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ABSTRACT: Graphene, flat carbon nanosheets, has generated huge activity in many areas of science and
engineering due to its unprecedented physical and chemical properties. With the development of wide-scale
applicability including facile synthesis and high yield, this exciting material is ready for its practical
application in the preparation of polymer nanocomposites. Here we report that nanocomposites based on
fully exfoliated graphene nanosheets and poly(vinyl alcohol) (PVA) are prepared via a facial aqueous
solution. A significant enhancement ofmechanical properties of the graphene/PVA composites is obtained at
low graphene loading; that is, a 150% improvement of tensile strength and a nearly 10 times increase of
Young’smodulus are achieved at a graphene loading of 1.8 vol%. The comparison between the experimental
results and theoretical simulation for Young’s modulus indicates that the graphene nanosheets in polymer
matrix are mostly dispersed randomly in the nanocomposite films.

1. Introduction

Graphene, a two-dimensional material, is composed of several
planar sheets of sp2-bonded carbon atoms. Since experimentally
discovered in 2004,1 graphene with unique properties has become
one of the most exciting materials today. Theoretical and experi-
mental results on individual graphene nanosheets exhibit extre-
mely high values of Young’s modulus (∼1000 GPa), fracture
strength (∼125 GPa),2 elastic modulus (∼0.25 TPa),3 thermal
conductivity (∼5000 W m-1 K-1),4 mobility of charge carriers
(∼200 000 cm2 V-1 s-1),5 specific surface area (calculated value,
∼2630 m2 g-1),6 and fascinating transport phenomena such as
the quantum Hall effect.7 These properties make graphene very
promising formany applications such as solar cells and hydrogen
storage,8 sensors,9 batteries,10 supercapacitors,5,11 and nanocom-
posites.12,13

At present, nanocomposites employing carbon-based reinfor-
cement materials are dominated by carbon nanotubes (CNTs).
However, the development of CNT-reinforced composites has
been impeded by their difficult dispersion in matrix and their
higher costs. In our pervious work, a new spraying method was
used to uniformly disperse SWNT in a polymer matrix, and
SWNT-based nanocomposites with high performance were obtai-
ned.14 Compared to carbon nanotubes, graphenes continue to
attract considerable attention because of their outstanding
mechanical and electrical properties as well as high aspect ratio
and low density, which results in one of the ideal candidates for
developing functional and structural graphene-reinforced com-
posites. Incorporation of graphene into ceramics15,16 or polymer
matrices17 remarkably improves the properties of the materials.
Wakabayashi et al.18 employed a solid-state shear pulverization
(SSSP) to produce polypropylene-graphite nanocomposites,

revealing a 100% increase in Young’s modulus and a ∼60%
increase in yield strength as a function of the addition of 2.5 wt%
graphite. Liang et al.19 prepared a nanocomposite of graphene/
polymer with a 76% increase in tensile strength and a 62%
improvement of Young’s modulus at a loading of 0.7 vol %
graphite oxide. Wang et al.20 reported that a freestanding and
flexible graphene/polyaniline composite paper gave a favorable
tensile strength of 12.6 MPa. Therefore, more attention has been
drawn to graphene as a potential reinforcement material in the
next generation of composite materials. Meanwhile, the electri-
cally conductive property can be obviously improved via adding
the nanosheets into a matrix. Graphene nanosheet-based poly-
styrene composites synthesized by a liquid-phase blend route
exhibited extraordinarily low electrical percolation threshold of
0.1 vol %.21 Composite films of noncovalent functionalized
graphene sheets/sulfonated polyaniline revealed improved con-
ductivity of 0.2 S cm-1, good electrocatalytic activity, and stabi-
lity, reported by Bai et al.22

