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Layer-aligned poly(vinyl alcohol)/graphene nanocomposites in the form of films are prepared by
reducing graphite oxide in the polymer matrix in a simple solution processing. X-ray diffractions,
scanning electron microscopy, Fourier-transform infrared spectroscopy, differential scanning calorimetry
and thermogravimetric analysis are used to study the structure and properties of these nanocomposites.
The results indicate that graphene is dispersed on a molecular scale and aligned in the poly(vinyl alcohol)
(PVA) matrix and there exists strong interfacial interactions between both components mainly by
hydrogen bonding, which are responsible for the change of the structures and properties of the PVA/
graphene nanocomposites such as the increase in Tg and the decrease in the level of crystallization.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, as a single layer of carbon atoms in a two-dimen-
sional honeycomb crystal lattice, has been attracting tremendous
interest in the fields of electronics and composite materials because
of its fascinating properties [1,2]. It has been found that electrons
move ballistically in the graphene structure with a mobility
exceeding 15,000 m2V�1s�1 [3]. Theoretical and experimental
results show that single-layered graphene sheets are the strongest
materials developed thus far [4]. Graphene nanosheets also have
high thermal conductivity and high specific surface area [5]. These
particular properties make graphene an excellent additive to
dramatically enhance the mechanical, thermal, and electrical
properties of polymer materials [6e8]. Great efforts have been
made in the use of solution-processable graphene materials for
highly conducting composite [9], transparent electrode [10], and
photovoltaic device [11] applications.

So far, technological and engineering applications of graphene
sheets usually require graphene solutions (or dispersions) either in
water or in an organic solvent. However, as-prepared graphene
itself is not soluble and therefore, cannot be dispersed inwater or in
any organic solvent. A main challenge for realizing the large-scale
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potential for polymer/graphene nanocomposites is to homoge-
neously disperse thin nanosheets of graphenewithin the polymeric
matrix. Moreover, the control of the interfacial interaction is crucial.
In this respect, graphene oxide (GO), the oxygenated counterpart of
graphene, has already been explored as an attractive intermediate
to synthesize graphene nanocomposites [12]. GO bears various
oxygen functional groups (e.g. hydroxyl, epoxide, and carbonyl
groups) covalently bonded on their basal planes and edges of
carbon atoms. Therefore, GO is hydrophilic and can be readily
dispersed in water as individual sheets to form stable colloidal
suspensions [13]. Meanwhile, these oxygen-containing groups
impart GO sheets with the function of strong interactionwith polar
small molecules or polymers to form GO intercalated or exfoliated
composites [14,15]. More important, GO can be readily reduced
chemically to graphene by a variety of common reagents [16e18].

Herein, we report an investigation into the aqueous solution
processing of graphene nanosheets in the polymer matrix. A simple
and practical approach to synthesize well-dispersed nano-
composites with aligned graphene nanosheets in a poly(vinyl
alcohol) (PVA) matrix is demonstrated. The effect of graphene
content on the structures and properties of PVA/graphene nano-
composites is investigated. Although the addition of graphene
significantly decreases the crystallinity of PVA matrix, the film of
the PVA/graphene nanocomposite is strong and ductile. These
results demonstrate that the change of structure and properties of
the PVA/graphene nanocomposites could be ascribed to the
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uniform dispersion on amolecular scale and alignment of graphene
in the polymer matrix and strong interfacial interactions between
both components.

2. Experiment

2.1. Materials

Graphite powder was purchased from Uni-Chem. PVA (99þ%
hydrolyzed, Mw w 89,000e98,000) and hydrazine (w35% water
solution) were purchased from Aldrich. Other reagents were of
analytical grade and used without further purification.

2.2. Synthesis of PVA/graphene nanocomposites

GO was synthesized from graphite powder by the modified
Hummers method [19,20]. The procedures for preparing PVA/gra-
phene nanocomposite films are described as follows. GO was dis-
solved in 10 mL of water and treated with ultrasound for 45 min to
Fig. 1. Photographs of PVA/1 wt% graphene nanocomposite films prepared by (a) one-
step and (b) two-step approach.
make a homogeneous brown dispersion (1 mg/mL). PVA powder
was dissolved in distilled water at 90 �C and the solution was
subsequently cooled to room temperature. The GO aqueous
dispersion was gradually added to the PVA solution and sonicated
at room temperature for 15 min and stirred to obtain homogeneous
PVA/GO solutions. Then, the reduction of GO was accomplished by
adding hydrazine to the PVA/GO solution and keeping it under
magnetic stirring at 100 �C for 24 h. Finally, the above solutions
were cast into glass dishes and kept at 40 �C for film formation until
its weight equilibrated. The weight contents of graphene in the
nanocomposite films described above were controlled to be 0.5, 1, 2
and 3.5 wt%. The above is designated as one-step approach.

