 
in CNT/polymer composites. Therefore, much more effort should be paid to develop 
the graphene-based composite materials with remarkable and superior properties, 
and some high performance applications may be further achieved in the near future.

References
Abbas, A.N., Liu, G., Liu, B.L., Zhang, L.Y., Liu, H., Ohlberg, D., Wu, W., Zhou, C.W., (2014). Patterning, 

Characterization, and Chemical Sensing Applications of Graphene Nanoribbon Arrays Down to 5 
nm Using Helium Ion Beam Lithography. ACS Nano 8, 1538-1546.

Abouimrane, A., Compton, O.C., Amine, K., Nguyen, S.T., (2010). Non-Annealed Graphene Paper as a 
Binder-Free Anode for Lithium-Ion Batteries. Journal of Physical Chemistry C 114, 12800-12804.

Ahmadi-Moghadam, B., Taheri, F., (2014). Effect of processing parameters on the structure and 
multi-functional performance of epoxy/GNP-nanocomposites. Journal of Materials Science 49, 
6180-6190.

Akhavan, O., Ghaderi, E., Aghayee, S., Fereydooni, Y., Talebi, A., (2012). The use of a glucose-
reduced graphene oxide suspension for photothermal cancer therapy. Journal of Materials 
Chemistry 22, 13773.

Al-Solamy, F.R., Al-Ghamdi, A.A., Mahmoud, W.E., (2012). Piezoresistive behavior of graphite 
nanoplatelets based rubber nanocomposites. Polymers for Advanced Technologies 23, 
478-482.

Ansari, S., Rahima, C., Muralidharan, M.N., (2013). Photomechanical Characteristics of Thermally 
Reduced Graphene Oxide - Polydimethylsiloxane Nanocomposites. Polymer-Plastics Technology 
and Engineering 52, 1604-1610.

Araby, S., Zaman, I., Meng, Q., Kawashima, N., Michelmore, A., Kuan, H.C., Majewski, P., Ma, J., 
Zhang, L., (2013). Melt compounding with graphene to develop functional, high-performance 
elastomers. Nanotechnology 24, 165601.

Bae, S., Kim, H., Lee, Y., Xu, X., Park, J.-S., Zheng, Y., Balakrishnan, J., Lei, T., Ri Kim, H., Song, 
Y.I., Kim, Y.-J., Kim, K.S., Ozyilmaz, B., Ahn, J.-H., Hong, B.H., Iijima, S., (2010). Roll-to-roll 
production of 30-inch graphene films for transparent electrodes. Nat Nano 5, 574-578.

Bai, H., Li, C., Shi, G.Q., (2011a). Functional Composite Materials Based on Chemically Converted 
Graphene. Advanced Materials 23, 1089-1115.

Bai, X., Zhai, Y., Zhang, Y., (2011b). Green Approach To Prepare Graphene-Based Composites with 
High Microwave Absorption Capacity. The Journal of Physical Chemistry C 115, 11673-11677.

Balandin, A.A., (2011). Thermal properties of graphene and nanostructured carbon materials. Nature 
Materials 10, 569-581.

Balandin, A.A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F., Lau, C.N., (2008). Superior 
Thermal Conductivity of Single-Layer Graphene. Nano Letters 8, 902-907.

Bansal, A., Yang, H., Li, C., Cho, K., Benicewicz, B.C., Kumar, S.K., Schadler, L.S., (2005). 
Quantitative equivalence between polymer nanocomposites and thin polymer films. Nature 
Materials 4, 693-698.

Bao, C., Guo, Y., Song, L., Kan, Y., Qian, X., Hu, Y., (2011). In situ preparation of functionalized 
graphene oxide/epoxy nanocomposites with effective reinforcements. Journal of Materials 
Chemistry 21, 13290-13298.

Bao, C., Song, L., Wilkie, C.A., Yuan, B., Guo, Y., Hu, Y., Gong, X., (2012). Graphite oxide, graphene, 
and metal-loaded graphene for fire safety applications of polystyrene. Journal of Materials 
Chemistry 22, 16399.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



394   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Bao, Q., Zhang, H., Yang, J.-x., Wang, S., Tang, D.Y., Jose, R., Ramakrishna, S., Lim, C.T., Loh, K.P., 
(2010). Graphene-Polymer Nanofiber Membrane for Ultrafast Photonics. Advanced Functional 
Materials 20, 782-791.

Barg, S., Perez, F.M., Ni, N., do Vale Pereira, P., Maher, R.C., Garcia-Tunon, E., Eslava, S., Agnoli, S., 
Mattevi, C., Saiz, E., (2014). Mesoscale assembly of chemically modified graphene into complex 
cellular networks. Nat Commun 5, 4328.

Basavaraja, C., Kim, W.J., Kim, Y.D., Huh, D.S., (2011). Synthesis of polyaniline-gold/graphene oxide 
composite and microwave absorption characteristics of the composite films. Materials Letters 
65, 3120-3123.

Bauhofer, W., Kovacs, J.Z., (2009). A review and analysis of electrical percolation in carbon nanotube 
polymer composites. Composites Science and Technology 69, 1486-1498.

Becerril, H.A., Mao, J., Liu, Z., Stoltenberg, R.M., Bao, Z., Chen, Y., (2008). Evaluation of Solution-
Processed Reduced Graphene Oxide Films as Transparent Conductors. ACS Nano 2, 463-470.

Beckert, F., Friedrich, C., Thomann, R., Mülhaupt, R., (2012). Sulfur-Functionalized Graphenes 
as Macro-Chain-Transfer and RAFT Agents for Producing Graphene Polymer Brushes and 
Polystyrene Nanocomposites. Macromolecules 45, 7083-7090.

Beliatis, M.J., Gandhi, K.K., Rozanski, L.J., Rhodes, R., McCafferty, L., Alenezi, M.R., Alshammari, 
A.S., Mills, C.A., Jayawardena, K., Henley, S.J., Silva, S.R.P., (2014). Hybrid Graphene-Metal 
Oxide Solution Processed Electron Transport Layers for Large Area High-Performance Organic 
Photovoltaics. Advanced Materials 26, 2078-2083.

Berger, C., Song, Z., Li, X., Wu, X., Brown, N., Naud, C., Mayou, D., Li, T., Hass, J., Marchenkov, 
A.N., Conrad, E.H., First, P.N., de Heer, W.A., (2006). Electronic Confinement and Coherence in 
Patterned Epitaxial Graphene. Science 312, 1191-1196.

Bergin, S.D., Nicolosi, V., Cathcart, H., Lotya, M., Rickard, D., Sun, Z., Blau, W.J., Coleman, J.N., 
(2008). Large Populations of Individual Nanotubes in Surfactant-Based Dispersions without the 
Need for Ultracentrifugation. The Journal of Physical Chemistry C 112, 972-977.

Bolotin, K.I., Sikes, K.J., Jiang, Z., Klima, M., Fudenberg, G., Hone, J., Kim, P., Stormer, H.L., (2008). 
Ultrahigh electron mobility in suspended graphene. Solid State Communications 146, 351-355.

Bora, C., Bharali, P., Baglari, S., Dolui, S.K., Konwar, B.K., (2013). Strong and conductive reduced 
graphene oxide/polyester resin composite films with improved mechanical strength, thermal 
stability and its antibacterial activity. Composites Science and Technology 87, 1-7.

Bortz, D.R., Heras, E.G., Martin-Gullon, I., (2012). Impressive Fatigue Life and Fracture Toughness 
Improvements in Graphene Oxide/Epoxy Composites. Macromolecules 45, 238-245.

Bourlinos, A.B., Georgakilas, V., Zboril, R., Steriotis, T.A., Stubos, A.K., (2009). Liquid-Phase 
Exfoliation of Graphite Towards Solubilized Graphenes. Small 5, 1841-1845.

Bourlinos, A.B., Gournis, D., Petridis, D., Szabó, T., Szeri, A., Dékány, I., (2003). Graphite Oxide:  
Chemical Reduction to Graphite and Surface Modification with Primary Aliphatic Amines and 
Amino Acids. Langmuir 19, 6050-6055.

Cai, D., Jin, J., Yusoh, K., Rafiq, R., Song, M., (2012). High performance polyurethane/functionalized 
graphene nanocomposites with improved mechanical and thermal properties. Composites 
Science and Technology 72, 702-707.

Cai, J., Ruffieux, P., Jaafar, R., Bieri, M., Braun, T., Blankenburg, S., Muoth, M., Seitsonen, A.P., 
Saleh, M., Feng, X., Mullen, K., Fasel, R., (2010a). Atomically precise bottom-up fabrication of 
graphene nanoribbons. Nature 466, 470-473.

Cai, W., Moore, A.L., Zhu, Y., Li, X., Chen, S., Shi, L., Ruoff, R.S., (2010b). Thermal Transport in 
Suspended and Supported Monolayer Graphene Grown by Chemical Vapor Deposition. Nano 
Letters 10, 1645-1651.

Cai, W.T., Huang, Y., Wang, D.Y., Liu, C.X., Zhang, Y.G., (2014). Piezoresistive Behavior of Graphene 
Nanoplatelets/Carbon Black/Silicone Rubber Nanocomposite. Journal of Applied Polymer 
Science 131.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   395

Cano, M., Khan, U., Sainsbury, T., O’Neill, A., Wang, Z., McGovern, I.T., Maser, W.K., Benito, A.M., 
Coleman, J.N., (2013). Improving the mechanical properties of graphene oxide based materials 
by covalent attachment of polymer chains. Carbon 52, 363-371.

Cao, X., Shi, Y., Shi, W., Lu, G., Huang, X., Yan, Q., Zhang, Q., Zhang, H., (2011a). Preparation of novel 
3D graphene networks for supercapacitor applications. Small 7, 3163-3168.

Cao, X., Yin, Z., Zhang, H., (2014). Three-dimensional graphene materials: preparation, structures 
and application in supercapacitors. Energy & Environmental Science 7, 1850-1865.

Cao, Y., Feng, J., Wu, P., (2010). Preparation of organically dispersible graphene nanosheet powders 
through a lyophilization method and their poly(lactic acid) composites. Carbon 48, 3834-3839.

Cao, Y.W., Lai, Z.L., Feng, J.C., Wu, P.Y., (2011b). Graphene oxide sheets covalently functionalized 
with block copolymers via click chemistry as reinforcing fillers. Journal of Materials Chemistry 
21, 9271-9278.

Carpio, I.E.M., Santos, C.M., Wei, X., Rodrigues, D.F., (2012). Toxicity of a polymer-graphene oxide 
composite against bacterial planktonic cells, biofilms, and mammalian cells. Nanoscale 4, 
4746-4756.

Carter, L., Hendricks, J., Bolley, D., 1950. United States Patent No.2431396, National Lead Company.
Chae, S.H., Yu, W.J., Bae, J.J., Duong, D.L., Perello, D., Jeong, H.Y., Ta, Q.H., Ly, T.H., Vu, Q.A., Yun, M., 

Duan, X.F., Lee, Y.H., (2013). Transferred wrinkled Al2O3 for highly stretchable and transparent 
graphene-carbon nanotube transistors. Nature Materials 12, 403-409.

Chandrasekaran, S., Sato, N., Tölle, F., Mülhaupt, R., Fiedler, B., Schulte, K., (2014). Fracture 
toughness and failure mechanism of graphene based epoxy composites. Composites Science 
and Technology 97, 90-99.

Chao, Y.H., Wu, J.S., Wu, C.E., Jheng, J.F., Wang, C.L., Hsu, C.S., (2013). Solution-Processed 
(Graphene Oxide)-(d(0) Transition Metal Oxide) Composite Anodic Buffer Layers toward 
High-Performance and Durable Inverted Polymer Solar Cells. Advanced Energy Materials 3, 
1279-1285.

Chatterjee, S., Nafezarefi, F., Tai, N.H., Schlagenhauf, L., Nüesch, F.A., Chu, B.T.T., (2012). Size and 
synergy effects of nanofiller hybrids including graphene nanoplatelets and carbon nanotubes 
in mechanical properties of epoxy composites. Carbon 50, 5380-5386.

Chatterjee, S., Nuesch, F.A., Chu, B.T., (2011a). Comparing carbon nanotubes and graphene 
nanoplatelets as reinforcements in polyamide 12 composites. Nanotechnology 22, 275714.

Chatterjee, S., Nüesch, F.A., Chu, B.T.T., (2011b). Comparing carbon nanotubes and graphene 
nanoplatelets as reinforcements in polyamide 12 composites. Nanotechnology 22, 275714.

Chen, D.Q., Chen, G.H., (2013a). In situ synthesis of thermoplastic polyurethane/graphene 
nanoplatelets conductive composite by ball milling. Journal of Reinforced Plastics and 
Composites 32, 300-307.

Chen, G., Liu, Y., Liu, F., Zhang, X., (2014). Fabrication of three-dimensional graphene foam with high 
electrical conductivity and large adsorption capability. Applied Surface Science 311, 808-815.

Chen, L., Chai, S., Liu, K., Ning, N., Gao, J., Liu, Q., Chen, F., Fu, Q., (2012a). Enhanced Epoxy/Silica 
Composites Mechanical Properties by Introducing Graphene Oxide to the Interface. Acs Applied 
Materials & Interfaces 4, 4398-4404.

Chen, L., Chen, G.H., Lu, L., (2007). Piezoresistive Behavior Study on Finger-Sensing Silicone 
Rubber/Graphite Nanosheet Nanocomposites. Advanced Functional Materials 17, 898-904.

Chen, M.T., Tao, T., Zhang, L., Gao, W., Li, C.Z., (2013b). Highly conductive and stretchable polymer 
composites based on graphene/MWCNT network. Chemical Communications 49, 1612-1614.

Chen, S., Wu, Q., Mishra, C., Kang, J., Zhang, H., Cho, K., Cai, W., Balandin, A.A., Ruoff, R.S., (2012b). 
Thermal conductivity of isotopically modified graphene. Nature Materials 11, 203-207.

Chen, S.Q., Wang, Y., (2010a). Microwave-assisted synthesis of a Co3O4–graphene sheet-on-sheet 
nanocomposite as a superior anode material for Li-ion batteries. Journal of Materials Chemistry 
20, 9735.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



396   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Chen, W., Yan, L., Bangal, P.R., (2010b). Preparation of graphene by the rapid and mild thermal 
reduction of graphene oxide induced by microwaves. Carbon 48, 1146-1152.

Chen, Z., Lu, H., (2012c). Constructing sacrificial bonds and hidden lengths for ductile graphene/
polyurethane elastomers with improved strength and toughness. Journal of Materials Chemistry 
22, 12479-12490.

Chen, Z., Ren, W., Gao, L., Liu, B., Pei, S., Cheng, H.-M., (2011). Three-dimensional flexible and 
conductive interconnected graphene networks grown by chemical vapour deposition. Nature 
Materials 10, 424-428.

Cheng, H.K., Sahoo, N.G., Tan, Y.P., Pan, Y., Bao, H., Li, L., Chan, S.H., Zhao, J., (2012). Poly(vinyl 
alcohol) nanocomposites filled with poly(vinyl alcohol)-grafted graphene oxide. ACS Appl Mater 
Interfaces 4, 2387-2394.

Chiacchiarelli, L.M., Rallini, M., Monti, M., Puglia, D., Kenny, J.M., Torre, L., (2013). The role of 
irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy 
nanocomposites applied to structural health monitoring. Composites Science and Technology 
80, 73-79.

Choe, M., Lee, B.H., Jo, G., Park, J., Park, W., Lee, S., Hong, W.K., Seong, M.J., Kahng, Y.H., Lee, K., 
Lee, T., (2010). Efficient bulk-heterojunction photovoltaic cells with transparent multi-layer 
graphene electrodes. Organic Electronics 11, 1864-1869.

Choi, B.G., Chang, S.J., Kang, H.W., Park, C.P., Kim, H.J., Hong, W.H., Lee, S., Huh, Y.S., (2012a). High 
performance of a solid-state flexible asymmetric supercapacitor based on graphene films. 
Nanoscale 4, 4983-4988.