One of the key points to the successful development of
graphene-based nanocomposites and to the improvement of their
performance is the dispersion of nanofillers in a polymer matrix.
Because of their high specific surface area, graphene tends to form
irreversible agglomerates or even restack due to van der Waals
interactions. Full utilization of graphene nanosheets in polymer
nanocomposite application will inevitably depend on their abili-
ties to achieve full exfoliation and complete dispersion in the
polymer matrix. To successfully achieve the reinforcing potential
of graphene nanolayers, they must be fully exfoliated in process
of preparation. Under suitable conditions, graphite oxide can
undergo exfoliation completely in water, yielding colloidal sus-
pensions of almost entirely individual graphene oxide nano-
sheets.23 Such nanosheets can be chemically functionalized, dis-
persed in polymer matrices, and deoxygenated to yield novel
composites. Exfoliated graphene oxide nanosheets can be redu-
ced using hydrazine hydrate, resulting in their reaggregation and
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subsequent formation of a high-surface-area carbon material
which consisted of thin graphene-based sheets.24 Li et al.25

reported that chemically converted graphene nanosheets obtai-
ned from graphite readily form stable aqueous colloids through
electrostatic stabilization and consequently developed a facile
approach to large-scale production of aqueous graphene disper-
sion without the need for polymeric or surfactant stabilizers.
Moreover, the gooddispersionof these nanosheets in the polymer
matrix is an important aspect to exhibit good interfacial strength
with the matrix. Stankovich et al.26 treated graphene oxide with
organic isocyanates, and these isocyanate-treated graphene
oxides were then exfoliated into functionalized graphene oxide
nanoplatelets, exhibiting a stable dispersion in polar aprotic
solvents. So molecular-level dispersion of individual, chemi-
cally modified graphene sheets within polymer hosts could be
formed.27 This group28 also reported a stable aqueous dispersion
of graphitic nanoplatelets by coating reduced graphene oxide
nanoplatelets with an amphiphilic polymer, so that it improved
the ability to achieve gooddispersion of the nanofiller component
in the polymer matrix of choice.

Recently, weprepared graphene-reinforced poly(vinyl alcohol)
(PVA) composite films by incorporating graphene oxide into
PVA aqueous solution and then reduced graphene oxide to
graphene nanosheets. To full exfoliate the nanofillers, graphite
was oxidized with KMnO4 in concentrated H2SO4 and then
reduced with hydrazine, and sodium dodecylbenzenesulfonate
(SDBS) was used to stabilize the aqueous dispersion of graphene
nanosheets. The obtained composites of PVA and graphene
exhibited a significant enhancement of mechanical property at
a low loading of graphene.

2. Experimental Section

2.1.Materials.Graphite with an average particle size of 30 μm
and a purity of >99% were supplied from Shanghai Yifan
Graphite Co., Ltd. Concentrated sulfuric acid (H2SO4) and
hydrochloric acid (HCl) were purchased from Pinghu Chemi-
cals, China. Potassium permanganate (KMnO4) was purchased
from Reagent No. 1 Factory of Shanghai Chemical Reagent Co.,
Ltd. Sodium nitrate (NaNO3) was purchased from Shanghai
Kechuang Chemicals Co., Ltd. Hydrazine hydrate (85%) and
SDBS were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Hydrogen peroxide (H2O2) was purchased from Shanghai
Jinlu Chemical Co., Ltd. Poly(vinyl alcohol) (PVA) withMw ≈
100 000 was obtained from Anhui Wanwei Updated High-Tech
Material Industry Co., Ltd. The materials were directly used
without further purification.

2.2. Preparation of Graphite Oxide and Graphene Nanosheets.
Graphite oxide, a pseudo-two-dimensional solid in bulk form,
was prepared from natural graphite powder by oxidation with
KMnO4 inconcentratedH2SO4according toHummers’method.29

ConcentratedH2SO4 (46mL)was poured into the 250mL three-
neck flask and stirred in an ice bath until the temperature
dropped to 0-3 �C. Natural graphite (2 g) and NaNO3 (1 g)
were added and stirred uniformly. KMnO4 (30 g) was gradually
added with stirring and cooling in order to keep the tempera-
ture below 20 �C. The solution was heated to 35 ( 3 �C and
maintained for 30 min. Then, distilled water was slowly added,
and the temperature was controlled lower than 100 �C. After
15 min, this reaction was terminated by addition of a large
amount of distilled water and 30% H2O2 solution (5 mL). The
mixture was filtered and washed with 5%HCl aqueous solution
and water. The sample of graphite oxide was obtained after
drying. To prepare graphene nanosheets, 100 mg graphite oxide
was dispersed in 100 mL of water to create a yellow-brown dis-
persion, and the exfoliation of graphite oxide to graphene oxide
was achieved by sonication with a cylindrical tip for 30 min.
Then the resulting homogeneous solution was mixed with 80 μL
of hydrazine solution as a reducing agent, and 350 μL of