For comparison, in two-step approach, only GO was first
reduced by hydrazine to form graphene. Then, the as-prepared
graphene were added and sonicated in PVA aqueous solution for
3 h, and then treated in an identical fashion similar to that
described above in one-step approach.
2.3. Characterization

X-ray diffraction (XRD) was carried out using a PHILIPS PW 3710
diffractometer using Cu Ka radiation source (l ¼ 1.54 Å). Fourier-
transform infrared spectra (FTIR) were obtained on a Perkin Elmer
spectrum 100 FTIR spectrometer with a 4 cm�1 resolution. The
glass transition and crystallization behaviors were investigated by
differential scanning calorimetry (DSC) using a Perkin Elmer Pyris 1.
The experiments were carried out in nitrogen atmosphere using
about 5 mg sample sealed in aluminium pans. The samples were
heated from room temperature to 240 �C, maintained at this
temperature for 5 min, then cooled to room temperature and
heated again to 240 �C. The heating and cooling rates were 10 �C/
min in all cases. The glass transition temperatures and melting
enthalpy are taken from the second heating run in the calorimetric
curves. Thermogravimetric analysis (TGA) was performed on
a Netzch STA 449C instrument at a heating rate of 10 �C/min in an
air atmosphere. Scanning electron microscopy (SEM, JEOL Model
JSM-6490) was used to observe the failure surfaces of the PVA/
graphene nanocomposite films after tensile tests. The failure
surfaces were coated with gold before analysis. The mechanical
properties of PVA/graphene nanocomposite films were measured
on a universal tensile testing machine (Instron 4411) at 20 �C with
60% relative humidity. The specimen dimension was 60 mm in
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Fig. 2. XRD patterns of PVA/graphene nanocomposites with different graphene
contents.
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Fig. 3. FTIR spectra of PVA/graphene nanocomposites with different graphene
contents.
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Fig. 4. TGA curves of PVA, PVA/1 wt% graphene nanocomposite and PVA/3.5 wt%
graphene nanocomposite.
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length, 10 mm in width, and 0.04 mm in thickness. The extension
ratewas 5mm/min and the load cell was 250 Nwith a gauge length
of 40 mm. The data on modulus, tensile stress and strain at rupture
were the averages of five strips of the same sample. All the failure
occurred at the middle region of the testing strips.

3. Results and discussion

In one-step approach, when hydrazine was added, the brownish
solution of PVA/GO changed immediately to black, suggesting
graphene formation by reduction of GO. Moreover, no precipitate
was observed a few hours after the magnetic stirring had been
stopped, which indicated that no aggregates of the graphene sheets
were formed. This behavior suggests the presence of interactions
between the PVA matrix and graphene for avoiding graphene
sheets aggregation. Fig. 1 shows the photographs of PVA/1 wt%
graphene nanocomposite films prepared by one-step and two-step
approach, respectively. It can be seen that the film prepared by one-
step approach is shining, smooth, uniform and flexible. However,
there are obvious aggregations of black graphene in the film
prepared by two-step approach. It suggests that it is difficult to
disperse graphene uniformly in the polymer matrix in the case of
two-step approach and the aggregation of graphene inevitably
occurs. Therefore unless otherwise mentioned, the PVA/graphene
nanocomposite films are prepared by one-step approach.

The structures of these films are studied by XRD. The charac-
teristic XRD diffraction peak of pure GO sheets appears at 2q¼ 11.1

�

with a d-spacing of 0.78 nm. After the formation of graphene by
reducing GO in the presence of hydrazine, the XRD pattern of the
graphene sheets shows the disappearance of the 11.1

�
peak con-

firming the complete reduction of the GO sheets (Fig. S1) [21]. XRD
patterns of PVA/graphene nanocomposites with different graphene
contents are shown in Fig. 2.
Table 1
Glass transition temperature and melting parameters of PVA and PVA/graphene
nanocomposites.

Samples Tg (
�
C) DHm(J/g) Xc (%)a DHc(J/g) Tm (

�
C) Tc (

�
C)

PVA 76.2 53.1 38.3 56.3 230.2 200.0
PVA/0.5 wt% graphene 79.4 27.9 20.1 31.6 229.8 196.9
PVA/1 wt% graphene 84.3 25.1 18.1 29.4 229.6 195.7
PVA/2 wt% graphene 86.6 23.2 16.7 25.1 229.2 196.5
PVA/3.5 wt% graphene 90.5 7.8 5.6 11.2 228.9 198.4

a Obtained from the melting endotherms.
PVA shows diffraction peaks at 11.3, 19.4 and 22.4
�
that corre-

spond to the crystalline phase of the polymer [22]. In the nano-
composites, the peaks at 11.3 and 22.4

�
disappear and the main

peak at 19.4
�
decreased and became broader, showing a decrease in

crystallinity and indicating that some interactions between poly-
mer chains and the filler may take place.