Choi, B.G., Yang, M., Hong, W.H., Choi, J.W., Huh, Y.S., (2012b). 3D Macroporous Graphene 
Frameworks for Supercapacitors with High Energy and Power Densities. ACS Nano 6, 
4020-4028.

Choi, E.Y., Han, T.H., Hong, J., Kim, J.E., Lee, S.H., Kim, H.W., Kim, S.O., (2010). Noncovalent 
functionalization of graphene with end-functional polymers. Journal of Materials Chemistry 20, 
1907-1912.

Chu, K., Li, W.-s., Jia, C.-c., Tang, F.-l., (2012). Thermal conductivity of composites with hybrid carbon 
nanotubes and graphene nanoplatelets. Applied Physics Letters 101, 211903.

Chun, K.Y., Oh, Y., Rho, J., Ahn, J.H., Kim, Y.J., Choi, H.R., Baik, S., (2010). Highly conductive, printable 
and stretchable composite films of carbon nanotubes and silver. Nature Nanotechnology 5, 
853-857.

Coleman, J.N., (2009). Liquid-Phase Exfoliation of Nanotubes and Graphene. Advanced Functional 
Materials 19, 3680-3695.

Coleman, J.N., (2012). Liquid Exfoliation of Defect-Free Graphene. Accounts of Chemical Research 46, 
14-22.

Coleman, J.N., Lotya, M., O’Neill, A., Bergin, S.D., King, P.J., Khan, U., Young, K., Gaucher, A., De, 
S., Smith, R.J., Shvets, I.V., Arora, S.K., Stanton, G., Kim, H.-Y., Lee, K., Kim, G.T., Duesberg, 
G.S., Hallam, T., Boland, J.J., Wang, J.J., Donegan, J.F., Grunlan, J.C., Moriarty, G., Shmeliov, 
A., Nicholls, R.J., Perkins, J.M., Grieveson, E.M., Theuwissen, K., McComb, D.W., Nellist, P.D., 
Nicolosi, V., (2011). Two-Dimensional Nanosheets Produced by Liquid Exfoliation of Layered 
Materials. Science 331, 568-571.

Compton, O.C., Dikin, D.A., Putz, K.W., Brinson, L.C., Nguyen, S.T., (2010a). Electrically conductive 
“alkylated” graphene paper via chemical reduction of amine-functionalized graphene oxide 
paper. Advanced Materials 22, 892-896.

Compton, O.C., Kim, S., Pierre, C., Torkelson, J.M., Nguyen, S.T., (2010b). Crumpled Graphene 
Nanosheets as Highly Effective Barrier Property Enhancers. Advanced Materials 22, 4759-4763.

Cong, H.-P., Ren, X.-C., Wang, P., Yu, S.-H., (2013a). Flexible graphene–polyaniline composite paper 
for high-performance supercapacitor. Energy & Environmental Science 6, 1185.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   397

Cong, H.P., Ren, X.C., Wang, P., Yu, S.H., (2013b). Flexible graphene-polyaniline composite paper for 
high-performance supercapacitor. Energy & Environmental Science 6, 1185-1191.

Cong, H.P., Wang, P., Yu, S.H., (2013c). Stretchable and Self-Healing Graphene Oxide-Polymer 
Composite Hydrogels: A Dual-Network Design. Chemistry of Materials 25, 3357-3362.

Cote, L.J., Cruz-Silva, R., Huang, J., (2009). Flash Reduction and Patterning of Graphite Oxide and Its 
Polymer Composite. Journal of the American Chemical Society 131, 11027-11032.

Dai, K., Zhang, Y.C., Tang, J.H., Ji, X., Li, Z.M., (2012). Anomalous attenuation and structural origin 
of positive temperature coefficient (PTC) effect in a carbon black (CB)/poly(ethylene tereph-
thalate) (PET)/polyethylene (PE) electrically conductive microfibrillar polymer composite with a 
preferential CB distribution. Journal of Applied Polymer Science 125, E561-E570.

Dai, L.M., (2013). Functionalization of Graphene for Efficient Energy Conversion and Storage. 
Accounts of Chemical Research 46, 31-42.

Das, A., Kasaliwal, G.R., Jurk, R., Boldt, R., Fischer, D., Stöckelhuber, K.W., Heinrich, G., (2012a). 
Rubber composites based on graphene nanoplatelets, expanded graphite, carbon nanotubes 
and their combination: A comparative study. Composites Science and Technology 72, 
1961-1967.

Das, S., Irin, F., Tanvir Ahmed, H.S., Cortinas, A.B., Wajid, A.S., Parviz, D., Jankowski, A.F., Kato, 
M., Green, M.J., (2012b). Non-covalent functionalization of pristine few-layer graphene using 
triphenylene derivatives for conductive poly (vinyl alcohol) composites. Polymer 53, 2485-2494.

De, S., King, P.J., Lotya, M., O’Neill, A., Doherty, E.M., Hernandez, Y., Duesberg, G.S., Coleman, J.N., 
(2010). Flexible, Transparent, Conducting Films of Randomly Stacked Graphene from Surfactant-
Stabilized, Oxide-Free Graphene Dispersions. Small 6, 458-464.

Deng, H., Lin, L., Ji, M.Z., Zhang, S.M., Yang, M.B., Fu, Q., (2014). Progress on the morphological 
control of conductive network in conductive polymer composites and the use as electroactive 
multifunctional materials. Progress in Polymer Science 39, 627-655.

Deng, Y., Li, Y., Dai, J., Lang, M., Huang, X., (2011). An efficient way to functionalize graphene sheets 
with presynthesized polymer via ATNRC chemistry. Journal of Polymer Science Part A: Polymer 
Chemistry 49, 1582-1590.

Desai, T., Keblinski, P., Kumar, S.K., (2005). Molecular dynamics simulations of polymer transport in 
nanocomposites. The Journal of chemical physics 122, 134910-134918.

Dikin, D.A., Stankovich, S., Zimney, E.J., Piner, R.D., Dommett, G.H.B., Evmenenko, G., Nguyen, S.T., 
Ruoff, R.S., (2007). Preparation and characterization of graphene oxide paper. Nature 448, 
457-460.

Dimiev, A., Zakhidov, D., Genorio, B., Oladimeji, K., Crowgey, B., Kempel, L., Rothwell, E.J., Tour, J.M., 
(2013). Permittivity of dielectric composite materials comprising graphene nanoribbons. The 
effect of nanostructure. ACS Appl Mater Interfaces 5, 7567-7573.

Dong, X., Li, B., Wei, A., Cao, X., Chan-Park, M.B., Zhang, H., Li, L.-J., Huang, W., Chen, P., (2011). 
One-step growth of graphene–carbon nanotube hybrid materials by chemical vapor deposition. 
Carbon 49, 2944-2949.

Dreyer, D.R., Park, S., Bielawski, C.W., Ruoff, R.S., (2010). The chemistry of graphene oxide. 
Chemical Society Reviews 39, 228.

Du, J., Cheng, H.M., (2012). The Fabrication, Properties, and Uses of Graphene/Polymer Composites. 
Macromolecular Chemistry and Physics 213, 1060-1077.

Du, X., Skachko, I., Barker, A., Andrei, E.Y., (2008). Approaching ballistic transport in suspended 
graphene. Nature Nanotechnology 3, 491-495.

Dua, V., Surwade, S.P., Ammu, S., Agnihotra, S.R., Jain, S., Roberts, K.E., Park, S., Ruoff, R.S., 
Manohar, S.K., (2010). All-Organic Vapor Sensor Using Inkjet-Printed Reduced Graphene Oxide. 
Angewandte Chemie International Edition 49, 2154-2157.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



398   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Dubin, S., Gilje, S., Wang, K., Tung, V.C., Cha, K., Hall, A.S., Farrar, J., Varshneya, R., Yang, Y., Kaner, 
R.B., (2010). A One-Step, Solvothermal Reduction Method for Producing Reduced Graphene 
Oxide Dispersions in Organic Solvents. ACS Nano 4, 3845-3852.

El-Kady, M.F., Kaner, R.B., (2013). Scalable fabrication of high-power graphene micro-superca-
pacitors for flexible and on-chip energy storage. Nat Commun 4.

El-Kady, M.F., Strong, V., Dubin, S., Kaner, R.B., (2012). Laser Scribing of High-Performance and 
Flexible Graphene-Based Electrochemical Capacitors. Science 335, 1326-1330.

Emtsev, K.V., Bostwick, A., Horn, K., Jobst, J., Kellogg, G.L., Ley, L., McChesney, J.L., Ohta, T., 
Reshanov, S.A., Rohrl, J., Rotenberg, E., Schmid, A.K., Waldmann, D., Weber, H.B., Seyller, T., 
(2009). Towards wafer-size graphene layers by atmospheric pressure graphitization of silicon 
carbide. Nature Materials 8, 203-207.

Eswaraiah, V., Balasubramaniam, K., Ramaprabhu, S., (2011a). Functionalized graphene reinforced 
thermoplastic nanocomposites as strain sensors in structural health monitoring. Journal of 
Materials Chemistry 21, 12626-12628.

Eswaraiah, V., Sankaranarayanan, V., Ramaprabhu, S., (2011b). Functionalized Graphene-PVDF Foam 
Composites for EMI Shielding. Macromolecular Materials and Engineering 296, 894-898.

Fan, H.L., Wang, L.L., Zhao, K.K., Li, N., Shi, Z.J., Ge, Z.G., Jin, Z.X., (2010). Fabrication, Mechanical 
Properties, and Biocompatibility of Graphene-Reinforced Chitosan Composites. Biomacromo-
lecules 11, 2345-2351.

Fan, X., Peng, W., Li, Y., Li, X., Wang, S., Zhang, G., Zhang, F., (2008). Deoxygenation of Exfoliated 
Graphite Oxide under Alkaline Conditions: A Green Route to Graphene Preparation. Advanced 
Materials 20, 4490-4493.

Fang, M., Wang, K., Lu, H., Yang, Y., Nutt, S., (2009). Covalent polymer functionalization of graphene 
nanosheets and mechanical properties of composites. Journal of Materials Chemistry 19, 
7098-7105.

Fang, M., Wang, K., Lu, H., Yang, Y., Nutt, S., (2010a). Single-layer graphene nanosheets with 
controlled grafting of polymer chains. Journal of Materials Chemistry 20, 1982-1992.

Fang, M., Zhang, Z., Li, J., Zhang, H., Lu, H., Yang, Y., (2010b). Constructing hierarchically structured 
interphases for strong and tough epoxy nanocomposites by amine-rich graphene surfaces. 
Journal of Materials Chemistry 20, 9635-9643.

Fernández-Merino, M.J., Paredes, J.I., Villar-Rodil, S., Guardia, L., Solís-Fernández, P., Salinas-Torres, 
D., Cazorla-Amorós, D., Morallón, E., Martínez-Alonso, A., Tascón, J.M.D., (2012). Investigating 
the influence of surfactants on the stabilization of aqueous reduced graphene oxide 
dispersions and the characteristics of their composite films. Carbon 50, 3184-3194.

Fradkin, E., (1986). Critical behavior of disordered degenerate semiconductors. II. Spectrum and 
transport properties in mean-field theory. Physical Review B 33, 3263-3268.

Fukushima, T., Kosaka, A., Ishimura, Y., Yamamoto, T., Takigawa, T., Ishii, N., Aida, T., (2003). 
Molecular Ordering of Organic Molten Salts Triggered by Single-Walled Carbon Nanotubes. 
Science 300, 2072-2074.

Ganguli, S., Roy, A.K., Anderson, D.P., (2008). Improved thermal conductivity for chemically functio-
nalized exfoliated graphite/epoxy composites. Carbon 46, 806-817.

Gao, C., Zhang, S., Wang, F., Wen, B., Han, C., Ding, Y., Yang, M., (2014). Graphene Networks with 
Low Percolation Threshold in ABS Nanocomposites: Selective Localization and Electrical and 
Rheological Properties. Acs Applied Materials & Interfaces 6, 12252-12260.

Gao, M., Pan, Y., Huang, L., Hu, H., Zhang, L.Z., Guo, H.M., Du, S.X., Gao, H.-J., (2011). Epitaxial 
growth and structural property of graphene on Pt(111). Applied Physics Letters 98, -.

Gao, X., Jang, J., Nagase, S., (2009). Hydrazine and Thermal Reduction of Graphene Oxide: Reaction 
Mechanisms, Product Structures, and Reaction Design. The Journal of Physical Chemistry C 114, 
832-842.

Geim, A.K., Novoselov, K.S., (2007). The rise of graphene. Nature Materials 6, 183-191.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   399

Georgakilas, V., Otyepka, M., Bourlinos, A.B., Chandra, V., Kim, N., Kemp, K.C., Hobza, P., Zboril, 
R., Kim, K.S., (2012a). Functionalization of graphene: covalent and non-covalent approaches, 
derivatives and applications. Chemical Reviews 112, 6156-6214.

Georgakilas, V., Otyepka, M., Bourlinos, A.B., Chandra, V., Kim, N., Kemp, K.C., Hobza, P., Zboril, 
R., Kim, K.S., (2012b). Functionalization of Graphene: Covalent and Non-Covalent Approaches, 
Derivatives and Applications. Chemical Reviews 112, 6156-6214.

Ghosh, S., Bao, W., Nika, D.L., Subrina, S., Pokatilov, E.P., Lau, C.N., Balandin, A.A., (2010). 
Dimensional crossover of thermal transport in few-layer graphene. Nature Materials 9, 555-558.

Ghosh, S., Calizo, I., Teweldebrhan, D., Pokatilov, E.P., Nika, D.L., Balandin, A.A., Bao, W., Miao, 
F., Lau, C.N., (2008). Extremely high thermal conductivity of graphene: Prospects for thermal 
management applications in nanoelectronic circuits. Applied Physics Letters 92, 151911-151911-
151913.

Gómez-Navarro, C., Burghard, M., Kern, K., (2008). Elastic Properties of Chemically Derived Single 
Graphene Sheets. Nano Letters 8, 2045-2049.

Gómez-Navarro, C., Weitz, R.T., Bittner, A.M., Scolari, M., Mews, A., Burghard, M., Kern, K., (2007). 
Electronic Transport Properties of Individual Chemically Reduced Graphene Oxide Sheets. Nano 
Letters 7, 3499-3503.

Gonçalves, G., Marques, P.A.A.P., Barros-Timmons, A., Bdkin, I., Singh, M.K., Emami, N., Grácio, 
J., (2010). Graphene oxide modified with PMMA via ATRP as a reinforcement filler. Journal of 
Materials Chemistry 20, 9927.

Goncalves, V., Brandao, L., Mendes, A., (2014). Development of porous polymer pressure sensors 
incorporating graphene platelets. Polymer Testing 37, 129-137.

Gong, L., Kinloch, I.A., Young, R.J., Riaz, I., Jalil, R., Novoselov, K.S., (2010). Interfacial Stress 
Transfer in a Graphene Monolayer Nanocomposite. Advanced Materials 22, 2694-2697.

Guan, L.Z., Wan, Y.J., Gong, L.X., Yan, D., Tang, L.C., Wu, L.B., Jiang, J.X., Lai, G.Q., (2014). Toward 
effective and tunable interphases in graphene oxide/epoxy composites by grafting different 
chain lengths of polyetheramine onto graphene oxide. Journal of Materials Chemistry A 2, 
15058-15069.

Guo, C.X., Wang, M., Chen, T., Lou, X.W., Li, C.M., (2011a). A Hierarchically Nanostructured Composite 
of MnO2/Conjugated Polymer/Graphene for High-Performance Lithium Ion Batteries. Advanced 
Energy Materials 1, 736-741.

Guo, J., Ren, L., Wang, R., Zhang, C., Yang, Y., Liu, T., (2011b). Water dispersible graphene 
noncovalently functionalized with tryptophan and its poly(vinyl alcohol) nanocomposite. 
Composites Part B: Engineering 42, 2130-2135.

