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A B S T R A C T

We report on the modification of graphene oxide (GO) with poly(vinyl alcohol) (PVA) leading

to the mechanical improvement of GO based materials. First, GO was covalently function-

alised with PVA by esterification of carboxylic groups on GO with hydroxyl groups of PVA

resulting in functionalised f-(PVA)GO. This was carried out for PVA of six different molecu-

lar weights. This functionalised graphene oxide could be formed into a paper-like material

by vacuum filtration. Papers prepared from f-(PVA)GO showed significant increases in

mechanical properties compared to those prepared with GO or with simple mixtures of

GO and PVA. The best performance was achieved for PVA functional groups with molecular

weights between 50 and 150 kg/mol. Improvements in Young’s moduli of 60% and tensile

strength of 400% were observed relative to GO-only paper. The improved mechanical prop-

erties are attributed to enhanced inter-flake stress transfer due to the covalently bonded

PVA. Second, functionalised f-(PVA)GO was used as filler in PVA-based composites. The

application of a pre-selection method allowed the use of only the largest functionalised

f-(PVA)GO flakes. This resulted in substantially reinforced PVA–f-(PVA)GO composites. Both

modulus and strength increased by 40% relative to the pure polymer for f-(PVA)GO loadings

below 0.3 vol.%.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene has generated intense excitement in recent years

due to its remarkable properties [1,2]. Of particular interest

to materials scientists is the fact that graphene is the stron-

gest and stiffest material known to man [3]. This immediately

suggests that graphene sheets would be an ideal reinforcing

agent for polymer composites as the reinforcement potential

scales linearly with filler stiffness and strength [4]. In fact

much work has already been done [5–7] showing that graph-

ene and graphene oxide (GO) [8,9] are potentially effective

reinforcements [10–19]. However, it has also been shown that
er Ltd. All rights reserved

.
Maser).
the fracture of polymer–graphene composites is associated

with failure of the polymer graphene interface [19]. Such fail-

ure occurs when the graphene flake length is shorter than the

critical length [4,20]. While this obviously means the flakes

are smaller than would be ideal, it also means that the poly-

mer graphene interfacial strength is lower than would be

desirable. This is unfortunate, as once the flake length is be-

low the critical length, the rate of increase of strength with

graphene volume fraction is limited by the interfacial

strength [19]. This suggests that interfacial engineering is an

important route to improve the properties of graphene

composites.
.
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It is likely that both the stress transfer from polymer to

graphene and the interfacial strength could be improved by

functionalising graphene with polymer chains. So long as

they are chemically similar, the grafted polymer chains will

mix easily with the polymer matrix resulting in an improved

interface. Chemically, such functionalisation is easier to

achieve with graphene oxide that graphene as carboxylic acid

groups present are good potential targets for chemical modi-

fication. To this end, a number of groups have described cova-

lent functionalisation of GO with polymer chains [21–27]. In

some cases, this modification has resulted in very good rein-

forcement of polymers [23,25,26,28,29]. However, significant

increases in strength at low filler content have not really been

observed. The exception was one paper which reported

increases in strength from rB = 37 MPa to rB = 63 MPa for a

volume fraction of Vf � 0.05%. This is equivalent to drB/

dVf � 55 GPa, a significant fraction of the theoretical value of

130 GPa [3,4,19].

We believe that it is worthwhile exploring polymer func-

tionalisation of GO with the aim of improving the mechanical

properties of GO based materials. For example, in composites

compatibility with the polymer matrix, and interfacial stress

transfer would be improved by functionalisation. We suggest

that poly(vinyl alcohol) (PVA) is a good model polymer for this

work as it is commonly used as a model matrix for nano-

composite studies [30–32]. In this paper we first describe the

functionalisation of graphene oxide with poly(vinyl alcohol)