ammonia solution was added to adjust pH to around 10. After
stirred for a few minutes, the mixed solution was heated at
∼95 �C for 1 h. The reduced product was isolated by filtration
through polytetrafluoroethylene (PTFE) membrane (0.22 μm),
washed with water and methanol, and dried for 24 h in vacuum
oven. Then graphene nanosheets, that is, the reduced graphene
oxide, were obtained.

2.3. Preparation of Graphene/PVA Composites. To prepare
the composites, graphene oxide (GO)/PVA composites were
first prepared, and the process of reduction from GO to gra-
phene followed. The dispersion of exfoliatedGO (1mg/mL)was
prepared in 0.5 wt % SDBS solution by sonication. For com-
posite fabrication, certain PVA powder was blended with
this exfoliated GO solution (10 mL) described above and stirred
at 85 �C for ∼6 h. This resulting homogeneous dispersion was
mixed with 8 μL of hydrazine solution and 35 μL of ammonia
solution (28%), and after being stirred for ∼30 min, the mixed
solution was put in a oil bath at ∼95 �C for 1 h. The dispersion
was cast onto clean glass plates using a doctor blade and dried
at 60 �C for ∼24 h in an oven for film formation. The com-
posites containing 0.5, 1, 3, and 5 wt % graphene nanosheets
and a parallel sample of pure PVA with the same amount
of SDBS were prepared. As a matter of convenience, the
filler concentration was transformed from mass fraction
w (wt %) to volume fraction v (vol %) by the following
equation:

v ¼ wFp
wFp þ ð1-wÞFg

Here, v and w are the volume fraction and mass fraction of gra-
phene nanosheets. Fp and Fg represent the density of PVAmatrix
and graphene nanosheets, which can be taken as 1.3 g/cm3 27 and
2.2 g/cm3, respectively. Then, the volume fractions of graphene
nanosheets filled into the PVA matrix can be obtained as 0.3,
0.6, 1.8, and 3.0 vol %.

2.4. Characterization. The UV-vis absorption spectra were
measured on a Lambda 35 (Perkin-Elmer) spectrophotometer.
Raman spectra were recorded using a LabRam-1B Ramen
spectroscope, with He-Ne laser excitation at 632.8 nm, scan-
ning for 50 s. X-ray diffraction (XRD) measurements were
carried out using a Rigaku D-max-2550 diffractometer with
CuKR radiation. In order to avoid the influence of the thickness
of specimens, all the samples with a same thickness of 20 μm
were prepared for the measurements. Transmission electron
microscopy (TEM) was performed with a Hitachi H-800 elec-
tron microscope operating at an accelerating voltage of 100 kV.
Typical tapping-mode atomic force microscopy (AFM) mea-
surements were taken using Multimode SPM from Digital
Instruments with a Nanoscope IV controller made by Veeco
Instruments Inc. Samples for AFM images were prepared
by depositing a dispersed graphene solution (0.1mgmL-1) onto
a freshly cleaved mica surface and allowing them to dry in air.
The fracture surfacemorphology of the composite was observed
on a HITACHI S-4800 at an accelerating voltage of 3.0 kV.
The sample was fractured in liquid nitrogen and gold-sputtered
prior to observation. For measurement of the mechanical
properties of the composites, the sample were cut to sheets with
a width of 10 mm, and the measurement was conducted with an
XQ-1 instrument made in China. The lower grip was fixed and
the upper grip rose at a rate of 5 mm/min. The gauge length was
20 mm.