Guo, W., Yin, Y.X., Xin, S., Guo, Y.G., Wan, L.J., (2012a). Superior radical polymer cathode material 
with a two-electron process redox reaction promoted by graphene. Energy & Environmental 
Science 5, 5221-5225.

Guo, Y.J., Han, Y.J., Shuang, S.M., Dong, C., (2012b). Rational synthesis of graphene-metal 
coordination polymer composite nanosheet as enhanced materials for electrochemical 
biosensing. Journal of Materials Chemistry 22, 13166-13173.

Guo, Y.Q., Bao, C.L., Song, L., Yuan, B.H., Hu, Y., (2011c). In Situ Polymerization of Graphene, 
Graphite Oxide, and Functionalized Graphite Oxide into Epoxy Resin and Comparison Study of 
On-the-Flame Behavior. Industrial & Engineering Chemistry Research 50, 7772-7783.

He, Q.Y., Sudibya, H.G., Yin, Z.Y., Wu, S.X., Li, H., Boey, F., Huang, W., Chen, P., Zhang, H., (2010). 
Centimeter-Long and Large-Scale Micropatterns of Reduced Graphene Oxide Films: Fabrication 
and Sensing Applications. ACS Nano 4, 3201-3208.

Hernández, M., Bernal, M.d.M., Verdejo, R., Ezquerra, T.A., López-Manchado, M.A., (2012). Overall 
performance of natural rubber/graphene nanocomposites. Composites Science and Technology 
73, 40-46.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



400   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Hernandez, Y., Nicolosi, V., Lotya, M., Blighe, F.M., Sun, Z., De, S., McGovern, I.T., Holland, B., 
Byrne, M., Gun’Ko, Y.K., Boland, J.J., Niraj, P., Duesberg, G., Krishnamurthy, S., Goodhue, 
R., Hutchison, J., Scardaci, V., Ferrari, A.C., Coleman, J.N., (2008). High-yield production of 
graphene by liquid-phase exfoliation of graphite. Nat Nano 3, 563-568.

Hess, L.H., Lyuleeva, A., Blaschke, B.M., Sachsenhauser, M., Seifert, M., Garrido, J.A., Deubel, F., 
(2014). Graphene Transistors with Multifunctional Polymer Brushes for Biosensing Applications. 
Acs Applied Materials & Interfaces 6, 9705-9710.

Hewitt, C.A., Kaiser, A.B., Craps, M., Czerw, R., Roth, S., Carroll, D.L., (2013). Temperature dependent 
thermoelectric properties of freestanding few layer graphene/polyvinylidene fluoride 
composite thin films. Synthetic Metals 165, 56-59.

Higginbotham, A.L., Lomeda, J.R., Morgan, A.B., Tour, J.M., (2009). Graphite oxide flame-retardant 
polymer nanocomposites. ACS Appl Mater Interfaces 1, 2256-2261.

Hodlur, R.M., Rabinal, M.K., (2014). Self assembled graphene layers on polyurethane foam as a 
highly pressure sensitive conducting composite. Composites Science and Technology 90, 
160-165.

Hou, C.Y., Huang, T., Wang, H.Z., Yu, H., Zhang, Q.H., Li, Y.G., (2013a). A strong and stretchable 
self-healing film with self-activated pressure sensitivity for potential artificial skin applications. 
Scientific Reports 3.

Hou, Y., Wang, D.R., Zhang, X.M., Zhao, H., Zha, J.W., Dang, Z.M., (2013b). Positive piezoresistive 
behavior of electrically conductive alkyl-functionalized graphene/polydimethylsilicone 
nanocomposites. Journal of Materials Chemistry C 1, 515-521.

Hsiao, M.C., Liao, S.H., Lin, Y.F., Wang, C.A., Pu, N.W., Tsai, H.M., Ma, C.C., (2011). Preparation and 
characterization of polypropylene-graft-thermally reduced graphite oxide with an improved 
compatibility with polypropylene-based nanocomposite. Nanoscale 3, 1516-1522.

Hsiao, M.C., Liao, S.H., Yen, M.Y., Liu, P.I., Pu, N.W., Wang, C.A., Ma, C.C.M., (2010). Preparation of 
Covalently Functionalized Graphene Using Residual Oxygen-Containing Functional Groups. Acs 
Applied Materials & Interfaces 2, 3092-3099.

Hsieh, A.G., Korkut, S., Punckt, C., Aksay, I.A., (2013). Dispersion Stability of Functionalized 
Graphene in Aqueous Sodium Dodecyl Sulfate Solutions. Langmuir 29, 14831-14838.

Hsu, C.L., Lin, C.T., Huang, J.H., Chu, C.W., Wei, K.H., Li, L.J., (2012). Layer-by-Layer Graphene/TCNQ 
Stacked Films as Conducting Anodes for Organic Solar Cells. ACS Nano 6, 5031-5039.

Hu, X., Su, E., Zhu, B., Jia, J., Yao, P., Bai, Y., (2014). Preparation of silanized graphene/poly(methyl 
methacrylate) nanocomposites in situ copolymerization and its mechanical properties. 
Composites Science and Technology 97, 6-11.

Hu, Y.Z., Shen, J.F., Li, N., Ma, H.W., Shi, M., Yan, B., Huang, W.S., Wang, W.B., Ye, M.X., (2010). 
Comparison of the thermal properties between composites reinforced by raw and amino-
functionalized carbon materials. Composites Science and Technology 70, 2176-2182.

Huang, S.-Y., Wu, G.-P., Chen, C.-M., Yang, Y., Zhang, S.-C., Lu, C.-X., (2013a). Electrophoretic 
deposition and thermal annealing of a graphene oxide thin film on carbon fiber surfaces. 
Carbon 52, 613-616.

Huang, T., Lu, R., Su, C., Wang, H., Guo, Z., Liu, P., Huang, Z., Chen, H., Li, T., (2012a). Chemically 
modified graphene/polyimide composite films based on utilization of covalent bonding and 
oriented distribution. ACS Appl Mater Interfaces 4, 2699-2708.

Huang, T., Xin, Y., Li, T., Nutt, S., Su, C., Chen, H., Liu, P., Lai, Z., (2013b). Modified graphene/
polyimide nanocomposites: reinforcing and tribological effects. ACS Appl Mater Interfaces 5, 
4878-4891.

Huang, X., Jiang, P., (2014). Core-Shell Structured High-k Polymer Nanocomposites for Energy 
Storage and Dielectric Applications. Advanced Materials.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   401

Huang, X., Zhou, X., Wu, S., Wei, Y., Qi, X., Zhang, J., Boey, F., Zhang, H., (2010a). Reduced Graphene 
Oxide-Templated Photochemical Synthesis and in situ Assembly of Au Nanodots to Orderly 
Patterned Au Nanodot Chains. Small 6, 513-516.

Huang, Y., Liang, J.J., Chen, Y.S., (2012b). The application of graphene based materials for actuators. 
Journal of Materials Chemistry 22, 3671-3679.

Huang, Y.J., Qin, Y.W., Zhou, Y., Niu, H., Yu, Z.Z., Dong, J.Y., (2010b). Polypropylene/Graphene Oxide 
Nanocomposites Prepared by In Situ Ziegler-Natta Polymerization. Chemistry of Materials 22, 
4096-4102.

Hummers, W.S., Offeman, R.E., (1958). Preparation of Graphitic Oxide. Journal of the American 
Chemical Society 80, 1339-1339.

Im, H., Kim, J., (2012). Thermal conductivity of a graphene oxide–carbon nanotube hybrid/epoxy 
composite. Carbon 50, 5429-5440.

Islam, M.F., Rojas, E., Bergey, D.M., Johnson, A.T., Yodh, A.G., (2003). High Weight Fraction 
Surfactant Solubilization of Single-Wall Carbon Nanotubes in Water. Nano Letters 3, 269-273.

Jia, J., Sun, X., Lin, X., Shen, X., Mai, Y.-W., Kim, J.-K., (2014). Exceptional Electrical Conductivity and 
Fracture Resistance of 3D Interconnected Graphene Foam/Epoxy Composites. ACS Nano 8, 
5774-5783.

Jiang, T., Kuila, T., Kim, N.H., Ku, B.-C., Lee, J.H., (2013). Enhanced mechanical properties of silanized 
silica nanoparticle attached graphene oxide/epoxy composites. Composites Science and 
Technology 79, 115-125.

Jiao, L., Wang, X., Diankov, G., Wang, H., Dai, H., (2010). Facile synthesis of high-quality graphene 
nanoribbons. Nat Nano 5, 321-325.

Jiao, L., Zhang, L., Wang, X., Diankov, G., Dai, H., (2009). Narrow graphene nanoribbons from carbon 
nanotubes. Nature 458, 877-880.

Kalaitzidou, K., Fukushima, H., Drzal, L.T., (2007). Multifunctional polypropylene composites 
produced by incorporation of exfoliated graphite nanoplatelets. Carbon 45, 1446-1452.

Kaleemullah, M., Khan, S.U., Kim, J.-K., (2012). Effect of surfactant treatment on thermal stability 
and mechanical properties of CNT/polybenzoxazine nanocomposites. Composites Science and 
Technology 72, 1968-1976.

Kaminska, I., Das, M.R., Coffinier, Y., Niedziolka-Jonsson, J., Sobczak, J., Woisel, P., Lyskawa, J., 
Opallo, M., Boukherroub, R., Szunerits, S., (2012). Reduction and functionalization of graphene 
oxide sheets using biomimetic dopamine derivatives in one step. ACS Appl Mater Interfaces 4, 
1016-1020.

Kandanur, S.S., Rafiee, M.A., Yavari, F., Schrameyer, M., Yu, Z.-Z., Blanchet, T.A., Koratkar, N., 
(2012). Suppression of wear in graphene polymer composites. Carbon 50, 3178-3183.

Kang, S.M., Park, S., Kim, D., Park, S.Y., Ruoff, R.S., Lee, H., (2011). Simultaneous Reduction 
and Surface Functionalization of Graphene Oxide by Mussel-Inspired Chemistry. Advanced 
Functional Materials 21, 108-112.

Kashiwagi, T., Du, F., Douglas, J.F., Winey, K.I., Harris, R.H., Shields, J.R., (2005). Nanoparticle 
networks reduce the flammability of polymer nanocomposites. Nature Materials 4, 928-933.

Kerscher, B., Appel, A.-K., Thomann, R., Mülhaupt, R., (2013). Treelike Polymeric Ionic Liquids 
Grafted onto Graphene Nanosheets. Macromolecules 46, 4395-4402.

Kim, H., Abdala, A.A., Macosko, C.W., (2010a). Graphene/Polymer Nanocomposites. Macromolecules 
43, 6515-6530.

Kim, H., Macosko, C.W., (2008). Morphology and Properties of Polyester/Exfoliated Graphite 
Nanocomposites. Macromolecules 41, 3317-3327.

Kim, H., Macosko, C.W., (2009a). Processing-property relationships of polycarbonate/graphene 
composites. Polymer 50, 3797-3809.

Kim, H., Miura, Y., Macosko, C.W., (2010b). Graphene/Polyurethane Nanocomposites for Improved 
Gas Barrier and Electrical Conductivity. Chemistry of Materials 22, 3441-3450.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



402   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Kim, J., Jeon, J.H., Kim, H.J., Lim, H., Oh, I.K., (2014). Durable and Water-Floatable Ionic Polymer 
Actuator with Hydrophobic and Asymmetrically Laser-Scribed Reduced Graphene Oxide Paper 
Electrodes. ACS Nano 8, 2986-2997.

Kim, J., Tung, V.C., Huang, J.X., (2011a). Water Processable Graphene Oxide: Single Walled Carbon 
Nanotube Composite as Anode Modifier for Polymer Solar Cells. Advanced Energy Materials 1, 
1052-1057.

Kim, J.S., Yun, J.H., Kim, I., Shim, S.E., (2011b). Electrical properties of graphene/SBR nanocomposite 
prepared by latex heterocoagulation process at room temperature. Journal of Industrial and 
Engineering Chemistry 17, 325-330.

Kim, K.S., Zhao, Y., Jang, H., Lee, S.Y., Kim, J.M., Ahn, J.H., Kim, P., Choi, J.Y., Hong, B.H., (2009b). 
Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature 
457, 706-710.

Kim, K.S., Zhao, Y., Jang, H., Lee, S.Y., Kim, J.M., Kim, K.S., Ahn, J.-H., Kim, P., Choi, J.-Y., Hong, B.H., 
(2009c). Large-scale pattern growth of graphene films for stretchable transparent electrodes. 
Nature 457, 706-710.

Kim, N.H., Kuila, T., Lee, J.H., (2013). Simultaneous reduction, functionalization and stitching 
of graphene oxide with ethylenediamine for composites application. Journal of Materials 
Chemistry A 1, 1349.

Kim, S.W., Kim, T., Kim, Y.S., Choi, H.S., Lim, H.J., Yang, S.J., Park, C.R., (2012). Surface modifications 
for the effective dispersion of carbon nanotubes in solvents and polymers. Carbon 50, 3-33.

Kosynkin, D.V., Higginbotham, A.L., Sinitskii, A., Lomeda, J.R., Dimiev, A., Price, B.K., Tour, J.M., 
(2009). Longitudinal unzipping of carbon nanotubes to form graphene nanoribbons. Nature 
458, 872-876.

Kotov, N.A., (2006). Materials science: Carbon sheet solutions. Nature 442, 254-255.
Kuang, J., Liu, L.Q., Gao, Y., Zhou, D., Chen, Z., Han, B.H., Zhang, Z., (2013). A hierarchically 

structured graphene foam and its potential as a large-scale strain-gauge sensor. Nanoscale 5, 
12171-12177.

Kuila, T., Bose, S., Hong, C.E., Uddin, M.E., Khanra, P., Kim, N.H., Lee, J.H., (2011). Preparation of 
functionalized graphene/linear low density polyethylene composites by a solution mixing 
method. Carbon 49, 1033-1037.

Kuila, T., Bose, S., Mishra, A.K., Khanra, P., Kim, N.H., Lee, J.H., (2012). Chemical functionalization of 
graphene and its applications. Progress in Materials Science 57, 1061-1105.

Kujawski, M., Pearse, J.D., Smela, E., (2010). Elastomers filled with exfoliated graphite as compliant 
electrodes. Carbon 48, 2409-2417.

Kumar, N.A., Choi, H.J., Shin, Y.R., Chang, D.W., Dai, L.M., Baek, J.B., (2012). Polyaniline-Grafted 
Reduced Graphene Oxide for Efficient Electrochemical Supercapacitors. ACS Nano 6, 1715-1723.

Kundu, D., Krumeich, F., Nesper, R., (2013). Investigation of nano-fibrous selenium and its 
polypyrrole and graphene composite as cathode material for rechargeable Li-batteries. Journal 
of Power Sources 236, 112-117.

Layek, R.K., Samanta, S., Nandi, A.K., (2012). The physical properties of sulfonated graphene/
poly(vinyl alcohol) composites. Carbon 50, 815-827.

Lee, C., Wei, X., Kysar, J.W., Hone, J., (2008). Measurement of the Elastic Properties and Intrinsic 
Strength of Monolayer Graphene. Science 321, 385-388.

Lee, D., Song, S.H., Hwang, J., Jin, S.H., Park, K.H., Kim, B.H., Hong, S.H., Jeon, S., (2013a). Enhanced 
Mechanical Properties of Epoxy Nanocomposites by Mixing Noncovalently Functionalized Boron 
Nitride Nanoflakes. Small 9, 2602-2610.

Lee, H., Dellatore, S.M., Miller, W.M., Messersmith, P.B., (2007). Mussel-Inspired Surface Chemistry 
for Multifunctional Coatings. Science 318, 426-430.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   403

Lee, J.H., Lee, K.Y., Gupta, M.K., Kim, T.Y., Lee, D.Y., Oh, J., Ryu, C., Yoo, W.J., Kang, C.Y., Yoon, S.J., 
Yoo, J.B., Kim, S.W., (2014). Highly Stretchable Piezoelectric-Pyroelectric Hybrid Nanogenerator. 
Advanced Materials 26, 765-769.