to give f-(PVA)GO. The functionalised graphene can be used

to fabricate paper-like materials. We observe significant

increase of mechanical properties of f-(PVA)GO papers

compared to those prepared with GO or with simple mixtures

of GO and PVA. Second, we describe the use of the function-

alised f-(PVO)GO as a filler material to prepare composites

of f-(PVA)GO in PVA. These composites were significantly

stiffer and stronger than the pristine polymer.
2. Experimental procedure

2.1. Materials

Graphite powder, poly(vinyl alcohol) of different molecular

weights, solvents, and all other types of reactants were pur-

chased from Sigma–Aldrich Co.
2.2. Graphite oxide synthesis

Preparation of graphite oxide was carried out using a slightly

modified Hummers method; graphite powder was oxidized

using NaNO3, H2SO4 and KMNO4 in an ice bath [33]. The mate-

rial obtained was centrifuged at 2000 rpm for 10 min. The

supernatant, containing inorganic salts was decanted, and

the deposit washed several times with deionized water until

the pH was neutral. This sediment was dried overnight in a

vacuum oven at 80 �C.
2.3. Exfoliation of graphite oxide and functionalisation

Graphene oxide, GO, was covalently attached to poly(vinyl

alcohol) by a carbodiimide esterification reaction (see Fig. 1)
[34] following the experimental conditions of Salavagione et.

al. with some modifications [27]. In a typical reaction, the

graphite oxide (50 mg) was dispersed in 10 mL of dimethyl

sulfoxide (DMSO) and sonicated for 24 h in order to effectively

exfoliate and disperse the graphite oxide. Next, N,N-dicyclo-

hexylcarbodiimide (DCC) (100 mg, 0.48 mmol) and 4-dimeth-

ylaminopyridine (DMAP) (5 mg, 0.04 mmol) were added and

the resulting mixture bath-sonicated for 4 h.

Poly(vinyl alcohol) was then covalently attached to the GO.

This was carried out for six different molecular weights

between 6 and 500 kg/mol. For each molecular weight, a

solution of poly(vinyl alcohol) (50 mg) in DMSO (10 mL) was

prepared and bath-sonicated until complete dissolution

(30–120 min, depending on the molecular weight of PVA).

Subsequently, both solutions were mixed, and the mixture

bath-sonicated at room temperature for 2 days. The function-

alised GO was precipitated by adding 40 mL of acetone to the

mixture and the resulting solid filtered through a nylon

membrane (0.45 lm), and washed with water (2 L) in order

to remove excess of PVA. The resulting functionalised GO

material is referred to as f-(PVA)GO.

2.4. Paper-like materials preparation

Paper-like materials of GO, and of the six functionalised

f-(PVA)GO materials were prepared as follows. In a typical

procedure, 50 mg of the solid material were suspended in dis-

tilled water (500 mL), and the suspension bath-sonicated for

24 h in order to obtain an aggregate-free dispersion. This

low concentration dispersion was centrifuged at 500 rpm for

45 min to remove the largest aggregates, and the supernatant

separated from the sediment. The supernatant was slowly fil-

tered through a 0.45 lm polyester membrane, and the result-

ing paper-like material, peeled-off from the membrane, was

dried at room temperature for 24 h, followed by further ther-

mal treatment at 60 �C during 24 h. GO and f-(PVA)GO paper

like materials, with an average thickness of 13 and 30 lm,

respectively, were cut into 2.25 mm width strips for tensile

testing measurements. In this way, six different f-(PVA)GO

paper materials, using grafted PVA of different molecular

weights (6, 18, 50, 78, 145, and 500 kg/mol), were prepared.

Additionally, paper-like materials from mixtures of non-func-

tionalised GO and PVA, using PVA of two molecular weights

(6, and 50 kg/mol) were fabricated under the same conditions.