3. Results and Discussion

3.1. Exfoliation of Graphene. In the process of reduction,
the yellow-brown color characteristic of the graphite oxide
dispersion changed into black following reduction, suggest-
ing that deoxygenation of the graphite oxide nanosheets had
effectively come about. As shown inFigure 1,UV-vis spectra
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of the samples confirm the transition of graphite oxide into
graphene. The curve of graphite oxide dispersion exhi-
bits a maximum at 231 nm and a tiny shoulder at ∼300
nm,which are respectively attributed toπfπ* transitions of
aromatic C-C bonds and nf π* transitions of CdObonds.
Whereas, for the reduced form, the absorption peak of the
graphene dispersion at 231 nm red-shifts to ∼270 nm, and a
significant increase in absorbance in the whole spectral
region (>231 nm) is noticed. These effects suggest that the
electronic conjugation within the carbon framework of the
graphene nanosheets has been restored upon hydrazine reduc-
tion, which is in agreement with the previous reports.24,25,30

Raman spectroscopy is employed to evaluate the trans-
form from pristine graphite to graphite oxide and then to gra-
phene. As shown in Figure 2a, the first-order Raman spectra
of pristine graphite contain a strong band at ∼1581 cm-1

(Gband) and a veryweakband at∼1340 cm-1 (Dband). The
G band and D band are attributed to the first-order scatter-
ing of theE2g vibrationalmode in graphite sheets31 and struc-
tural defects (disorder-induced modes), respectively. The
second-order spectra are inspected as 2D band at 2680 cm-1

which is the overtone (second harmonic) of the D band. The
2Dbands of graphite oxide and graphene are seen to broaden
and decrease in relative intensity, indicating presence of
defects in graphitic materials.32 The D band and G band
are also observed for graphite oxide and graphene, as shown
in Figure 2b,c, although the D band at 1573 cm-1 becomes
prominent and the ratios of D- to G-band intensity (ID/IG)
increase from 0.14 for pristine graphite to 1.23 and 1.57 for
graphite oxide and graphene, respectively. According to the
previous work which indicated that ID/IG could be used to
qualitatively characterize the change of defects in the carbon
nanotubes,33,34 ID/IG should decrease in the process of
reduction. However, ID/IG of graphene is higher than that
of graphite oxide. Stankovich et al.24 interpreted the increase
ID/IG from graphite oxide to graphene by assuming that
reduced state increases the number of aromatic domains of
smaller overall size in graphene, leading to an enhancement

of the ID/IG ratio.While Paredes et al.35 solved this apparent
contradiction, attributing to the fact that the carbon lattice in
graphite oxide has developed some degree of amorphous
character due to oxidation process itself, they noted that the
distortion of the 6-fold rings was removed during the reduc-
tion process, and the carbon lattice returns to an essentially
graphitic, but highly defected, state.

X-ray diffraction determines the changes of interlayer
distance in nanosheets shown in Figure 3. The diffraction
peak in the XRD pattern of graphite oxide appeared to
be 11.3�, corresponding to the layer-to-layer distance of
∼0.78 nm. It is significantly larger than that of pristine gra-
phite (∼0.34 nm), due to the intercalating oxide functional
groups.36 Whereas the XRD pattern of graphene shows a
typical broad trace with an obvious disappearance of the
characteristic peaks, it can be explained that graphene was
exfoliated into a monolayer or few-layers, resulting a new
lattice structure, which is significantly different from the
pristine graphite.37

TEM images of the nanosheets are shown in Figure 4.
Apparently, the fully exfoliated graphenes are observed
with the average size of nanosheets of 1-2 μm. Some gra-
phene nanosheets crumple due to thin thickness, shown in
Figure 4b. Atomic force microscopy (AFM) is used to deter-
mine the thickness of the graphene-based sheets. Figure 5
displays a typical tapping-mode AFM image of graphene
nanosheets deposited onto amica substrate from an aqueous
dispersion, exhibiting the sheets heights of∼0.8 nm. The fact
reveals characteristic of a fully exfoliated graphene nano-
sheet.35

3.2. Morphology and Structure of Nanocomposites. The
quality of nanofiller dispersion in the polymer matrix direc-
tly correlates with its effectiveness for improvingmechanical,
electrical, impermeability, and other properties. The properties
of a composite are also intimately linked to the aspect ratio

Figure 1. UV-vis spectra of aqueous dispersion of 0.1mg/mL: (a) gra-
phite oxide and (b) graphene.