Lee, W., Lee, J.U., Jung, B.M., Byun, J.-H., Yi, J.-W., Lee, S.-B., Kim, B.-S., (2013b). Simultaneous 
enhancement of mechanical, electrical and thermal properties of graphene oxide paper by 
embedding dopamine. Carbon 65, 296-304.

Leon, V., Quintana, M., Herrero, M.A., Fierro, J.L.G., de la Hoz, A., Prato, M., Vazquez, E., (2011). 
Few-layer graphenes from ball-milling of graphite with melamine. Chemical Communications 
47, 10936-10938.

Li, C.X., Adamcik, J., Mezzenga, R., (2012a). Biodegradable nanocomposites of amyloid fibrils and 
graphene with shape-memory and enzyme-sensing properties. Nature Nanotechnology 7, 
421-427.

Li, D., Muller, M.B., Gilje, S., Kaner, R.B., Wallace, G.G., (2008a). Processable aqueous dispersions 
of graphene nanosheets. Nat Nano 3, 101-105.

Li, D., Muller, M.B., Gilje, S., Kaner, R.B., Wallace, G.G., (2008b). Processable aqueous dispersions 
of graphene nanosheets. Nature Nanotechnology 3, 101-105.

Li, J., Xie, H.Q., Li, Y., Liu, J., Li, Z.X., (2011a). Electrochemical properties of graphene nanosheets/
polyaniline nanofibers composites as electrode for supercapacitors. Journal of Power Sources 
196, 10775-10781.

Li, J.H., Kuang, D.Z., Feng, Y.L., Zhang, F.X., Xu, Z.F., Liu, M.Q., Wang, D.P., (2013a). Green synthesis 
of silver nanoparticles-graphene oxide nanocomposite and its application in electrochemical 
sensing of tryptophan. Biosensors & Bioelectronics 42, 198-206.

Li, M., Gao, C., Hu, H., Zhao, Z., (2013b). Electrical conductivity of thermally reduced graphene 
oxide/polymer composites with a segregated structure. Carbon 65, 371-373.

Li, S.S., Tu, K.H., Lin, C.C., Chen, C.W., Chhowalla, M., (2010). Solution-Processable Graphene Oxide 
as an Efficient Hole Transport Layer in Polymer Solar Cells. ACS Nano 4, 3169-3174.

Li, W.J., Tang, X.Z., Zhang, H.B., Jiang, Z.G., Yu, Z.Z., Du, X.S., Mai, Y.W., (2011b). Simultaneous 
surface functionalization and reduction of graphene oxide with octadecylamine for electrically 
conductive polystyrene composites. Carbon 49, 4724-4730.

Li, X., Cai, W., An, J., Kim, S., Nah, J., Yang, D., Piner, R., Velamakanni, A., Jung, I., Tutuc, E., Banerjee, 
S.K., Colombo, L., Ruoff, R.S., (2009). Large-Area Synthesis of High-Quality and Uniform 
Graphene Films on Copper Foils. Science 324, 1312-1314.

Li, X., Magnuson, C.W., Venugopal, A., Tromp, R.M., Hannon, J.B., Vogel, E.M., Colombo, L., Ruoff, 
R.S., (2011c). Large-Area Graphene Single Crystals Grown by Low-Pressure Chemical Vapor 
Deposition of Methane on Copper. Journal of the American Chemical Society 133, 2816-2819.

Li, X., Zhang, R.J., Yu, W.J., Wang, K.L., Wei, J.Q., Wu, D.H., Cao, A.Y., Li, Z.H., Cheng, Y., Zheng, Q.S., 
Ruoff, R.S., Zhu, H.W., (2012b). Stretchable and highly sensitive graphene-on-polymer strain 
sensors. Scientific Reports 2.

Li, X.-H., Chen, J.-S., Wang, X., Schuster, M.E., Schlögl, R., Antonietti, M., (2012c). A Green Chemistry 
of Graphene: Photochemical Reduction towards Monolayer Graphene Sheets and the Role of 
Water Adlayers. ChemSusChem 5, 642-646.

Li, Y., Hu, Y., Zhao, Y., Shi, G.Q., Deng, L.E., Hou, Y.B., Qu, L.T., (2011d). An Electrochemical Avenue to 
Green-Luminescent Graphene Quantum Dots as Potential Electron-Acceptors for Photovoltaics. 
Advanced Materials 23, 776-+.

Li, Y., Pan, D., Chen, S., Wang, Q., Pan, G., Wang, T., (2013c). In situ polymerization and mechanical, 
thermal properties of polyurethane/graphene oxide/epoxy nanocomposites. Materials & 
Design 47, 850-856.

Li, Y., Samad, Y.A., Polychronopoulou, K., Alhassan, S.M., Liao, K., (2014a). Highly Electrically 
Conductive Nanocomposites Based on PolymerInfused Graphene Sponges. Scientific Reports 4.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



404   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Li, Y., Umer, R., Samad, Y.A., Zheng, L., Liao, K., (2013d). The effect of the ultrasonication 
pre-treatment of graphene oxide (GO) on the mechanical properties of GO/polyvinyl alcohol 
composites. Carbon 55, 321-327.

Li, Y.-Q., Yu, T., Yang, T.-Y., Zheng, L.-X., Liao, K., (2012d). Bio-Inspired Nacre-like Composite Films 
Based on Graphene with Superior Mechanical, Electrical, and Biocompatible Properties. 
Advanced Materials 24, 3426-3431.

Li, Y.L., Kuan, C.F., Chen, C.H., Kuan, H.C., Yip, M.C., Chiu, S.L., Chiang, C.L., (2012e). Preparation, 
thermal stability and electrical properties of PMMA/functionalized graphene oxide nanosheets 
composites. Materials Chemistry and Physics 134, 677-685.

Li, Y.L., Yan, H.G., Farmer, D.B., Meng, X., Zhu, W.J., Osgood, R.M., Heinz, T.F., Avouris, P., (2014b). 
Graphene Plasmon Enhanced Vibrational Sensing of Surface-Adsorbed Layers. Nano Letters 14, 
1573-1577.

Li, Z., Wang, R., Young, R.J., Deng, L., Yang, F., Hao, L., Jiao, W., Liu, W., (2013e). Control of the 
functionality of graphene oxide for its application in epoxy nanocomposites. Polymer 54, 
6437-6446.

Li, Z.F., Zhang, H.Y., Liu, Q., Sun, L.L., Stanciu, L., Xie, J., (2013f). Fabrication of High-Surface-Area 
Graphene/Polyaniline Nanocomposites and Their Application in Supercapacitors. Acs Applied 
Materials & Interfaces 5, 2685-2691.

Lian, Y.F., Liu, Y.X., Jiang, T., Shu, J., Lian, H.Q., Cao, M.H., (2010). Enhanced Electromechanical 
Performance of Graphite Oxide-Nafion Nanocomposite Actuator. Journal of Physical Chemistry C 
114, 9659-9663.

Liang, J., Huang, Y., Zhang, L., Wang, Y., Ma, Y., Guo, T., Chen, Y., (2009a). Molecular-Level Dispersion 
of Graphene into Poly(vinyl alcohol) and Effective Reinforcement of their Nanocomposites. 
Advanced Functional Materials 19, 2297-2302.

Liang, J., Xu, Y., Huang, Y., Zhang, L., Wang, Y., Ma, Y., Li, F., Guo, T., Chen, Y., (2009b). Infrared-
Triggered Actuators from Graphene-Based Nanocomposites. The Journal of Physical Chemistry C 
113, 9921-9927.

Liang, J.J., Huang, L., Li, N., Huang, Y., Wu, Y.P., Fang, S.L., Oh, J.Y., Kozlov, M., Ma, Y.F., Li, F.F., 
Baughman, R., Chen, Y.S., (2012). Electromechanical Actuator with Controllable Motion, Fast 
Response Rate, and High-Frequency Resonance Based on Graphene and Polydiacetylene. ACS 
Nano 6, 4508-4519.

Liang, J.J., Li, L., Tong, K., Ren, Z., Hu, W., Niu, X.F., Chen, Y.S., Pei, Q.B., (2014). Silver Nanowire 
Percolation Network Soldered with Graphene Oxide at Room Temperature and Its Application for 
Fully Stretchable Polymer Light-Emitting Diodes. ACS Nano 8, 1590-1600.

Liang, J.J., Wang, Y., Huang, Y., Ma, Y.F., Liu, Z.F., Cai, F.M., Zhang, C.D., Gao, H.J., Chen, Y.S., (2009c). 
Electromagnetic interference shielding of graphene/epoxy composites. Carbon 47, 922-925.

Liao, K.-H., Qian, Y., Macosko, C.W., (2012). Ultralow percolation graphene/polyurethane acrylate 
nanocomposites. Polymer 53, 3756-3761.

Lightcap, I.V., Kamat, P.V., (2013). Graphitic Design: Prospects of Graphene-Based Nanocomposites 
for Solar Energy Conversion, Storage, and Sensing. Accounts of Chemical Research 46, 
2235-2243.

Lin, J., Peng, Z.W., Xiang, C.S., Ruan, G.D., Yan, Z., Natelson, D., Tour, J.M., (2013a). Graphene 
Nanoribbon and Nanostructured SnO2 Composite Anodes for Lithium Ion Batteries. ACS Nano 7, 
6001-6006.

Lin, Q., Qu, L., Lü, Q., Fang, C., (2013b). Preparation and properties of graphene oxide nanosheets/
cyanate ester resin composites. Polymer Testing 32, 330-337.

Lin, Y., Jin, J., Song, M., (2011). Preparation and characterisation of covalent polymer functionalized 
graphene oxide. Journal of Materials Chemistry 21, 3455-3461.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   405

Liu, J., Fu, S., Yuan, B., Li, Y., Deng, Z., (2010). Toward a Universal “Adhesive Nanosheet” for the 
Assembly of Multiple Nanoparticles Based on a Protein-Induced Reduction/Decoration of 
Graphene Oxide. Journal of the American Chemical Society 132, 7279-7281.

Liu, J., Wang, Z., Xie, X.J., Cheng, H.H., Zhao, Y., Qu, L.T., (2012a). A rationally-designed synergetic 
polypyrrole/graphene bilayer actuator. Journal of Materials Chemistry 22, 4015-4020.

Liu, K., Chen, L., Chen, Y., Wu, J., Zhang, W., Chen, F., Fu, Q., (2011). Preparation of polyester/reduced 
graphene oxide composites via in situ melt polycondensation and simultaneous thermo-
reduction of graphene oxide. Journal of Materials Chemistry 21, 8612-8617.

Liu, N., Luo, F., Wu, H., Liu, Y., Zhang, C., Chen, J., (2008). One-Step Ionic-Liquid-Assisted Electro-
chemical Synthesis of Ionic-Liquid-Functionalized Graphene Sheets Directly from Graphite. 
Advanced Functional Materials 18, 1518-1525.

Liu, R.Q., Liang, S.M., Tang, X.Z., Yan, D., Li, X.F., Yu, Z.Z., (2012b). Tough and highly stretchable 
graphene oxide/polyacrylamide nanocomposite hydrogels. Journal of Materials Chemistry 22, 
14160-14167.

Liu, S., Yan, H., Fang, Z., Wang, H., (2014a). Effect of graphene nanosheets on morphology, thermal 
stability and flame retardancy of epoxy resin. Composites Science and Technology 90, 40-47.

Liu, Y., Ma, Y., Guang, S.Y., Xu, H.Y., Su, X.Y., (2014b). Facile fabrication of three-dimensional highly 
ordered structural polyaniline-graphene bulk hybrid materials for high performance superca-
pacitor electrodes. Journal of Materials Chemistry A 2, 813-823.

Liu, Y.T., Zhu, X.D., Duan, Z.Q., Xie, X.M., (2013). Flexible and robust MoS2-graphene hybrid paper 
cross-linked by a polymer ligand: a high-performance anode material for thin film lithium-ion 
batteries. Chemical Communications 49, 10305-10307.

Lotya, M., Hernandez, Y., King, P.J., Smith, R.J., Nicolosi, V., Karlsson, L.S., Blighe, F.M., De, S., Wang, 
Z., McGovern, I.T., Duesberg, G.S., Coleman, J.N., (2009). Liquid Phase Production of Graphene 
by Exfoliation of Graphite in Surfactant/Water Solutions. Journal of the American Chemical 
Society 131, 3611-3620.

Lotya, M., King, P.J., Khan, U., De, S., Coleman, J.N., (2010). High-Concentration, Surfactant-
Stabilized Graphene Dispersions. ACS Nano 4, 3155-3162.

Lu, C.H., Yang, H.H., Zhu, C.L., Chen, X., Chen, G.N., (2009). A Graphene Platform for Sensing 
Biomolecules. Angewandte Chemie-International Edition 48, 4785-4787.

Lu, H., Chen, Z., Ma, C., (2012a). Bioinspired approaches for optimizing the strength and toughness 
of graphene-based polymer nanocomposites. Journal of Materials Chemistry 22, 16182-16190.

Lu, J., Do, I., Drzal, L.T., Worden, R.M., Lee, I., (2008). Nanometal-decorated exfoliated graphite 
nanoplatelet based glucose biosensors with high sensitivity and fast response. ACS Nano 2, 
1825-1832.

Lu, L.H., Liu, J.H., Hu, Y., Zhang, Y.W., Chen, W., (2013). Graphene-Stabilized Silver Nanoparticle 
Electrochemical Electrode for Actuator Design. Advanced Materials 25, 1270-1274.

Lu, X.J., Dou, H., Yang, S.D., Hao, L., Zhang, L.J., Shen, L.F., Zhang, F., Zhang, X.G., (2011). Fabrication 
and electrochemical capacitance of hierarchical graphene/polyaniline/carbon nanotube 
ternary composite film. Electrochimica Acta 56, 9224-9232.

Lu, X.J., Dou, H., Yuan, C.Z., Yang, S.D., Hao, L., Zhang, F., Shen, L.F., Zhang, L.J., Zhang, X.G., 
(2012b). Polypyrrole/carbon nanotube nanocomposite enhanced the electrochemical 
capacitance of flexible graphene film for supercapacitors. Journal of Power Sources 197, 
319-324.

Luan, V.H., Tien, H.N., Cuong, T.V., Kong, B.-S., Chung, J.S., Kim, E.J., Hur, S.H., (2012). Novel 
conductive epoxy composites composed of 2-D chemically reduced graphene and 1-D silver 
nanowire hybrid fillers. Journal of Materials Chemistry 22, 8649.

Luo, D., Zhang, G., Liu, J., Sun, X., (2011). Evaluation Criteria for Reduced Graphene Oxide. The 
Journal of Physical Chemistry C 115, 11327-11335.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



406   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Luo, X.L., Weaver, C.L., Tan, S.S., Cui, X.T., (2013). Pure graphene oxide doped conducting polymer 
nanocomposite for bio-interfacing. Journal of Materials Chemistry B 1, 1340-1348.

Luong, N.D., Pahimanolis, N., Hippi, U., Korhonen, J.T., Ruokolainen, J., Johansson, L.-S., Nam, 
J.-D., Seppala, J., (2011). Graphene/cellulose nanocomposite paper with high electrical and 
mechanical performances. Journal of Materials Chemistry 21, 13991-13998.

Lv, R., Li, Q., Botello-Mendez, A.R., Hayashi, T., Wang, B., Berkdemir, A., Hao, Q.Z., Elias, A.L., 
Cruz-Silva, R., Gutierrez, H.R., Kim, Y.A., Muramatsu, H., Zhu, J., Endo, M., Terrones, H., Charlier, 
J.C., Pan, M.H., Terrones, M., (2012). Nitrogen-doped graphene: beyond single substitution and 
enhanced molecular sensing. Scientific Reports 2.