2.5. PVA based composite preparation using
functionalised f-(PVA)GO as filler

The functionalised f-(PVA)GO material obtained in the previ-

ous section was also used to prepare corresponding PVA–f-

(PVA)GO composites. For these studies, the functionalised

material with PVA of 50 kg/mol was used. With the purpose

of maximising reinforcement, a protocol of several centrifu-

gation steps was followed in order to separate the larger-sized

functionalised f-(PVA)GO sheets from the smaller ones [19]. To

achieve this, a suspension of f-(PVA)GO in distilled water

(0.6 mg/mL) was prepared by 2 h bath-sonication. The ob-

tained dispersion was left at room temperature overnight

and then centrifuged at 500 rpm for 45 min remove any large

graphitic material. The supernatant was separated and
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Fig. 1 – Functionalisation of graphene oxide with poly(vinyl alcohol) by a carbodiimide esterification reaction.
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centrifuged at 1000 rpm for 45 min. In this scenario, the smal-

ler f-(PVA)GO flakes would remain dispersed while the larger

flakes would be found in the sediment [35]. This sediment,

containing large flakes, and therefore more suitable to maxi-

mise reinforcement [19], has been used to prepare composites

of f-(PVA)GO in a PVA matrix. A given amount of the sediment

was added to a 5 mg/mL PVA solution to prepare a set of com-

posites at low mass fraction. For the matrix PVA, a molecular

weight of 78 kg/mol was used, largely to facilitate comparison

with other previously published data [19]. Additionally, to

study the effect of flake size, composites were prepared using

non-centrifuged supernatant f-(PVA)GO which contained

both larger and smaller flakes. In all cases, the resulting dis-

persions had a constant mass of 60 mg (together polymer

and filler). The dispersions were bath-sonicated for 4 h,

drop-casted into 1 cm · 2 cm · 2 cm Teflon trays and dried in

a vacuum oven, first at 40 �C until total evaporation of the sol-

vent and afterwards at 80 �C for 1 day. The drop-casted films

obtained were �27 lm thick, and were cut into strips of

2.25 mm width. The mass fraction was converted to volume

fraction assuming the densities of PVA and f-(PVA)GO to be

1300 and 2200 kg/m3 respectively. This resulted in a set of

films with volume fractions of 0, 0.05, 0.1, 0.24, and 0.36

vol.% f-(PVA)GO.

2.6. Characterisation

X-ray photoelectron spectroscopy (XPS) was performed on

vacuum filtered films in a system equipped with a VG CLAM

II electron analyzer and PSP twin anode source. Mg Ka

(hm = 1253.6 eV) spectra were recorded at 10 eV pass energy

and 2 mm slits, yielding an overall energy resolution of

0.85 eV. Samples were introduced via a loadlock and measure-

ment base pressure was better than 10�9 mbar. TEM samples

were prepared by pipetting 5 lL of a dispersion in water onto

holey carbon mesh grids (400 mesh) and allowing the solvent

to evaporate under ambient conditions. Bright-field TEM

images were taken with a Jeol 2100, operated at 200 kV. Infra-

red spectra (4000–500 cm�1) were recorded on a Perkin-Elmer

Spectrum One spectrophotometer. SEM analysis was carried

out in a Hitachi S-4300 field emission SEM. Mechanical testing
was performed using a Zwick Roell tensile tester with 100 N

load cell at a strain rate of 0.5 mm/min and 5 mm/min for pa-

per-like materials, and PVA composites respectively. Under

these conditions, five stripes of each material were tested.

3. Results and discussion

3.1. Functionalised f-(PVA)GO materials

We initially characterised the functionalised GO material by

transmission electron microscopy. Shown in Fig. 2A–C are

TEM images of a typical sample after the smaller flakes have

been removed by centrifugation (see below). While the ini-

tially prepared flakes had lateral sizes from a few hundred

nanometers to a few microns, those in Fig. 2 have lengths be-

tween 1 and 7 microns.

An analysis of the surface composition of the graphite

oxide by XPS (Fig. 2D) showed a considerable degree of oxida-

tion with several carbonaceous features related to carbon

bonded to oxygen. In detail, the C1s XPS spectrum exhibited

four features, at positions of 287 eV, 288.5 eV, 289.5 eV and

291.3 eV in the proportions 61%, 2%, 34% and 3%, respectively.