Figure 2. Raman spectra of (a) pristine graphite, (b) graphite oxide,
and (c) graphene.

Figure 3. XRD pattern of (a) pristine graphite, (b) graphite oxide, and
(c) graphene. The interlayer distance is represented by d.

Figure 4. TEM images of graphene nanosheets with different magnifi-
cation.
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and surface-to-volume ratio of fillers. Of great significance is
that the successful formation of graphene dispersions en-
ables the use of conventional low-cost processing techniques
to create new graphene-based materials. To well disperse the
nanosheets into a polymer, the graphene oxide/PVA nano-
composites were first prepared, and then the process of
reduction from GO to graphene followed. The aqueous
dispersion of exfoliated GO at the aim of SDBS with
sonication were blended with PVA powder. This resulting
homogeneous dispersion was mixed with hydrazine solution
to reduce the GO nanosheets. The dispersion was cast onto
clean glass plates, and the nanocomposites were thus pre-
pared.

Figure 6 shows a FESEM image of the cross-section of the
graphene/PVA nanocomposite with a loading of 1.8 vol %
graphene nanosheets. The image demonstrates that most of
the graphene nanosheets are fully exfoliated and clearly well-
dispersed in the PVA matrix, while there are a few restacks
together, whichmight affect the degree ofmechanical impro-
vement. The image also reveals that the graphene nanosheets
randomly disperse as 3D network through the polymer
matrix, while do not just align parallel to the surface
of the sample film. This phenomenon is in agreement with

the theoretical prediction for the mechanical properties
of the graphene/PVA nanocomposites in the following
discussion.

XRD is an effective method to evaluate the interlayer
changes of graphite-related powders and crystalline proper-
ties of composite. As shown in the Figure 7, the XRD
patterns exhibit a broad peak of graphene and the character-
istic peak of PVA at 2θ=19.5�. However, as dispersing the
graphene nanosheets into the PVA matrix (curve c), the
broad peak in graphene disappears in the composites, sug-
gesting the disorder and loss of structure regularity of the
graphene. The same results also can be found in the compo-
sites with various graphene loadings, as shown in Figure 8.
Thus, the graphene nanosheets are considered to be exfo-
liated and dispersed at the molecular level into the PVA
matrix. To further confirm this point, a parallel sample was
prepared, containing 0.6 vol % pristine graphite in PVA.
Because of the highly regular structure of graphite, the XRD
pattern of the pristine graphite/PVA composites still remains
the obvious characteristic peak of graphite at 2θ=26.5�.

PVA is well-known to be a typically semipartially crystal-
line polymer, existing a strong intensity of XRD at 2θ =
19.4�.38 Figure 8 shows a feeble bulge 2θ=40.4� and a large
part of the intensity of the composites that is the (101)
diffraction peak of PVA crystal at 2θ=19.4�. The increase
in the intensity of the (101) diffraction corresponds to the
increase in the number of PVA chains packing together,
resulting in a large size of the crystallite in the PVA
sol-gels.39 As adding the graphene nanosheets into PVA,
the intensity of the (101) diffraction rises first and then drops,
which means the crystallinity of composites with 0.6 vol %
loading of graphene is larger than others. It could be
assumed that at a lower loading level the fully exfoliated
and well-dispersed graphene nanosheets act as nucleating
agents, and thus the crystallinity of the composites is impro-
ved. On the other hand, at a high loading level, the nano-
sheets tend to restack and their surface area ratio reduces;

Figure 5. A typical AFM tapping-mode image of graphene nanosheets
deposited onto a mica substrate from an aqueous dispersion with
superimposed cross-section measurements taken along the red line,
indicating a sheet thickness of ∼0.8 nm.

Figure 6. FESEM image of cross section of composite sample with a
loading of 1.8 vol % graphene in PVA. The rows point to the graphene
nanosheets dispersed in the PVA matrix.