Ma, H.L., Zhang, H.B., Hu, Q.H., Li, W.J., Jiang, Z.G., Yu, Z.Z., Dasari, A., (2012). Functionalization 
and Reduction of Graphene Oxide with p-Phenylene Diamine for Electrically Conductive and 
Thermally Stable Polystyrene Composites. Acs Applied Materials & Interfaces 4, 1948-1953.

Ma, J., Meng, Q., Michelmore, A., Kawashima, N., Izzuddin, Z., Bengtsson, C., Kuan, H.-C., (2013a). 
Covalently bonded interfaces for polymer/graphene composites. Journal of Materials Chemistry 
A 1, 4255.

Ma, P.C., Siddiqui, N.A., Marom, G., Kim, J.K., (2010). Dispersion and functionalization of carbon 
nanotubes for polymer-based nanocomposites: A review. Composites Part A: Applied Science 
and Manufacturing 41, 1345-1367.

Ma, W.S., Li, J., Zhao, X.S., (2013b). Improving the thermal and mechanical properties of silicone 
polymer by incorporating functionalized graphene oxide. Journal of Materials Science 48, 
5287-5294.

Mahmood, N., Zhang, C.Z., Yin, H., Hou, Y.L., (2014). Graphene-based nanocomposites for energy 
storage and conversion in lithium batteries, supercapacitors and fuel cells. Journal of Materials 
Chemistry A 2, 15-32.

Mahmoud, W.E., Al-Ghamdi, A.A., (2012). Charge transport mechanism of graphite-nanosheet-
loaded rubber nanocomposites. Polymer International 61, 51-54.

Mannov, E., Schmutzler, H., Chandrasekaran, S., Viets, C., Buschhorn, S., Tölle, F., Mülhaupt, R., 
Schulte, K., (2013). Improvement of compressive strength after impact in fibre reinforced 
polymer composites by matrix modification with thermally reduced graphene oxide. Composites 
Science and Technology 87, 36-41.

Martin, C.A., Sandler, J.K.W., Shaffer, M.S.P., Schwarz, M.K., Bauhofer, W., Schulte, K., Windle, A.H., 
(2004). Formation of percolating networks in multi-wall carbon-nanotube–epoxy composites. 
Composites Science and Technology 64, 2309-2316.

Martin-Gallego, M., Verdejo, R., Lopez-Manchado, M.A., Sangermano, M., (2011). Epoxy-Graphene 
UV-cured nanocomposites. Polymer 52, 4664-4669.

Matsumoto, H., Imaizumi, S., Konosu, Y., Ashizawa, M., Minagawa, M., Tanioka, A., Lu, W., Tour, J.M., 
(2013). Electrospun Composite Nanofiber Yarns Containing Oriented Graphene Nanoribbons. 
Acs Applied Materials & Interfaces 5, 6225-6231.

McAllister, M.J., Li, J.-L., Adamson, D.H., Schniepp, H.C., Abdala, A.A., Liu, J., Herrera-Alonso, M., 
Milius, D.L., Car, R., Prud’homme, R.K., Aksay, I.A., (2007a). Single Sheet Functionalized 
Graphene by Oxidation and Thermal Expansion of Graphite. Chemistry of Materials 19, 
4396-4404.

McAllister, M.J., Li, J.L., Adamson, D.H., Schniepp, H.C., Abdala, A.A., Liu, J., Herrera-Alonso, M., 
Milius, D.L., Car, R., Prud’homme, R.K., Aksay, I.A., (2007b). Single sheet functionalized 
graphene by oxidation and thermal expansion of graphite. Chemistry of Materials 19, 
4396-4404.

Meng, Q., Jin, J., Wang, R., Kuan, H.C., Ma, J., Kawashima, N., Michelmore, A., Zhu, S., Wang, C.H., 
(2014). Processable 3-nm thick graphene platelets of high electrical conductivity and their 
epoxy composites. Nanotechnology 25, 125707.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   407

Meng, Y., Wang, K., Zhang, Y., Wei, Z., (2013). Hierarchical porous graphene/polyaniline composite 
film with superior rate performance for flexible supercapacitors. Advanced Materials 25, 
6985-6990.

Mittal, V., Chaudhry, A.U., Luckachan, G.E., (2014). Biopolymer - Thermally reduced graphene 
nanocomposites: Structural characterization and properties. Materials Chemistry and Physics 
147, 319-332.

Monti, M., Rallini, M., Puglia, D., Peponi, L., Torre, L., Kenny, J.M., (2013). Morphology and electrical 
properties of graphene–epoxy nanocomposites obtained by different solvent assisted 
processing methods. Composites Part A: Applied Science and Manufacturing 46, 166-172.

Moon, I.K., Lee, J., Ruoff, R.S., Lee, H., (2010). Reduced graphene oxide by chemical graphitization. 
Nat Commun 1, 73.

Moore, V.C., Strano, M.S., Haroz, E.H., Hauge, R.H., Smalley, R.E., Schmidt, J., Talmon, Y., (2003). 
Individually Suspended Single-Walled Carbon Nanotubes in Various Surfactants. Nano Letters 
3, 1379-1382.

Mukherjee, R., Thomas, A.V., Krishnamurthy, A., Koratkar, N., (2012). Photothermally Reduced 
Graphene as High-Power Anodes for Lithium-Ion Batteries. ACS Nano 6, 7867-7878.

Naebe, M., Wang, J., Amini, A., Khayyam, H., Hameed, N., Li, L.H., Chen, Y., Fox, B., (2014). 
Mechanical property and structure of covalent functionalised graphene/epoxy nanocomposites. 
Sci Rep 4, 4375.

Nair, R.R., Blake, P., Grigorenko, A.N., Novoselov, K.S., Booth, T.J., Stauber, T., Peres, N.M.R., Geim, 
A.K., (2008). Fine Structure Constant Defines Visual Transparency of Graphene. Science 320, 
1308.

Nawaz, K., Khan, U., Ul-Haq, N., May, P., O’Neill, A., Coleman, J.N., (2012). Observation of mechanical 
percolation in functionalized graphene oxide/elastomer composites. Carbon 50, 4489-4494.

Nethravathi, C., Rajamathi, M., (2008). Chemically modified graphene sheets produced by the 
solvothermal reduction of colloidal dispersions of graphite oxide. Carbon 46, 1994-1998.

Nicolosi, V., Chhowalla, M., Kanatzidis, M.G., Strano, M.S., Coleman, J.N., (2013). Liquid Exfoliation 
of Layered Materials. Science 340, 1226419.

Noël, A., Faucheu, J., Rieu, M., Viricelle, J.-P., Bourgeat-Lami, E., (2014). Tunable architecture for 
flexible and highly conductive graphene–polymer composites. Composites Science and 
Technology 95, 82-88.

Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Katsnelson, M.I., Grigorieva, I.V., Dubonos, S.V., 
Firsov, A.A., (2005). Two-dimensional gas of massless Dirac fermions in graphene. Nature 438, 
197-200.

Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Zhang, Y., Dubonos, S.V., Grigorieva, I.V., Firsov, 
A.A., (2004). Electric Field Effect in Atomically Thin Carbon Films. Science 306, 666-669.

Nuvoli, D., Alzari, V., Sanna, R., Scognamillo, S., Alongi, J., Malucelli, G., Mariani, A., (2013). 
Synthesis and characterization of graphene-based nanocomposites with potential use for 
biomedical applications. Journal of Nanoparticle Research 15.

Pang, H., Chen, T., Zhang, G., Zeng, B., Li, Z.-M., (2010). An electrically conducting polymer/
graphene composite with a very low percolation threshold. Materials Letters 64, 2226-2229.

Pang, H.A., Chen, C., Zhang, Y.C., Ren, P.G., Yan, D.X., Li, Z.M., (2011). The effect of electric field, 
annealing temperature and filler loading on the percolation threshold of polystyrene containing 
carbon nanotubes and graphene nanosheets. Carbon 49, 1980-1988.

Paredes, J.I., Villar-Rodil, S., Martínez-Alonso, A., Tascón, J.M.D., (2008). Graphene Oxide 
Dispersions in Organic Solvents. Langmuir 24, 10560-10564.

Park, H., Chang, S., Smith, M., Gradecak, S., Kong, J., (2013a). Interface engineering of graphene for 
universal applications as both anode and cathode in organic photovoltaics. Scientific Reports 3.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



408   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Park, O.-K., Hwang, J.-Y., Goh, M., Lee, J.H., Ku, B.-C., You, N.-H., (2013b). Mechanically Strong and 
Multifunctional Polyimide Nanocomposites Using Amimophenyl Functionalized Graphene 
Nanosheets. Macromolecules 46, 3505-3511.

Park, S., An, J., Potts, J.R., Velamakanni, A., Murali, S., Ruoff, R.S., (2011). Hydrazine-reduction of 
graphite- and graphene oxide. Carbon 49, 3019-3023.

Park, S., Ruoff, R.S., (2009). Chemical methods for the production of graphenes. Nat Nano 4, 
217-224.

Paul, D.R., Robeson, L.M., (2008). Polymer nanotechnology: Nanocomposites. Polymer 49, 
3187-3204.

Pei, S., Zhao, J., Du, J., Ren, W., Cheng, H.-M., (2010). Direct reduction of graphene oxide films into 
highly conductive and flexible graphene films by hydrohalic acids. Carbon 48, 4466-4474.

Pettes, M.T., Ji, H., Ruoff, R.S., Shi, L., (2012). Thermal transport in three-dimensional foam 
architectures of few-layer graphene and ultrathin graphite. Nano Letters 12, 2959-2964.

Pham, V.H., Cuong, T.V., Dang, T.T., Hur, S.H., Kong, B.S., Kim, E.J., Shin, E.W., Chung, J.S., (2011). 
Superior conductive polystyrene - chemically converted graphene nanocomposite. Journal of 
Materials Chemistry 21, 11312-11316.

Pham, V.H., Dang, T.T., Hur, S.H., Kim, E.J., Chung, J.S., (2012). Highly conductive poly(methyl 
methacrylate) (PMMA)-reduced graphene oxide composite prepared by self-assembly of PMMA 
latex and graphene oxide through electrostatic interaction. ACS Appl Mater Interfaces 4, 
2630-2636.

Potts, J.R., Dreyer, D.R., Bielawski, C.W., Ruoff, R.S., (2011a). Graphene-based polymer nanocom-
posites. Polymer 52, 5-25.

Potts, J.R., Lee, S.H., Alam, T.M., An, J., Stoller, M.D., Piner, R.D., Ruoff, R.S., (2011b). Thermome-
chanical properties of chemically modified graphene/poly(methyl methacrylate) composites 
made by in situ polymerization. Carbon 49, 2615-2623.

Potts, J.R., Shankar, O., Murali, S., Du, L., Ruoff, R.S., (2013). Latex and two-roll mill processing of 
thermally-exfoliated graphite oxide/natural rubber nanocomposites. Composites Science and 
Technology 74, 166-172.

Prolongo, S.G., Jimenez-Suarez, A., Moriche, R., Ureña, A., (2013). In situ processing of epoxy 
composites reinforced with graphene nanoplatelets. Composites Science and Technology 86, 
185-191.

Qi, G.-Q., Cao, J., Bao, R.-Y., Liu, Z.-Y., Yang, W., Xie, B.-H., Yang, M.-B., (2013). Tuning the structure 
of graphene oxide and the properties of poly(vinyl alcohol)/graphene oxide nanocomposites by 
ultrasonication. Journal of Materials Chemistry A 1, 3163-3170.

Qi, L., Lee, B.I., Chen, S., Samuels, W.D., Exarhos, G.J., (2005). High-Dielectric-Constant Silver–Epoxy 
Composites as Embedded Dielectrics. Advanced Materials 17, 1777-1781.

Qi, X., Pu, K.-Y., Li, H., Zhou, X., Wu, S., Fan, Q.-L., Liu, B., Boey, F., Huang, W., Zhang, H., (2010). 
Amphiphilic Graphene Composites. Angewandte Chemie International Edition 49, 9426-9429.

Qi, X.Y., Yan, D., Jiang, Z.G., Cao, Y.K., Yu, Z.Z., Yavari, F., Koratkar, N., (2011). Enhanced Electrical 
Conductivity in Polystyrene Nanocomposites at Ultra-Low Graphene Content. Acs Applied 
Materials & Interfaces 3, 3130-3133.

Quan, H., Zhang, B.Q., Zhao, Q., Yuen, R.K.K., Li, R.K.Y., (2009). Facile preparation and thermal 
degradation studies of graphite nanoplatelets (GNPs) filled thermoplastic polyurethane (TPU) 
nanocomposites. Composites Part a-Applied Science and Manufacturing 40, 1506-1513.

Rafiee, M.A., Rafiee, J., Srivastava, I., Wang, Z., Song, H.H., Yu, Z.Z., Koratkar, N., (2010). Fracture 
and Fatigue in Graphene Nanocomposites. Small 6, 179-183.

Rafiee, M.A., Rafiee, J., Wang, Z., Song, H.H., Yu, Z.Z., Koratkar, N., (2009). Enhanced Mechanical 
Properties of Nanocomposites at Low Graphene Content. ACS Nano 3, 3884-3890.

Rafiq, R., Cai, D.Y., Jin, J., Song, M., (2010). Increasing the toughness of nylon 12 by the incorporation 
of functionalized graphene. Carbon 48, 4309-4314.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   409

Ramanathan, T., Abdala, A.A., Stankovich, S., Dikin, D.A., Herrera Alonso, M., Piner, R.D., Adamson, 
D.H., Schniepp, H.C., ChenX, Ruoff, R.S., Nguyen, S.T., Aksay, I.A., Prud’Homme, R.K., 
Brinson, L.C., (2008). Functionalized graphene sheets for polymer nanocomposites. Nature 
Nanotechnology 3, 327-331.

Ramanathan, T., Stankovich, S., Dikin, D.A., Liu, H., Shen, H., Nguyen, S.T., Brinson, L.C., (2007). 
Graphitic nanofillers in PMMA nanocomposites—An investigation of particle size and 
dispersion and their influence on nanocomposite properties. Journal of Polymer Science Part B: 
Polymer Physics 45, 2097-2112.

Ramasamy, M.S., Mahapatra, S.S., Yoo, H.J., Kim, Y.A., Cho, J.W., (2014). Soluble conducting 
polymer-functionalized graphene oxide for air-operable actuator fabrication. Journal of 
Materials Chemistry A 2, 4788-4794.

Raza, M.A., Westwood, A.V.K., Brown, A.P., Stirling, C., (2012). Texture, transport and mechanical 
properties of graphite nanoplatelet/silicone composites produced by three roll mill. 
Composites Science and Technology 72, 467-475.

Reina, A., Jia, X., Ho, J., Nezich, D., Son, H., Bulovic, V., Dresselhaus, M.S., Kong, J., (2008). Large 
Area, Few-Layer Graphene Films on Arbitrary Substrates by Chemical Vapor Deposition. Nano 
Letters 9, 30-35.

Ren, P.G., Di, Y.Y., Zhang, Q., Li, L., Pang, H., Li, Z.M., (2012). Composites of Ultrahigh-Molecular-
Weight Polyethylene with Graphene Sheets and/or MWCNTs with Segregated Network 
Structure: Preparation and Properties. Macromolecular Materials and Engineering 297, 
437-443.

Ren, P.G., Yan, D.X., Ji, X., Chen, T., Li, Z.M., (2011). Temperature dependence of graphene oxide 
reduced by hydrazine hydrate. Nanotechnology 22, 055705.

Richard, C., Balavoine, F., Schultz, P., Ebbesen, T.W., Mioskowski, C., (2003). Supramolecular 
Self-Assembly of Lipid Derivatives on Carbon Nanotubes. Science 300, 775-778.

Robinson, J.T., Tabakman, S.M., Liang, Y., Wang, H., Sanchez Casalongue, H., Vinh, D., Dai, 
H., (2011). Ultrasmall Reduced Graphene Oxide with High Near-Infrared Absorbance for 
Photothermal Therapy. Journal of the American Chemical Society 133, 6825-6831.