Previous analysis [9,36–41] of GO using XPS has shown a num-

ber of groups with the mean observed position given in brack-

ets: C–C (284.8 eV), C–OH (286.3 eV), C–O–C (287.0 eV), C@O

(287.8 eV) and C(O)O (289.4 eV). It is likely that the peak ob-

served by us at 287 eV represents C–C but is shifted by

2.2 eV due to charging. With this in mind, we identify the

peaks observed in this work along with their associated frac-

tional contribution as C–C (287 eV, 61%), either C–O–C or C@O

(289.5 eV, 34%), C(O)O (291.3 eV, 3%) and C–OH (288.5 eV, 2%).

We note that while these results are broadly in line with

previous reports [9,36–41], some notable differences exist.

Usually, relatively intense peaks for both C@O and C–O–C

are observed. Here only one peak is observed which we can-

not definitively assign to either of these groups. Our work

shows the C(O)O peak to be weak, in line with most reports

and consistent with the expectations that this group should

be limited to flake edges. In addition, as with our results,

many reports show the C–OH peak to be relatively weak. How-

ever, at least one publication shows the C–OH peak to almost
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as intense as the C–C peak [37]. In any case, these results

show the GO produced here to be relatively well oxidized in

line with expectations.

FTIR analysis (Fig. 3) gave further evidence on the chemical

oxidation of the graphite oxide surface, showing this spec-

trum the characteristic FTIR bands at 1570, 1715 and

3400 cm�1, that can be assigned to C@C, C@O (carboxylic acid

moieties) and O–H stretching vibrations [42]. In the FTIR

spectra of the neat PVA and functionalised f-(PVA)GO materi-

als (Fig. 3), the presence of an intense O–H stretching absorp-

tion between 3000 and 3500 cm�1 indicated the existence of

strong intermolecular and intramolecular hydrogen bonding.

The higher intensity and larger width of this band in the

f-(PVA)GO spectrum suggested that these interactions are sig-

nificantly stronger in the functionalised material. The absorp-

tion at 1720 cm�1, corresponding to the stretching vibration of

C@O ester groups formed between the carboxylic acid groups

of GO and the alcohol groups of PVA, appears with higher

intensity in the f-(PVA)GO spectrum, indicating on one hand

that PVA has indeed been covalently attached to the GO

(Fig. 1), and on the other that hydrogen bonding between

C@O and OH has been established, agreeing with the

observed increase of the OH band. The band at around
1100 cm�1 in PVA, corresponding to C–O stretching increased

in intensity, and down-shifted by 32 cm�1 in the f-(PVA)GO

material. Also this band became wider because of the appear-

ance of new absorptions between 950 and 915 cm�1. These

were assigned to characteristic bands of the carboxylic group,

not present in neat PVA. Based on the spectral results, it is

reasonable to conclude on an effective functionalisation of

the GO by PVA.

3.2. Physical properties of paper-like materials

It is of interest to study the effect of functionalisation on the

resulting properties of macroscopic materials. For this reason,

we prepared paper-like materials from f-(PVA)GO (with PVA of

6 different molecular weights) and compared their mechani-

cal properties with paper-like materials prepared from GO,

and from mixtures of non-functionalised GO and PVA (with

2 different molecular weights, 6 kg/mol, and 50 kg/mol).

SEM analysis of the fracture surfaces of the GO paper-like

material (Fig. 4A) showed that GO paper consisted of GO

flakes well-aligned in the plane of the paper as observed pre-

viously [43]. The majority of flakes appear to be above 1 lm in

lateral size. However, the f-(PVA)GO paper-like material looks

distinctly different (Fig. 4B shows the functionalised material

with PVA of 145 kg/mol as an example). While the fracture

surface also appears to be stratified, the flakes seemed much

less well defined. This is exactly what it would be expected if

they were covered with a polymer coating, and is consistent

with the effective functionalisation achieved and proved by

FTIR results previously discussed.