Figure 7. XRD pattern of (a) graphene powder, (b) pure PVA, and
(c) graphene/PVA composites with 0.6 vol % loading of graphene.

Figure 8. XRD patterns of graphene/PVA composites with various
graphene contents.
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therefore, the further addition of the graphene might hinder
the regular arrangements of the PVA chains and lead to the
declined crystallinity of the graphene/PVA.

3.3.Mechanical Properties.As described above, the aim of
incorporating graphene into the polymer matrix is to imp-
rove its mechanical properties and thermal stability. The
homogeneity of composites and the stronger interfacial inter-
action between nanofillers and the polymer matrix should
have a significant effect on the mechanical properties. Figure 9
shows the relationship between graphene loading and tensile
strength of the composites. It is obvious that the addition of
graphene into the polymer matrix has a significant influence
on the mechanical behavior. Upon the graphene nanosheet
loading, the mechanical behavior of the composites appar-
ently exhibits an enhancing trend. The tensile strength of the
composite containing 1.8 vol % graphene is up to 42 MPa,
while that of the PVA parallel sample is 17 MPa; i.e., the
tensile strength increased by 150%. The increasing trend is
especially clear with lower loading. For example, the addi-
tion of 0.6 vol%graphene into thematrix causes the increase
of modulus increases by 73%. Figure 10 shows that the
elongation at break of the composites gradually decreases
with graphene loading. The value of the elongation at break
decreases to 98% for the composite with 1.8 vol % loading
from220%for parallel sample. The reasonmay be attributed
to a large aspect ratio and the interaction between graphene
and the matrix, which restricts the movement of the polymer
chains.

On the other hand, as further increasing graphene content
from 1.8% to 3.0%, the tensile strength increase slightly
from 42 to 43MPa, without a pronounced change, and there
is also a slight influence on the elongation of the composites.
Here, it is assumed that as further adding graphene into a
polymer, the phenomenon of graphene restacking together
occurs due to van der Waals force of the nanosheets. Then

the slippage of piled graphene nanosheets during the tensile
testing will have less effective enhancement on the mecha-
nical properties of the composite. This can be explained from
the schematic models in Figure 11. It is assumed that there
are four types of arrangements for the nanosheets in the
polymer matrix upon increasing nanofillers: (1) they are
individually dispersed in the matrix at intervals, (2) the edges
of the sheets just join together side by side, (3) there are some
parts of the flakes overlapping with each other, and (4) the
graphene slices are stacking together by layers. Among these,
the second one (2) is the ideal condition, exhibiting the
ultimate contribution to the mechanical behaviors with the
greatest efficiency. With the increase of graphene loading,
the arrangement would be changed from (1) to (3). When the
amount of fillers reaches a critical content and the distance
between two sheets is so small that they may be apt to stack
together easily due to the van derWaals force, then it turns to
the restacked form (4). There exists a critical point of the
mechanical properties upon the nanosheet content, i.e., a
loading of 1.8 vol%, and this phenomenon is called asmecha-
nical percolation in our laboratory, similar to electrical or
rheological percolations.40 Lower than this content, the
exfoliated graphene nanosheets can be well-dispersed in the
polymer matrix, and the increase of loading has a significant
improvement on the mechanical properties, while further
loading may cause the nanosheets stacking together, weak-
ening the efficiency of the mechanical improvement.

The Young’s moduli of the nanocomposites are shown in
Figure 12 (with circles). The trend of the modulus with
graphene loading is similar to that of tensile strength.
Compared to pristine PVA/SDBS films, the modulus of the
nanocomposite with 1.8 vol % graphene loading is more than
10 times greater (from 0.10 to 1.04GPa). Therefore, the large

Figure 9. Typical stress-strain plots of the composites with various
graphene loadings.

Figure 10. Mechanical properties of graphene/PVA nanocomposites
with various graphene loadings: tensile strength (left) and elongation at
break (right) versus graphene loadings.

Figure 11. Schematic models of various dispersion types of graphene
nanosheets in PVA matrix: (1) Graphene nanosheets are individually
dispersed in the matrix at intervals. (2) The edges of graphene nano-
sheets just join together side by side. (3) Some of graphene nanosheets
are overlapping with each other. (4) Graphene nanosheets are restack-
ing together by layers. As increasing graphene content, the resulting
dispersion form gradually changes.