Ronan, J.S., Mustafa, L., Jonathan, N.C., (2010). The importance of repulsive potential barriers for the 
dispersion of graphene using surfactants. New Journal of Physics 12, 125008.

Rybak, A., Boiteux, G., Melis, F., Seytre, G., (2010). Conductive polymer composites based on 
metallic nanofiller as smart materials for current limiting devices. Composites Science and 
Technology 70, 410-416.

Sadasivuni, K.K., Ponnamma, D., Thomas, S., Grohens, Y., (2014). Evolution from graphite to 
graphene elastomer composites. Progress in Polymer Science 39, 749-780.

Salavagione, H.J., Gomez, M.A., Martinez, G., (2009). Polymeric Modification of Graphene through 
Esterification of Graphite Oxide and Poly(vinyl alcohol). Macromolecules 42, 6331-6334.

Sarker, A.K., Hong, J.D., (2012). Layer-by-Layer Self-Assembled Multi layer Films Composed of 
Graphene/Polyaniline Bilayers: High-Energy Electrode Materials for Supercapacitors. Langmuir 
28, 12637-12646.

Satti, A., Larpent, P., Gun’ko, Y., (2010). Improvement of mechanical properties of graphene oxide/
poly(allylamine) composites by chemical crosslinking. Carbon 48, 3376-3381.

Schadler, L.S., Giannaris, S.C., Ajayan, P.M., (1998). Load transfer in carbon nanotube epoxy 
composites. Applied Physics Letters 73, 3842-3844.

Schaefer, D.W., Justice, R.S., (2007). How Nano Are Nanocomposites? Macromolecules 40, 
8501-8517.

Schniepp, H.C., Li, J.-L., McAllister, M.J., Sai, H., Herrera-Alonso, M., Adamson, D.H., Prud’homme, 
R.K., Car, R., Saville, D.A., Aksay, I.A., (2006). Functionalized Single Graphene Sheets Derived 
from Splitting Graphite Oxide. The Journal of Physical Chemistry B 110, 8535-8539.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



410   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Seol, Y.G., Trung, T.Q., Yoon, O.J., Sohn, I.Y., Lee, N.E., (2012). Nanocomposites of reduced graphene 
oxide nanosheets and conducting polymer for stretchable transparent conducting electrodes. 
Journal of Materials Chemistry 22, 23759-23766.

Shadlou, S., Alishahi, E., Ayatollahi, M.R., (2013). Fracture behavior of epoxy nanocomposites 
reinforced with different carbon nano-reinforcements. Composite Structures 95, 577-581.

Shahil, K.M., Balandin, A.A., (2012a). Graphene-multilayer graphene nanocomposites as highly 
efficient thermal interface materials. Nano Letters 12, 861-867.

Shahil, K.M.F., Balandin, A.A., (2012b). Thermal properties of graphene and multilayer graphene: 
Applications in thermal interface materials. Solid State Communications 152, 1331-1340.

Shang, J., Zhang, Y., Yu, L., Luan, X., Shen, B., Zhang, Z., Lv, F., Chu, P.K., (2013). Fabrication and 
enhanced dielectric properties of graphene–polyvinylidene fluoride functional hybrid films with 
a polyaniline interlayer. Journal of Materials Chemistry A 1, 884.

Shao, Y., Wang, J., Engelhard, M., Wang, C., Lin, Y., (2010). Facile and controllable electrochemical 
reduction of graphene oxide and its applications. Journal of Materials Chemistry 20, 743.

Sharma, S., Ganguly, A., Papakonstantinou, P., Miao, X., Li, M., Hutchison, J.L., Delichatsios, 
M., Ukleja, S., (2010). Rapid Microwave Synthesis of CO Tolerant Reduced Graphene Oxide-
Supported Platinum Electrocatalysts for Oxidation of Methanol. The Journal of Physical 
Chemistry C 114, 19459-19466.

Shen, B., Zhai, W., Tao, M., Lu, D., Zheng, W., (2013a). Chemical functionalization of graphene 
oxide toward the tailoring of the interface in polymer composites. Composites Science and 
Technology 77, 87-94.

Shen, B., Zhai, W., Tao, M., Lu, D., Zheng, W., (2013b). Enhanced interfacial interaction between 
polycarbonate and thermally reduced graphene induced by melt blending. Composites Science 
and Technology 86, 109-116.

Shen, B., Zhai, W.T., Chen, C., Lu, D.D., Wang, J., Zheng, W.G., (2011). Melt Blending In situ Enhances 
the Interaction between Polystyrene and Graphene through π-π Stacking. Acs Applied Materials 
& Interfaces 3, 3103-3109.

Shen, B., Zhai, W.T., Lu, D.D., Zheng, W.G., Yan, Q., (2012a). Fabrication of microcellular polymer/
graphene nanocomposite foams. Polymer International 61, 1693-1702.

Shen, J., Hu, Y., Li, C., Qin, C., Ye, M., (2009). Synthesis of Amphiphilic Graphene Nanoplatelets. 
Small 5, 82-85.

Shen, J., Huang, W., Wu, L., Hu, Y., Ye, M., (2007). The reinforcement role of different amino-functio-
nalized multi-walled carbon nanotubes in epoxy nanocomposites. Composites Science and 
Technology 67, 3041-3050.

Shen, X.-J., Pei, X.-Q., Fu, S.-Y., Friedrich, K., (2013c). Significantly modified tribological performance 
of epoxy nanocomposites at very low graphene oxide content. Polymer 54, 1234-1242.

Shen, Y., Jing, T., Ren, W., Zhang, J., Jiang, Z.-G., Yu, Z.-Z., Dasari, A., (2012b). Chemical and thermal 
reduction of graphene oxide and its electrically conductive polylactic acid nanocomposites. 
Composites Science and Technology 72, 1430-1435.

Shen, Y., Zhang, H.-B., Zhang, H., Ren, W., Dasari, A., Tang, G.-S., Yu, Z.-Z., (2013d). Structural 
evolution of functionalized graphene sheets during solvothermal reduction. Carbon 56, 
132-138.

Shim, S.H., Kim, K.T., Lee, J.U., Jo, W.H., (2012). Facile method to functionalize graphene oxide and 
its application to poly(ethylene terephthalate)/graphene composite. ACS Appl Mater Interfaces 
4, 4184-4191.

Shin, H.-J., Kim, K.K., Benayad, A., Yoon, S.-M., Park, H.K., Jung, I.-S., Jin, M.H., Jeong, H.-K., Kim, 
J.M., Choi, J.-Y., Lee, Y.H., (2009). Efficient Reduction of Graphite Oxide by Sodium Borohydride 
and Its Effect on Electrical Conductance. Advanced Functional Materials 19, 1987-1992.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   411

Shin, M.K., Lee, B., Kim, S.H., Lee, J.A., Spinks, G.M., Gambhir, S., Wallace, G.G., Kozlov, M.E., 
Baughman, R.H., Kim, S.J., (2012). Synergistic toughening of composite fibres by self-alignment 
of reduced graphene oxide and carbon nanotubes. Nat Commun 3, 650.

Si, Y., Samulski, E.T., (2008). Synthesis of Water Soluble Graphene. Nano Letters 8, 1679-1682.
Singh, V., Joung, D., Zhai, L., Das, S., Khondaker, S.I., Seal, S., (2011). Graphene based materials: 

Past, present and future. Progress in Materials Science 56, 1178-1271.
Singh, V.K., Shukla, A., Patra, M.K., Saini, L., Jani, R.K., Vadera, S.R., Kumar, N., (2012). Microwave 

absorbing properties of a thermally reduced graphene oxide/nitrile butadiene rubber 
composite. Carbon 50, 2202-2208.

Smith, G.D., Bedrov, D., Li, L., Byutner, O., (2002). A molecular dynamics simulation study of the 
viscoelastic properties of polymer nanocomposites. The Journal of chemical physics 117, 
9478-9489.

Song, P.G., Cao, Z.H., Cai, Y.Z., Zhao, L.P., Fang, Z.P., Fu, S.Y., (2011). Fabrication of exfoliated 
graphene-based polypropylene nanocomposites with enhanced mechanical and thermal 
properties. Polymer 52, 4001-4010.

Song, S.H., Park, K.H., Kim, B.H., Choi, Y.W., Jun, G.H., Lee, D.J., Kong, B.S., Paik, K.W., Jeon, S., 
(2013). Enhanced thermal conductivity of epoxy-graphene composites by using non-oxidized 
graphene flakes with non-covalent functionalization. Advanced Materials 25, 732-737.

Song, W.-L., Wang, W., Veca, L.M., Kong, C.Y., Cao, M.-S., Wang, P., Meziani, M.J., Qian, H., LeCroy, 
G.E., Cao, L., Sun, Y.-P., (2012a). Polymer/carbon nanocomposites for enhanced thermal 
transport properties – carbon nanotubes versus graphene sheets as nanoscale fillers. Journal 
of Materials Chemistry 22, 17133.

Song, Z.P., Xu, T., Gordin, M.L., Jiang, Y.B., Bae, I.T., Xiao, Q.F., Zhan, H., Liu, J., Wang, D.H., 
(2012b). Polymer-Graphene Nanocomposites as Ultrafast-Charge and -Discharge Cathodes for 
Rechargeable Lithium Batteries. Nano Letters 12, 2205-2211.

Stankovich, S., Dikin, D.A., Dommett, G.H.B., Kohlhaas, K.M., Zimney, E.J., Stach, E.A., Piner, R.D., 
Nguyen, S.T., Ruoff, R.S., (2006a). Graphene-based composite materials. Nature 442, 282-286.

Stankovich, S., Dikin, D.A., Piner, R.D., Kohlhaas, K.A., Kleinhammes, A., Jia, Y., Wu, Y., Nguyen, 
S.T., Ruoff, R.S., (2007). Synthesis of graphene-based nanosheets via chemical reduction of 
exfoliated graphite oxide. Carbon 45, 1558-1565.

Stankovich, S., Piner, R.D., Chen, X., Wu, N., Nguyen, S.T., Ruoff, R.S., (2006b). Stable aqueous 
dispersions of graphitic nanoplatelets via the reduction of exfoliated graphite oxide in the 
presence of poly(sodium 4-styrenesulfonate). Journal of Materials Chemistry 16, 155-158.

Stankovich, S., Piner, R.D., Nguyen, S.T., Ruoff, R.S., (2006c). Synthesis and exfoliation of 
isocyanate-treated graphene oxide nanoplatelets. Carbon 44, 3342-3347.

Steurer, P., Wissert, R., Thomann, R., Mulhaupt, R., (2009). Functionalized Graphenes and Thermo-
plastic Nanocomposites Based upon Expanded Graphite Oxide. Macromolecular Rapid 
Communications 30, 316-327.

Stoller, M.D., Park, S., Zhu, Y., An, J., Ruoff, R.S., (2008). Graphene-Based Ultracapacitors. Nano 
Letters 8, 3498-3502.

Stratakis, E., Savva, K., Konios, D., Petridis, C., Kymakis, E., (2014). Improving the efficiency of 
organic photovoltaics by tuning the work function of graphene oxide hole transporting layers. 
Nanoscale 6, 6925-6931.

Suk, J.W., Piner, R.D., An, J., Ruoff, R.S., (2010). Mechanical Properties of Monolayer Graphene 
Oxide. ACS Nano 4, 6557-6564.

Sun, H., Wu, L., Gao, N., Ren, J., Qu, X., (2013a). Improvement of Photoluminescence of Graphene 
Quantum Dots with a Biocompatible Photochemical Reduction Pathway and Its Bioimaging 
Application. Acs Applied Materials & Interfaces 5, 1174-1179.

Sun, H., Xu, Z., Gao, C., (2013b). Multifunctional, ultra-flyweight, synergistically assembled carbon 
aerogels. Advanced Materials 25, 2554-2560.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



412   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Sun, X., Sun, H., Li, H., Peng, H., (2013c). Developing polymer composite materials: carbon 
nanotubes or graphene? Advanced Materials 25, 5153-5176.

Sutter, P.W., Flege, J.-I., Sutter, E.A., (2008). Epitaxial graphene on ruthenium. Nature Materials 7, 
406-411.

Syurik, J., Ageev, O.A., Cherednichenko, D.I., Konoplev, B.G., Alexeev, A., (2013). Non-linear 
conductivity dependence on temperature in graphene-based polymer nanocomposite. Carbon 
63, 317-323.

Tang, G., Jiang, Z.-G., Li, X., Zhang, H.-B., Hong, S., Yu, Z.-Z., (2014a). Electrically conductive 
rubbery epoxy/diamine-functionalized graphene nanocomposites with improved mechanical 
properties. Composites Part B: Engineering 67, 564-570.

Tang, L.C., Wan, Y.J., Yan, D., Pei, Y.B., Zhao, L., Li, Y.B., Wu, L.B., Jiang, J.X., Lai, G.Q., (2013a). The 
effect of graphene dispersion on the mechanical properties of graphene/epoxy composites. 
Carbon 60, 16-27.

Tang, L.C., Wang, X., Gong, L.X., Peng, K., Zhao, L., Chen, Q., Wu, L.B., Jiang, J.X., Lai, G.Q., (2014b). 
Creep and recovery of polystyrene composites filled with graphene additives. Composites 
Science and Technology 91, 63-70.

Tang, L.C., Wang, X., Wan, Y.J., Wu, L.B., Jiang, J.X., Lai, G.Q., (2013b). Mechanical properties and 
fracture behaviors of epoxy composites with multi-scale rubber particles. Materials Chemistry 
and Physics 141, 333-342.

Tang, L.C., Zhang, H., Han, J.H., Wu, X.P., Zhang, Z., (2011a). Fracture mechanisms of epoxy filled 
with ozone functionalized multi-wall carbon nanotubes. Composites Science and Technology 
72, 7-13.

Tang, X.Z., Li, W.J., Yu, Z.Z., Rafiee, M.A., Rafiee, J., Yavari, F., Koratkar, N., (2011b). Enhanced thermal 
stability in graphene oxide covalently functionalized with 2-amino-4,6-didodecylamino-
1,3,5-triazine. Carbon 49, 1258-1265.

Tang, Z., Kang, H., Shen, Z., Guo, B., Zhang, L., Jia, D., (2012). Grafting of Polyester onto Graphene 
for Electrically and Thermally Conductive Composites. Macromolecules 45, 3444-3451.

Teng, C.C., Ma, C.C.M., Lu, C.H., Yang, S.Y., Lee, S.H., Hsiao, M.C., Yen, M.Y., Chiou, K.C., Lee, T.M., 
(2011). Thermal conductivity and structure of non-covalent functionalized graphene/epoxy 
composites. Carbon 49, 5107-5116.

Texter, J., (2014). Graphene dispersions. Current Opinion in Colloid & Interface Science 19, 163-174.
Thostenson, E.T., Chou, T.W., (2006). Processing-structure-multi-functional property relationship in 

carbon nanotube/epoxy composites. Carbon 44, 3022-3029.
Tian, M., Wei, Z., Zan, X., Zhang, L., Zhang, J., Ma, Q., Ning, N., Nishi, T., (2014). Thermally expanded 

graphene nanoplates/polydimethylsiloxane composites with high dielectric constant, low 
dielectric loss and improved actuated strain. Composites Science and Technology 99, 37-44.

Tkalya, E.E., Ghislandi, M., de With, G., Koning, C.E., (2012). The use of surfactants for dispersing 
carbon nanotubes and graphene to make conductive nanocomposites. Current Opinion in 
Colloid & Interface Science 17, 225-232.

Tung, V.C., Allen, M.J., Yang, Y., Kaner, R.B., (2009). High-throughput solution processing of 
large-scale graphene. Nat Nano 4, 25-29.