Effective functionalisation and formation of a thin PVA

layer around GO in f-(PVA)GO drastically impacts on the

mechanical properties of the corresponding papers. Repre-

sentative stress strain curves for these samples are shown

in Fig. 5A. It can immediately be seen that the curves of f-

(PVA)GO paper-like materials differed significantly from that

of the GO paper. We can summarize this data by focusing

on the Young’s modulus, Y, the tensile strength, rB, and the

strain at break, eB, as shown in Fig. 5B–D. It is clear from this



Fig. 4 – SEM images of fracture surfaces of vacuum filtered

paper-like materials of (A) GO and (B) f-(PVA)GO.
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data that a simple mixing of GO with PVA has a negative

effect on the modulus of the obtained paper, and results in

no change of the strength. In contrast, both, modulus and

strength of the f-(PVA)GO paper-like material significantly in-

creased in comparison with the GO paper. This is further evi-

dence of the effective functionalisation of GO by PVA in the f-

(PVA)GO papers. Otherwise, if the PVA and GO were only van

der Waals bonded, one would expect to see mechanical per-

formances similar to that of the simple GO and PVA mixtures.

In contrast, the strain at break is similar for both, functional-

ised and mixed samples. In addition, eB increased on the

introduction of the polymer. This indicates that while the

presence of the polymer delays failure, the polymer does

not need to be covalently bound to the GO. It may be that ad-

sorbed polymer tends to form fibrils under strain connecting

GO sheets and allowing the paper-like material to resist frac-

ture to higher strains.

The modulus and strength data described above suggested

that covalent attachment of polymer chains to the GO in-

creases both inter-flake stress transfer (as evidenced by the

modulus increase) and inter-flake shear strength (as evi-

denced by the strength increase). It is of interest to consider

the mechanism controlling this. It is likely that PVA chains

of two adjacent f-(PVA)GO sheets, would interact with each

other through entanglement. Indeed, since paper fabrication

is carried out in liquid phase, enough solvent is present to

provide the PVA chains sufficient mobility to facilitate this

process. Entanglement should increase both inter-flake stress

transfer and shear strength. The degree of increase would be

expected to depend on the molecular weight of the grafted

chains. Lower molecular weight means smaller radii of gyra-

tion of the polymer coils and so more chains per unit area of

flake surface [44]. This should improve both stress transfer
and shear strength. On the other hand, high molecular weight

would mean a higher degree of entanglement [45], again

potentially resulting in improved stress transfer and shear

strength. The trade-off between these two competing factors

suggests that an optimum molecular weight may exist where

the modulus and strength show maxima.

To test this, we prepared f-(PVA)GO paper-like materials for

a range of PVA molecular weights (6–500 kg/mol). We

measured the mechanical properties of these papers with

representative stress strain curves shown in Fig. 6A. Plotted

in Fig. 6B–D are the modulus, strength and strain at break val-

ues extracted from the stress strain curves. In each case, the

red data point at Mw = 0 represents GO. Although the modulus

data was a little scattered, Y increased from �5 GPa for GO to

�8 GPa for the 50 kg/mol sample before falling off again. More

dramatic changes were observed for the strength, which in-

creased from �25 MPa to �125 MPa for the 150 kg/mol sample

before falling off for the 500 kg/mol sample. These were much

larger relative changes than found for GO paper which is

cross linked by divalent ions for example [46]. Interestingly

the strain at break also increased from �0.5% for the GO
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buckypaper to a peak value of �2% for the 150 kg/mol sample

before falling off to �1.5% for the 500 kg/mol sample. This

behaviour is probably not surprising, as the presence of

entangled strands from adjacent flakes would certainly delay

failure.