Figure 12. Young’s moduli of the nanocomposite and Halpin-Tsai
theoretical models. The theoretical simulationswere taken as two cases:
the random orientation and unidirectional distribution of graphene
nanosheets in the polymer matrix.
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aspect radio of graphene nanosheets and strong interactions
between the graphene and the PVA matrix greatly enhance
the mechanical performance of the nanocomposites.

The Halpin-Tsai equation is a simple approximate form
to predict the modulus of unidirectional or randomly distri-
buted filler-reinforced composites.41-43 To study the distri-
bution of graphene nanosheets in the polymer matrix, the
Halpin-Tsai equation was used to simulate the modulus of
the graphene/PVA nanocomposites. Considering the ran-
dom orientation or unidirectional distribution of graphene
nanosheets in the polymermatrix, themodifiedHalpin-Tsai
equation is written as follows:44,45

EC ¼ 3

8

1 þ ð2LG=3TGÞηLVG

1-ηLVG
þ 5

8

1 þ 2ηTVG

1 -ηTVG

� �
EP ð1Þ

EParal ¼ 1 þ ð2LG=3TGÞηLVG

1-ηLVG

� �
EP ð2Þ

ηL ¼ ðEG=EPÞ - 1

EG=EP þ 2LG=3TG
ð3Þ

ηT ¼ ðEG=EPÞ- 1

EG=EP þ 2
ð4Þ

where EC and EParal are the Young’s moduli of the compo-
sites with randomly oriented andunidirectionally distributed
graphene nanosheets, and the latter refers to aligned parallel
to the surface of the sample. EP and EG are the tensile
modulus of PVA and graphene. LG, TG, and VG represent
the length, thickness, and volume fraction of graphene in the
composite, respectively. The Young’s modulus of the PVA
parallel sample is 0.1 GPa from the experimental results, and
that of free-standing monolayer graphene is ∼1.0 TPa.2 The
thickness and average length of graphene nanosheets are
0.8 nm and 1 μm obtained from AFM and TEM images.
Young’s moduli of the composites with two supposed dis-
tributions of graphene nanosheets are calculated and com-
pared with the experimental data in Figure 12. The figure
shows the theoretical simulation for the random distribution
of graphene nanosheets is consistent with the result of the
experimental data. Apparently, the dispersion of graphene
nanosheets in polymer matrix is mostly random, not aligned
parallel to the surface of the composite films. Furthermore,
there is a tiny distinction for the Young’s modulus of
1.8 vol% loading,which can be attributed to our assumption
of critical point that analyzed above.

4. Conclusions

The graphene-based PVA composite films with improved
uniformity and good dispersion were successfully prepared by
incorporating graphene oxide into PVA matrix and reducing
graphene oxide into graphene nanosheets. The graphene/PVA
composite films exhibited a significant improvement on the
mechanical properties. As a representative example, a 150%
increase of tensile strength were achieved by adding 1.8 vol %
graphene nanosheets, indicating the efficient load transfer be-
tween the graphene nanosheets and the matrix. The modulus
of the composite with 1.8 vol % graphene loading is more than
10 times greater than the parallel PVA sample. Upon the loading
of the nanosheets, it is assumed that there might be a critical
point of the extent of improvements to themechanical properties.
The comparison between the experimental results and the

Halpin-Tsai theoretical prediction indicated that graphene nano-
sheets might be randomly dispersed in the polymer matrix.
Moreover, the addition of graphene nanosheets into the PVA
matrix had a slight effect on the crystallinity of the composites.
Apparently, graphene/PVA nanocomposites were successfully
prepared with significant improvement of mechanical properties
in this report. However, more work should be continued. Disper-
sion of the bulk quantity graphene nanosheets and the easy
incorporation of the nanofillers into a matrix and further im-
provement of mechanical properties via enhancing the interfacial
interaction between the nanosheets and a polymer matrix or the
alignment of the nanosheets in a matrix are the key challenges.
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