Tuukkanen, S., Hoikkanen, M., Poikelispaa, M., Honkanen, M., Vuorinen, T., Kakkonen, M., 
Vuorinen, J., Lupo, D., (2014). Stretching of solution processed carbon nanotube and graphene 
nanocomposite films on rubber substrates. Synthetic Metals 191, 28-35.

Unnikrishnan, B., Palanisamy, S., Chen, S.M., (2013). A simple electrochemical approach to fabricate 
a glucose biosensor based on graphene-glucose oxidase biocomposite. Biosensors & Bioelec-
tronics 39, 70-75.

Usuki, A., Kojima, Y., Kawasumi, M., Okada, A., Fukushima, Y., Kurauchi, T., Kamigaito, O., (1993). 
Synthesis of nylon 6-clay hybrid. Journal of Materials Research 8, 1179-1184.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   413

Vadukumpully, S., Paul, J., Mahanta, N., Valiyaveettil, S., (2011). Flexible conductive graphene/
poly(vinyl chloride) composite thin films with high mechanical strength and thermal stability. 
Carbon 49, 198-205.

Vallés, C., Kinloch, I.A., Young, R.J., Wilson, N.R., Rourke, J.P., (2013). Graphene oxide and 
base-washed graphene oxide as reinforcements in PMMA nanocomposites. Composites Science 
and Technology 88, 158-164.

Veca, L.M., Meziani, M.J., Wang, W., Wang, X., Lu, F., Zhang, P., Lin, Y., Fee, R., Connell, J.W., 
Sun, Y.-P., (2009). Carbon Nanosheets for Polymeric Nanocomposites with High Thermal 
Conductivity. Advanced Materials 21, 2088-2092.

Venkatesan, B.M., Estrada, D., Banerjee, S., Jin, X.Z., Dorgan, V.E., Bae, M.H., Aluru, N.R., Pop, E., 
Bashir, R., (2012). Stacked Graphene-Al2O3 Nanopore Sensors for Sensitive Detection of DNA 
and DNA-Protein Complexes. ACS Nano 6, 441-450.

Verdejo, R., Barroso-Bujans, F., Rodriguez-Perez, M.A., Antonio de Saja, J., Lopez-Manchado, 
M.A., (2008). Functionalized graphene sheet filled silicone foam nanocomposites. Journal of 
Materials Chemistry 18, 2221.

Verdejo, R., Bernal, M.M., Romasanta, L.J., Lopez-Manchado, M.A., (2011). Graphene filled polymer 
nanocomposites. Journal of Materials Chemistry 21, 3301-3310.

Vickery, J.L., Patil, A.J., Mann, S., (2009). Fabrication of Graphene-Polymer Nanocomposites With 
Higher-Order Three-Dimensional Architectures. Advanced Materials 21, 2180-2184.

Viinikanoja, A., Kauppila, J., Damlin, P., Mäkilä, E., Leiro, J., Ääritalo, T., Lukkari, J., (2014). 
Interactions between graphene sheets and ionic molecules used for the shear-assisted 
exfoliation of natural graphite. Carbon 68, 195-209.

Wajid, A.S., Das, S., Irin, F., Ahmed, H.S.T., Shelburne, J.L., Parviz, D., Fullerton, R.J., Jankowski, A.F., 
Hedden, R.C., Green, M.J., (2012). Polymer-stabilized graphene dispersions at high concent-
rations in organic solvents for composite production. Carbon 50, 526-534.

Wan, C.Y., Chen, B.Q., (2012). Reinforcement and interphase of polymer/graphene oxide nanocom-
posites. Journal of Materials Chemistry 22, 3637-3646.

Wan, C.Y., Frydrych, M., Chen, B.Q., (2011). Strong and bioactive gelatin-graphene oxide nanocom-
posites. Soft Matter 7, 6159-6166.

Wan, Y.J., Gong, L.X., Tang, L.C., Wu, L.B., Jiang, J.X., (2014a). Mechanical properties of epoxy 
composites filled with silane-functionalized graphene oxide. Composites Part A: Applied 
Science and Manufacturing 64, 79-89.

Wan, Y.J., Tang, L.C., Gong, L.X., Yan, D., Li, Y.B., Wu, L.B., Jiang, J.X., Lai, G.Q., (2014b). Grafting of 
epoxy chains onto graphene oxide for epoxy composites with improved mechanical and thermal 
properties. Carbon 69, 467-480.

Wan, Y.J., Tang, L.C., Yan, D., Zhao, L., Li, Y.B., Wu, L.B., Jiang, J.X., Lai, G.Q., (2013). Improved 
dispersion and interface in the graphene/epoxy composites via a facile surfactant-assisted 
process. Composites Science and Technology 82, 60-68.

Wang, C., Han, X., Xu, P., Zhang, X., Du, Y., Hu, S., Wang, J., Wang, X., (2011a). The electromagnetic 
property of chemically reduced graphene oxide and its application as microwave absorbing 
material. Applied Physics Letters 98, 072906 

Wang, D., Zhou, T., Zha, J.-W., Zhao, J., Shi, C.-Y., Dang, Z.-M., (2013a). Functionalized graphene–
BaTiO3/ferroelectric polymer nanodielectric composites with high permittivity, low dielectric 
loss, and low percolation threshold. Journal of Materials Chemistry A 1, 6162.

Wang, D.W., Li, F., Zhao, J.P., Ren, W.C., Chen, Z.G., Tan, J., Wu, Z.S., Gentle, I., Lu, G.Q., Cheng, H.M., 
(2009a). Fabrication of Graphene/Polyaniline Composite Paper via In Situ Anodic Electropoly-
merization for High-Performance Flexible Electrode. ACS Nano 3, 1745-1752.

Wang, G., Shen, X., Yao, J., Park, J., (2009b). Graphene nanosheets for enhanced lithium storage in 
lithium ion batteries. Carbon 47, 2049-2053.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



414   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Wang, J., Liang, M.H., Fang, Y., Qiu, T.F., Zhang, J., Zhi, L.J., (2012a). Rod-Coating: Towards Large-Area 
Fabrication of Uniform Reduced Graphene Oxide Films for Flexible Touch Screens. Advanced 
Materials 24, 2874-2878.

Wang, J.-W., Shen, Q.-D., Yang, C.-Z., Zhang, Q.-M., (2004). High Dielectric Constant Composite of 
P(VDF−TrFE) with Grafted Copper Phthalocyanine Oligomer. Macromolecules 37, 2294-2298.

Wang, J.-Y., Yang, S.-Y., Huang, Y.-L., Tien, H.-W., Chin, W.-K., Ma, C.-C.M., (2011b). Preparation and 
properties of graphene oxide/polyimide composite films with low dielectric constant and 
ultrahigh strength via in situ polymerization. Journal of Materials Chemistry 21, 13569.

Wang, S.R., Tambraparni, M., Qiu, J.J., Tipton, J., Dean, D., (2009c). Thermal Expansion of Graphene 
Composites. Macromolecules 42, 5251-5255.

Wang, X., Cao, X.Q., Bourgeois, L., Guan, H., Chen, S.M., Zhong, Y.T., Tang, D.M., Li, H.Q., Zhai, 
T.Y., Li, L., Bando, Y., Golberg, D., (2012b). N-Doped Graphene-SnO2 Sandwich Paper for 
High-Performance Lithium-Ion Batteries. Advanced Functional Materials 22, 2682-2690.

Wang, X., Jin, J., Song, M., (2013b). An investigation of the mechanism of graphene toughening 
epoxy. Carbon 65, 324-333.

Wang, X., Xing, W., Zhang, P., Song, L., Yang, H., Hu, Y., (2012c). Covalent functionalization of 
graphene with organosilane and its use as a reinforcement in epoxy composites. Composites 
Science and Technology 72, 737-743.

Wang, X., Yang, H., Song, L., Hu, Y., Xing, W., Lu, H., (2011c). Morphology, mechanical and thermal 
properties of graphene-reinforced poly(butylene succinate) nanocomposites. Composites 
Science and Technology 72, 1-6.

Wang, Y., Shao, Y.Y., Matson, D.W., Li, J.H., Lin, Y.H., (2010). Nitrogen-Doped Graphene and Its 
Application in Electrochemical Biosensing. ACS Nano 4, 1790-1798.

Wang, Y., Shi, Z.X., Fang, J.H., Xu, H.J., Ma, X.D., Yin, J., (2011d). Direct exfoliation of graphene in 
methanesulfonic acid and facile synthesis of graphene/polybenzimidazole nanocomposites. 
Journal of Materials Chemistry 21, 505-512.

Wang, Y., Shi, Z.X., Fang, J.H., Xu, H.J., Yin, J., (2011e). Graphene oxide/polybenzimidazole 
composites fabricated by a solvent-exchange method. Carbon 49, 1199-1207.

Wang, Y., Shi, Z.X., Yin, J., (2011f). Kevlar oligomer functionalized graphene for polymer composites. 
Polymer 52, 3661-3670.

Wang, Y., Yang, R., Shi, Z., Zhang, L., Shi, D., Wang, E., Zhang, G., (2011g). Super-Elastic Graphene 
Ripples for Flexible Strain Sensors. ACS Nano 5, 3645-3650.

Wang, Y.F., Yang, X.W., Qiu, L., Li, D., (2013c). Revisiting the capacitance of polyaniline by using 
graphene hydrogel films as a substrate: the importance of nano-architecturing. Energy & 
Environmental Science 6, 477-481.

Wang, Z., Zhou, X., Zhang, J., Boey, F., Zhang, H., (2009d). Direct Electrochemical Reduction of 
Single-Layer Graphene Oxide and Subsequent Functionalization with Glucose Oxidase. The 
Journal of Physical Chemistry C 113, 14071-14075.

Williams, G., Seger, B., Kamat, P.V., (2008). TiO2-Graphene Nanocomposites. UV-Assisted Photoca-
talytic Reduction of Graphene Oxide. ACS Nano 2, 1487-1491.

Wu, C., Huang, X., Wang, G., Lv, L., Chen, G., Li, G., Jiang, P., (2013a). Highly Conductive Nanocom-
posites with Three-Dimensional, Compactly Interconnected Graphene Networks via a 
Self-Assembly Process. Advanced Functional Materials 23, 506-513.

Wu, C., Huang, X., Wu, X., Qian, R., Jiang, P., (2013b). Mechanically flexible and multifunctional 
polymer-based graphene foams for elastic conductors and oil-water separators. Advanced 
Materials 25, 5658-5662.

Wu, C., Huang, X.Y., Wu, X.F., Qian, R., Jiang, P.K., (2013c). Mechanically Flexible and Multifunctional 
Polymer-Based Graphene Foams for Elastic Conductors and Oil-Water Separators. Advanced 
Materials 25, 5658-+.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   415

Wu, G., Mack, N.H., Gao, W., Ma, S.G., Zhong, R.Q., Han, J.T., Baldwin, J.K., Zelenay, P., (2012a). 
Nitrogen Doped Graphene-Rich Catalysts Derived from Heteroatom Polymers for Oxygen 
Reduction in Nonaqueous Lithium-O-2 Battery Cathodes. ACS Nano 6, 9764-9776.

Wu, H., Drzal, L.T., (2012b). Graphene nanoplatelet paper as a light-weight composite with excellent 
electrical and thermal conductivity and good gas barrier properties. Carbon 50, 1135-1145.

Wu, H., Zhao, W., Hu, H., Chen, G., (2011). One-step in situ ball milling synthesis of polymer-functio-
nalized graphene nanocomposites. Journal of Materials Chemistry 21, 8626-8632.

Wu, H., Zhao, W.F., Chen, G.H., (2012c). One-pot in situ ball milling preparation of polymer/graphene 
nanocomposites. Journal of Applied Polymer Science 125, 3899-3903.

Wu, J., Chung, D.D.L., (2004). Calorimetric study of the effect of carbon fillers on the curing of epoxy. 
Carbon 42, 3039-3042.

Wu, N., She, X., Yang, D., Wu, X., Su, F., Chen, Y., (2012d). Synthesis of network reduced graphene 
oxide in polystyrene matrix by a two-step reduction method for superior conductivity of the 
composite. Journal of Materials Chemistry 22, 17254-17261.

Wu, Q., Xu, Y.X., Yao, Z.Y., Liu, A.R., Shi, G.Q., (2010a). Supercapacitors Based on Flexible Graphene/
Polyaniline Nanofiber Composite Films. ACS Nano 4, 1963-1970.

Wu, Z.S., Ren, W.C., Wen, L., Gao, L.B., Zhao, J.P., Chen, Z.P., Zhou, G.M., Li, F., Cheng, H.M., (2010b). 
Graphene Anchored with Co3O4 Nanoparticles as Anode of Lithium Ion Batteries with Enhanced 
Reversible Capacity and Cyclic Performance. ACS Nano 4, 3187-3194.

Wu, Z.S., Zhou, G.M., Yin, L.C., Ren, W., Li, F., Cheng, H.M., (2012e). Graphene/metal oxide 
composite electrode materials for energy storage. Nano Energy 1, 107-131.

Xie, S.H., Liu, Y.Y., Li, J.Y., (2008). Comparison of the effective conductivity between composites 
reinforced by graphene nanosheets and carbon nanotubes. Applied Physics Letters 92, 243121.

Xu, B., Yue, S.F., Sui, Z.Y., Zhang, X.T., Hou, S.S., Cao, G.P., Yang, Y.S., (2011). What is the choice for 
supercapacitors: graphene or graphene oxide? Energy & Environmental Science 4, 2826-2830.

Xu, C., Gao, J., Xiu, H., Li, X., Zhang, J., Luo, F., Zhang, Q., Chen, F., Fu, Q., (2013a). Can in situ 
thermal reduction be a green and efficient way in the fabrication of electrically conductive 
polymer/reduced graphene oxide nanocomposites? Composites Part A: Applied Science and 
Manufacturing 53, 24-33.

Xu, C.H., Xu, B.H., Gu, Y., Xiong, Z.G., Sun, J., Zhao, X.S., (2013b). Graphene-based electrodes for 
electrochemical energy storage. Energy & Environmental Science 6, 1388-1414.

Xu, D.D., Xu, Q., Wang, K.X., Chen, J., Chen, Z.M., (2014). Fabrication of Free-Standing Hierarchical 
Carbon Nanofiber/Graphene Oxide/Polyaniline Films for Supercapacitors. Acs Applied 
Materials & Interfaces 6, 200-209.

Xu, J.J., Wang, K., Zu, S.Z., Han, B.H., Wei, Z.X., (2010a). Hierarchical Nanocomposites of Polyaniline 
Nanowire Arrays on Graphene Oxide Sheets with Synergistic Effect for Energy Storage. ACS 
Nano 4, 5019-5026.

Xu, L.Q., Yang, W.J., Neoh, K.-G., Kang, E.-T., Fu, G.D., (2010b). Dopamine-Induced Reduction and 
Functionalization of Graphene Oxide Nanosheets. Macromolecules 43, 8336-8339.

Xu, Y., Hong, W., Bai, H., Li, C., Shi, G., (2009). Strong and ductile poly(vinyl alcohol)/graphene oxide 
composite films with a layered structure. Carbon 47, 3538-3543.

Xue, Y., Liu, Y., Lu, F., Qu, J., Chen, H., Dai, L., (2012). Functionalization of Graphene Oxide with 
Polyhedral Oligomeric Silsesquioxane (POSS) for Multifunctional Applications. The Journal of 
Physical Chemistry Letters 3, 1607-1612.

Yamada, T., Hayamizu, Y., Yamamoto, Y., Yomogida, Y., Izadi-Najafabadi, A., Futaba, D.N., Hata, 
K., (2011). A stretchable carbon nanotube strain sensor for human-motion detection. Nature 
Nanotechnology 6, 296-301.

Yan, D., Zhang, H.B., Jia, Y., Hu, J., Qi, X.Y., Zhang, Z., Yu, Z.Z., (2012). Improved Electrical 
Conductivity of Polyamide 12/Graphene Nanocomposites with Maleated Polyethylene-Octene 
Rubber Prepared by Melt Compounding. Acs Applied Materials & Interfaces 4, 4740-4745.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



416   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Yan, J., Wei, T., Shao, B., Fan, Z., Qian, W., Zhang, M., Wei, F., (2010a). Preparation of a graphene 
nanosheet/polyaniline composite with high specific capacitance. Carbon 48, 487-493.