3.3. PVA composites with f-(PVA)GO as filler material

Once it is known that the presence of covalently bonded PVA

improves the inter-flake stress transfer and shear strength

through processes such as chain entanglement, it becomes

clear that interfacial stress transfer in polymer GO-PVA com-

posites may be improved by the same mechanism. However,

we note that flake size is very important for graphene-

polymer composites with significant reinforcement only

observed for large flakes [19,47]. In fact, initially tests on com-

posites of f-(PVA)GO in PVA using as-produced flakes showed

no reinforcement. To address this, we used controlled centri-

fugation to remove smaller flakes and so increase the mean

flake size [35]. We found that after size selection, the mean

flake length and width were 3.0 and 1.7 lm respectively.

We prepared composites of PVA filled with size selected

flakes of both GO and f-(PVA)GO. Representative tensile
stress–strain curves for a subset of f-(PVA)GO in PVA

composites are shown in Fig. 7A. It is clear from these curves

that addition of f-(PVA)GO increased both modulus and

strength of these composites. Similar curves for GO filled

composites showed no reinforcements. Shown in Fig. 7B are

data for composite Young’s modulus as a function of f-(PVA)-

GO volume fraction. The modulus increased linearly from

�2.5 GPa for PVA to �4.5 GPa for the 0.24 vol.% sample beyond

which the modulus falls off. The rate of increase in the linear

regime is dY/dVf = 610 ± 60 GPa. Similarly, the strength in-

creased from �90 MPa for PVA to �140 MPa for the 0.24

vol.% sample before falling off. The slope of the linear region

was drB/dVf = 22 ± 2 GPa. We note that these were significant

increases and are competitive with the best published results

for polymers filled with either GO or pristine graphene

[7,10,17,19]. For comparison purposes, the data for the GO

filled composites are also shown, illustrating the lack of rein-

forcement in this system. Shown in Fig. 7C is the strain at

break as a function of filler content. Here the filler has no sig-

nificant impact on the material ductility.

We can put these results in perspective by comparison

with the literature. We have performed a (non-exhaustive)
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survey of the literature for mechanical reinforcement of

polymers using graphene and related materials [10–

19,23,25,26,28,29]. We characterized the degree of reinforce-

ment in two ways. Firstly, we considered the rate of increase

in modulus and strength with filler volume fraction; dY/dVf

and drB/dVf. Obviously, good reinforcement is characterized

by both of these parameters approaching their limiting val-

ues. These are determined by the mechanical properties of

the filler; dY/dVf 6 YG and drB/dVf 6 rG, where YG and rG are

the graphene flake modulus and strength respectively [4,19].

The maximum values these parameters can reach are
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Fig. 8 – (A) Data for dY/dVf plotted as a function of dB/dVf for

polymer/graphene composites from the literature. The data

is differentiated between polymers filled with graphene or

GO and polymers filled with polymer functionalised GO. The

data from this paper are included for comparison. We have

limited this graph to composites studied by tensile testing.

In addition, in most cases, the rates of increase had to be

estimated from the presented data. We assumed that

polymer functionalised GO had a density similar to the

matrix polymer. The theoretical maximum reinforcement is

shown by the grey square. The dotted line represents ideal

behavior. (B) Summery of increase in mechanical properties

for graphene/polymer composites from the literature. The

data consists of sets of two points joined by a line. In each

case the lower data point represents the neat polymer. The

upper data point represents the maximum reinforcement

achieved. Note that one data set shows extremely good

reinforcement. In this case the graphene volume fraction

was 38% while for all other cases it was <6%. See Table S1

for details of literature data.
�1100 GPa and �130 GPa, respectively for pristine graphene

[3] with graphene oxide displaying somewhat lower values

[48–50] Shown in Fig. 8A is published data for dY/dVf plotted

versus drB/dVf. It is clear that a large spread exists in the data.

However, the results presented here are among the best

reported.

For composites filled with aligned flakes with length above

the critical length, the rate of increase in modulus and

strength are given by dY=dVf � gLYYG and drB=dVf � gLrrG.