Yan, J., Wei, T., Shao, B., Fan, Z.J., Qian, W.Z., Zhang, M.L., Wei, F., (2010b). Preparation of a 
graphene nanosheet/polyaniline composite with high specific capacitance. Carbon 48, 
487-493.

Yang, D., Velamakanni, A., Bozoklu, G., Park, S., Stoller, M., Piner, R.D., Stankovich, S., Jung, I., 
Field, D.A., Ventrice Jr, C.A., Ruoff, R.S., (2009a). Chemical analysis of graphene oxide films 
after heat and chemical treatments by X-ray photoelectron and Micro-Raman spectroscopy. 
Carbon 47, 145-152.

Yang, H.F., Li, F.H., Shan, C.S., Han, D.X., Zhang, Q.X., Niu, L., Ivaska, A., (2009b). Covalent functio-
nalization of chemically converted graphene sheets via silane and its reinforcement. Journal of 
Materials Chemistry 19, 4632-4638.

Yang, H.F., Shan, C.S., Li, F.H., Zhang, Q.X., Han, D.X., Niu, L., (2009c). Convenient preparation 
of tunably loaded chemically converted graphene oxide/epoxy resin nanocomposites from 
graphene oxide sheets through two-phase extraction. Journal of Materials Chemistry 19, 
8856-8860.

Yang, K., Feng, L.Z., Hong, H., Cai, W.B., Liu, Z., (2013a). Preparation and functionalization of 
graphene nanocomposites for biomedical applications. Nature Protocols 8, 2392-2403.

Yang, L., Kong, J., Yee, W.A., Liu, W., Phua, S.L., Toh, C.L., Huang, S., Lu, X., (2012a). Highly 
conductive graphene by low-temperature thermal reduction and in situ preparation of 
conductive polymer nanocomposites. Nanoscale 4, 4968-4971.

Yang, Q.D., Ng, T.W., Lo, M.F., Wong, N.B., Lee, C.S., (2012b). Enhanced storage/operation stability 
of small molecule organic photovoltaics using graphene oxide interfacial layer. Organic 
Electronics 13, 3220-3225.

Yang, X., Wang, Z., Xu, M., Zhao, R., Liu, X., (2013b). Dramatic mechanical and thermal increments of 
thermoplastic composites by multi-scale synergetic reinforcement: Carbon fiber and graphene 
nanoplatelet. Materials & Design 44, 74-80.

Yang, Y., Wang, C.Y., Yue, B.B., Gambhir, S., Too, C.O., Wallace, G.G., (2012c). Electrochemically 
Synthesized Polypyrrole/Graphene Composite Film for Lithium Batteries. Advanced Energy 
Materials 2, 266-272.

Yang, Y.K., He, C.E., Peng, R.G., Baji, A., Du, X.S., Huang, Y.L., Xie, X.L., Mai, Y.W., (2012d). 
Non-covalently modified graphene sheets by imidazolium ionic liquids for multifunctional 
polymer nanocomposites. Journal of Materials Chemistry 22, 5666-5675.

Yang, Z., Yao, Z., Li, G.F., Fang, G.Y., Nie, H.G., Liu, Z., Zhou, X.M., Chen, X., Huang, S.M., (2012e). 
Sulfur-Doped Graphene as an Efficient Metal-free Cathode Catalyst for Oxygen Reduction. ACS 
Nano 6, 205-211.

Yavari, F., Rafiee, M.A., Rafiee, J., Yu, Z.Z., Koratkar, N., (2010). Dramatic Increase in Fatigue Life in 
Hierarchical Graphene Composites. Acs Applied Materials & Interfaces 2, 2738-2743.

Yin, L.C., Wang, J.L., Lin, F.J., Yang, J., Nuli, Y., (2012). Polyacrylonitrile/graphene composite as a 
precursor to a sulfur-based cathode material for high-rate rechargeable Li-S batteries. Energy & 
Environmental Science 5, 6966-6972.

Yong, V., Tour, J.M., (2010). Theoretical Efficiency of Nanostructured Graphene-Based Photovoltaics. 
Small 6, 313-318.

Yoo, E., Kim, J., Hosono, E., Zhou, H., Kudo, T., Honma, I., (2008). Large reversible Li storage of 
graphene nanosheet families for use in rechargeable lithium ion batteries. Nano Letters 8, 
2277-2282.

Yousefi, N., Gudarzi, M.M., Zheng, Q., Lin, X., Shen, X., Jia, J., Sharif, F., Kim, J.-K., (2013a). Highly 
aligned, ultralarge-size reduced graphene oxide/polyurethane nanocomposites: Mechanical 
properties and moisture permeability. Composites Part A: Applied Science and Manufacturing 
49, 42-50.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   417

Yousefi, N., Lin, X., Zheng, Q., Shen, X., Pothnis, J.R., Jia, J., Zussman, E., Kim, J.-K., (2013b). 
Simultaneous in situ reduction, self-alignment and covalent bonding in graphene oxide/epoxy 
composites. Carbon 59, 406-417.

Yu, A., Ramesh, P., Itkis, M.E., Bekyarova, E., Haddon, R.C., (2007). Graphite Nanoplatelet−Epoxy 
Composite Thermal Interface Materials. The Journal of Physical Chemistry C 111, 7565-7569.

Yu, A., Ramesh, P., Sun, X., Bekyarova, E., Itkis, M.E., Haddon, R.C., (2008). Enhanced Thermal 
Conductivity in a Hybrid Graphite Nanoplatelet – Carbon Nanotube Filler for Epoxy Composites. 
Advanced Materials 20, 4740-4744.

Yu, D.S., Yang, Y., Durstock, M., Baek, J.B., Dai, L.M., (2010). Soluble P3HT-Grafted Graphene for 
Efficient Bilayer-Heterojunction Photovoltaic Devices. ACS Nano 4, 5633-5640.

Yu, Y., Jiang, S.L., Zhou, W.L., Miao, X.S., Zeng, Y.K., Zhang, G.Z., He, J.G., Yi, J.Q., Liu, W., (2013a). 
Surface fractal evolution induced rubbing for rapid room temperature and transfer-free 
fabrication of graphene on flexible polymer substrate. Applied Physics Letters 103.

Yu, Y., Jiang, S.L., Zhou, W.L., Miao, X.S., Zeng, Y.K., Zhang, G.Z., Liu, S.S., (2013b). Room 
temperature rubbing for few-layer two-dimensional thin flakes directly on flexible polymer 
substrates. Scientific Reports 3.

Yuan, D., Wang, B., Wang, L., Wang, Y., Zhou, Z., (2013). Unusual toughening effect of graphene 
oxide on the graphene oxide/nylon 11 composites prepared by in situ melt polycondensation. 
Composites Part B: Engineering 55, 215-220.

Yun, Y.S., Bae, Y.H., Kim, D.H., Lee, J.Y., Chin, I.J., Jin, H.J., (2011). Reinforcing effects of adding 
alkylated graphene oxide to polypropylene. Carbon 49, 3553-3559.

Yusoff, A.R.B., Kim, H.P., Jang, J., (2014). High performance organic photovoltaics with zinc oxide and 
graphene oxide buffer layers. Nanoscale 6, 1537-1544.

Zaman, I., Kuan, H.C., Dai, J.F., Kawashima, N., Michelmore, A., Sovi, A., Dong, S.Y., Luong, L., Ma, J., 
(2012a). From carbon nanotubes and silicate layers to graphene platelets for polymer nanocom-
posites. Nanoscale 4, 4578-4586.

Zaman, I., Kuan, H.C., Meng, Q.S., Michelmore, A., Kawashima, N., Pitt, T., Zhang, L.Q., Gouda, S., 
Luong, L., Ma, J., (2012b). A Facile Approach to Chemically Modified Graphene and its Polymer 
Nanocomposites. Advanced Functional Materials 22, 2735-2743.

Zaman, I., Le, Q.-H., Kuan, H.-C., Kawashima, N., Luong, L., Gerson, A., Ma, J., (2011). Interface-tuned 
epoxy/clay nanocomposites. Polymer 52, 497-504.

Zandiatashbar, A., Picu, C.R., Koratkar, N., (2012). Control of epoxy creep using graphene. Small 8, 
1676-1682.

Zang, J., Wan, Y.-J., Zhao, L., Tang, L.-C., (2015). Fracture Behaviors of TRGO-Filled Epoxy Nanocom-
posites with Different Dispersion/Interface Levels. Macromolecular Materials and Engineering 
300, 737-749.

Zeng, Q., Cheng, J.S., Liu, X.F., Bai, H.T., Jiang, J.H., (2011). Palladium nanoparticle/chitosan-grafted 
graphene nanocomposites for construction of a glucose biosensor. Biosensors & Bioelectronics 
26, 3456-3463.

Zeng, Y.B., Zhou, Y., Kong, L., Zhou, T.S., Shi, G.Y., (2013). A novel composite of SiO2-coated 
graphene oxide and molecularly imprinted polymers for electrochemical sensing dopamine. 
Biosensors & Bioelectronics 45, 25-33.

Zhang, B., Xu, S., Tang, H., Wu, P., (2013a). Crosslinked acetylacetonated poly(vinyl alcohol-co-vinyl 
acetate) nanocomposites with graphene oxide and reduced graphene oxide: a new way to 
modify the property of nanocomposites. RSC Advances 3, 8372.

Zhang, F., Zhang, T.F., Yang, X., Zhang, L., Leng, K., Huang, Y., Chen, Y.S., (2013b). A 
high-performance supercapacitor-battery hybrid energy storage device based on graphene-
enhanced electrode materials with ultrahigh energy density. Energy & Environmental Science 6, 
1623-1632.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



418   Graphene/Polymer Composite Materials: Processing, Properties and Applications

Zhang, H., Zhang, H., Tang, L., Liu, G., Zhang, D., Zhou, L., Zhang, Z., (2010a). The Effects of Alumina 
Nanofillers on Mechanical Properties of High-Performance Epoxy Resin. Journal of Nanoscience 
and Nanotechnology 10, 7526-7532.

Zhang, H.B., Yan, Q., Zheng, W.G., He, Z.X., Yu, Z.Z., (2011). Tough Graphene-Polymer Microcellular 
Foams for Electromagnetic Interference Shielding. Acs Applied Materials & Interfaces 3, 
918-924.

Zhang, H.B., Zheng, W.G., Yan, Q., Jiang, Z.G., Yu, Z.Z., (2012a). The effect of surface chemistry of 
graphene on rheological and electrical properties of polymethylmethacrylate composites. 
Carbon 50, 5117-5125.

Zhang, H.B., Zheng, W.G., Yan, Q., Yang, Y., Wang, J.W., Lu, Z.H., Ji, G.Y., Yu, Z.Z., (2010b). Electrically 
conductive polyethylene terephthalate/graphene nanocomposites prepared by melt 
compounding. Polymer 51, 1191-1196.

Zhang, J., Yang, H., Shen, G., Cheng, P., Zhang, J., Guo, S., (2010c). Reduction of graphene oxide via 
L-ascorbic acid. Chem Commun (Camb) 46, 1112-1114.

Zhang, K., Zhang, L.L., Zhao, X.S., Wu, J.S., (2010d). Graphene/Polyaniline Nanoriber Composites as 
Supercapacitor Electrodes. Chemistry of Materials 22, 1392-1401.

Zhang, P., Cao, D.L., Cui, S.N., (2014). Resistivity-Temperature Behavior and Morphology of Low 
Density Polyethylene/Graphite Powder/Graphene Composites. Polymer Composites 35, 
1453-1459.

Zhang, X., Fan, X., Yan, C., Li, H., Zhu, Y., Li, X., Yu, L., (2012b). Interfacial microstructure and 
properties of carbon fiber composites modified with graphene oxide. ACS Appl Mater Interfaces 
4, 1543-1552.

Zhang, Y., Tan, Y.-W., Stormer, H.L., Kim, P., (2005). Experimental observation of the quantum Hall 
effect and Berry’s phase in graphene. Nature 438, 201-204.

Zhao, H.B., Pan, L.Y., Xing, S.Y., Luo, J., Xu, J.Q., (2013). Vanadium oxides-reduced graphene oxide 
composite for lithium-ion batteries and supercapacitors with improved electrochemical 
performance. Journal of Power Sources 222, 21-31.

Zhao, W., Fang, M., Wu, F., Wu, H., Wang, L., Chen, G., (2010a). Preparation of graphene by 
exfoliation of graphite using wet ball milling. Journal of Materials Chemistry 20, 5817-5819.

Zhao, X., Li, Y., Wang, J., Ouyang, Z., Li, J., Wei, G., Su, Z., (2014). Interactive oxidation-reduction 
reaction for the in situ synthesis of graphene-phenol formaldehyde composites with enhanced 
properties. ACS Appl Mater Interfaces 6, 4254-4263.

Zhao, X., Zhang, Q., Chen, D., Lu, P., (2010b). Enhanced Mechanical Properties of Graphene-Based 
Poly(vinyl alcohol) Composites. Macromolecules 43, 2357-2363.

Zhong, H., Lukes, J.R., (2006). Interfacial thermal resistance between carbon nanotubes: Molecular 
dynamics simulations and analytical thermal modeling. Physical Review B 74, 125403.

Zhou, G.M., Li, F., Cheng, H.M., (2014a). Progress in flexible lithium batteries and future prospects. 
Energy & Environmental Science 7, 1307-1338.

Zhou, G.M., Pei, S.F., Li, L., Wang, D.W., Wang, S.G., Huang, K., Yin, L.C., Li, F., Cheng, H.M., (2014b). 
A Graphene-Pure-Sulfur Sandwich Structure for Ultrafast, Long-Life Lithium-Sulfur Batteries. 
Advanced Materials 26, 625-631.

Zhou, H., Yao, W., Li, G., Wang, J., Lu, Y., (2013). Graphene/poly(3,4-ethylenedioxythiophene) 
hydrogel with excellent mechanical performance and high conductivity. Carbon 59, 495-502.

Zhou, M., Wang, Y., Zhai, Y., Zhai, J., Ren, W., Wang, F., Dong, S., (2009). Controlled Synthesis of 
Large-Area and Patterned Electrochemically Reduced Graphene Oxide Films. Chemistry – A 
European Journal 15, 6116-6120.

Zhou, T., Chen, F., Tang, C., Bai, H., Zhang, Q., Deng, H., Fu, Q., (2011). The preparation of high 
performance and conductive poly (vinyl alcohol)/graphene nanocomposite via reducing 
graphite oxide with sodium hydrosulfite. Composites Science and Technology 71, 1266-1270.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC



� References   419

Zhu, C.Z., Dong, S.J., (2013). Recent progress in graphene-based nanomaterials as advanced electro-
catalysts towards oxygen reduction reaction. Nanoscale 5, 1753-1767.

Zhu, X.J., Zhu, Y.W., Murali, S., Stollers, M.D., Ruoff, R.S., (2011). Nanostructured Reduced Graphene 
Oxide/Fe2O3 Composite As a High-Performance Anode Material for Lithium Ion Batteries. ACS 
Nano 5, 3333-3338.

Zhu, Y., Higginbotham, A.L., Tour, J.M., (2009). Covalent Functionalization of Surfactant-Wrapped 
Graphene Nanoribbons. Chemistry of Materials 21, 5284-5291.

Zhu, Y., Stoller, M.D., Cai, W., Velamakanni, A., Piner, R.D., Chen, D., Ruoff, R.S., (2010). Exfoliation of 
Graphite Oxide in Propylene Carbonate and Thermal Reduction of the Resulting Graphene Oxide 
Platelets. ACS Nano 4, 1227-1233.

Unauthentifiziert   | Heruntergeladen  08.01.20 05:10   UTC