Here gLY and gLr are efficiency factors which scale with flake

length and take values between 0 and 1. Assuming that gLY

and gLr have similar functional forms (true for the properties

of typical graphene filled composites) [4], this means

dY=dVf � ðYG=rGÞdrB=dVf . It is known that YG=rG � 10 for

graphene and graphene oxide, thus dY=dVf � 10drB=dVf . This

ideal behaviour has been plotted on Fig. 8A. It is clear from

this plot that drB=dVf is smaller than predicted for all compos-

ites. This is consistent with the graphene flakes being smaller

than the critical value as observed previously [19]. This means

that, for a given flake size, the composite strength is limited

by the interfacial strength. While the GO-PVA composites de-

scribed here are still to the left of the line, they are closer to

the line than any other of the well performing materials. This

illustrates that interfacial strength is reasonably good in these

composites, validating the strategy to engineer the interface.

We can also assess reinforcement via the increase in

modulus and strength from polymer to best performing com-

posite. This data is presented here as pairs of points joined by

a line. The lower point represents the polymer while the

upper point represents the composite. It is clear from this

data that the reinforcement observed here is consistent with

that achieved by other researchers. However, the properties of

the best performing composite are among the best recorded,

partly because the starting polymer has impressive mechan-

ical properties.
4. Conclusions

In conclusion, we have demonstrated the effective function-

alisation of graphene oxide sheets with poly(vinyl alcohol).

Functionalisation of GO with PVA allowed the preparation of

vacuum filtered paper-like materials that were much stronger

and stiffer than either those prepared from GO alone or sim-

ple mixtures of GO and PVA. We also found the mechanical

properties of functionalised GO paper-like materials to

depend strongly on the molecular weight of the attached

polymer chains. The best performances are achieved for

attached polymers with molecular weight between 50 and

150 kg/mol. Polymer functionalised GO flakes, f-(PVA)GO,

were dispersed into polyvinylalcohol to form composites.

Increases of approximate 60% in modulus and strength for

f-(PVA)GO loadings below 0.3 vol.% were achieved. This is

among the best reinforcement observed for graphene based

filler materials.

Acknowledgements

The authors would like to acknowledge Science Foundation

Ireland (grant number 07/IN.7/I1772), Spanish Ministry of



370 C A R B O N 5 2 ( 2 0 1 3 ) 3 6 3 – 3 7 1
Science and Innovation (MICINN) under project MAT2010-

15026, Spanish Research Council CSIC under project

201080E124, and the Government of Aragon and the European

Social Fund under Project DGA-FSE-T66 CNN. M.C. thanks

MICINN for her PhD contract and funding for research stay

at TCD under FPI Programme BES-2008-003503.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,

in the online version, at http://dx.doi.org/10.1016/j.carbon.

2012.09.046.
R E F E R E N C E S
[1] Geim AK. Graphene: status and prospects. Science
2009;324(5934):1530–4.

[2] Geim AK, Novoselov KS. The rise of graphene. Nat Mater
2007;6(3):183–91.

[3] Lee C, Wei X, Kysar JW, Hone J. Measurement of the elastic
properties and intrinsic strength of monolayer graphene.
Science 2008;321(5887):385–8.

[4] Padawer GE, Beecher N. On the strength and stiffness of
planar reinforced plastic resins. Polym Eng Sci
1970;10(3):185–92.

[5] Yang YG, Chen CM, W YF, Yang QH, Wang MZ. Oxidized
graphene and graphene based polymer composites. New
Carbon Mater 2008;23(3):193–200.

[6] Verdejo R, Bernal MM, Romasanta LJ, Lopez-Manchado MA.
Graphene filled polymer nanocomposites. J Mater Chem
2011;21(10):3301–10.

[7] Kuilla T, Bhadra S, Yao D, Kim NH, Bose S, Lee JH. Recent
advances in graphene based polymer composites. Prog Polym
Sci 2010;35(11):1350–75.

[8] Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney
EJ, Stach EA, et al. Graphene-based composite materials.
Nature 2006;442(7100):282–6.

[9] Stankovich S, Dikin DA, Piner RD, Kohlhaas KA,
Kleinhammes A, Jia Y, et al. Synthesis of graphene-based
nanosheets via chemical reduction of exfoliated graphite
oxide. Carbon 2007;45(7):1558–65.

[10] Liang J, Huang Y, Zhang L, Wang Y, Ma Y, Guo T, et al.
Molecular-level dispersion of graphene into poly(vinyl
alcohol) and effective reinforcement of their
nanocomposites. Adv Funct Mater 2009;19(14):2297–302.

[11] Putz KW, Compton OC, Palmeri MJ, Nguyen ST, Brinson LC.
High-nanofiller-content graphene oxide–polymer
nanocomposites via vacuum-assisted self-assembly. Adv
Funct Mater 2010;20(19):3322–9.

[12] Miller SG, Bauer JL, Maryanski MJ, Heimann PJ, Barlow JP,
Gosau J-M, et al. Characterization of epoxy functionalized
graphite nanoparticles and the physical properties of epoxy
matrix nanocomposites. Compos Sci Technol
2010;70(7):1120–5.

[13] Jiang L, Shen X-P, Wu J-L, Shen K-C. Preparation and
characterization of graphene/poly(vinyl alcohol)
nanocomposites. J Appl Polym Sci 2010;118(1):275–9.

[14] Kim I-H, Jeong YG. Polylactide/exfoliated graphite
nanocomposites with enhanced thermal stability,
mechanical modulus, and electrical conductivity. J Polym Sci,
Part B: Polym Phys 2010;48(8):850–8.

[15] Steurer P, Wissert R, Thomann R, Mülhaupt R. Functionalized
graphenes and thermoplastic nanocomposites based upon
expanded graphite oxide. Macromol Rapid Commun
2009;30(4–5):316–27.

[16] Zhao X, Zhang Q, Chen D, Lu P. Enhanced mechanical
properties of graphene-based poly(vinyl alcohol) composites.
Macromolecules 2010;43(5):2357–63.

[17] Ramanathan T, Abdala AA, Stankovich S, Dikin DA, Herrera-
Alonso M, Piner RD, et al. Functionalized graphene sheets for
polymer nanocomposites. Nat Nanotechnol 2008;3(6):327–31.

[18] Yang X, Li L, Shang S, Tao X-M. Synthesis and
characterization of layer-aligned poly(vinyl alcohol)/
graphene nanocomposites. Polymer 2010;51(15):3431–5.

[19] May P, Khan U, O’Neill A, Coleman JN. Approaching the
theoretical limit for reinforcing polymers with graphene. J
Mater Chem 2012;22(4):1278–82.

[20] Coleman JN, Khan U, Blau WJ, Gun’ko YK. Small but strong: a
review of the mechanical properties of carbon nanotube-
polymer composites. Carbon 2006;44(9):1624–52.

[21] Deng Y, Li Y, Dai J, Lang M, Huang X. An efficient way to
functionalize graphene sheets with presynthesized polymer
via ATNRC chemistry. J Polym Sci, Part A: Polym Chem
2011;49(7):1582–90.

[22] Veca LM, Lu F, Meziani MJ, Cao L, Zhang P, Qi G, et al. Polymer
functionalisation and solubilization of carbon nanosheets.
Chem Commun 2009;18:2565–7.

[23] Pramoda KP, Hussain H, Koh HM, Tan HR, He CB. Covalent
bonded polymer–graphene nanocomposites. J Polym Sci, Part
A: Polym Chem 2010;48:4262–7.

[24] Kim H, Kobayashi S, AbdurRahim MA, Zhang MJ, Khusainova
A, Hillmyer MA, et al. Graphene/polyethylene
nanocomposites: effect of polyethylene functionalization
and blending methods. Polymer 2011;52(8):1837–46.
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