FTIR experiments are performed to determine the interaction
between polymermatrix and graphene sheets. It is well known that
both the eOH stretching and the eCeOH stretching bands are
sensitive to the hydrogen bonding. As shown in Fig. 3, the band
around 3100e3500 cm�1, involving the strong hydroxyl band for
free and hydrogen bonded alcohols, shifts to a lower wavenumber
with the increase of graphene contents in the PVA matrix. It could
be ascribed to the dissociation of the hydrogen bonding among the
hydroxyl groups in the polymer [23,24]. These results suggest that
there exists hydrogen bonding between the polymer and graphene
to the detriment of hydrogen bonding among polymer chains and
diminishes the crystallinity of the polymer.

The glass transition and crystallization behavior of the polymer
matrix in the nanocomposites are also investigated because the
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Fig. 5. Typical stressestrain behaviors for the films of PVA, PVA/0.5 wt% graphene
nanocomposite and PVA/3.5 wt% graphene nanocomposite.



Table 2
Tensile properties of pure PVA and PVA/graphene nanocomposite films.

Samples Tensile stress
(MPa)

Modulus
(GPa)

Tensile strain
(%)

PVA 22 � 1 0.45 � 0.2 72 � 6
PVA/0.5 wt%

graphene
25 � 2 0.48 � 0.2 42 � 5

PVA/3.5 wt%
graphene

29 � 2 0.52 � 0.3 22 � 2
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macroscopic properties of the nanocomposites strongly depend on
them. As shown in Table 1, significant changes can be observed in
the glass transition temperature (Tg), the melting enthalpy (DHm)
and the cold crystallization enthalpy (DHc) of PVA in the nano-
composites with different graphene contents. Table 1 also shows
that there are no obvious change in melting temperatures and cold
crystallization temperature of PVA in the nanocomposites.With the
addition of graphene in the nanocomposites, the glass transition
temperature (Tg) of PVA increases gradually from 76 �C to 90 �C,
which could be attributed to the reduced mobility of polymer
chains [25]. The increase in Tg indicates an effective attachment of
PVA to the nanosheets of graphene that constrains the segmental
motion of the polymer chains [20,26]. Moreover, DHm and DHc are
strongly influenced by the graphene contents. The degree of crys-
tallinity (Xc) is calculated from the ratio DHm/DH0, which are the
measured and the 100% crystalline melting enthalpy, respectively.
The melting enthalpy of a 100% crystalline PVA, DH0, is taken as
138.6 J/g [27]. The crystallinity of PVA in the nanocomposites is
determined by considering the weight fraction of PVA in the
nanocomposites. The crystallinity of PVA in the nanocomposites
decreases from 38.3% to an almost amorphous material at 3.5 wt%
of graphene, supporting the hypothesis for the existence of some
interaction between the polymer and graphene to the detriment of
interactions among polymer chains. A high degree of crystallinity
makes polymer brittle, it is because of the decrease in crystallinity
Fig. 6. SEM images of the fracture surface of PV
that the films are more flexible, which will be discussed in the next
part. In addition, DHc decreases significantly as the graphene
content increases in the nanocomposites, which indicates that the
crystallization of PVA is retarded in the DSC cooling scans. The
differences in crystallization behaviors observed for the nano-
composites can be explained considering the existence of interac-
tions between graphene and the polymer matrix, which is
consistent with FTIR and XRD experimental results previously
discussed. In addition, the significant increase in Tg should result in
lowered crystallization rates and may be reflected in the lower
observed level of crystallinity.

TGA is further used to characterize the thermal properties of
PVA and PVA/graphene nanocomposites (Fig. 4). The temperature
of the maximum degradation rate for the nanocomposites
(obtained from the derivative of TGA curves) is about 20e30 �C
higher than that of pure PVA. These phenomena have been ascribed
to the stability of the hydrogen bonding between polymer and
graphene, which improves the thermal stability of PVA [28].

It is interesting to note that the structures and thermal prop-
erties of graphene/PVA nanocomposites were not the only aspect of
the composites influenced. Since PVA is a semicrystalline polymer,
its mechanical properties strongly depend on the degree of its
crystallinity [29]. As discussed above, the crystallinity of PVA
decreases with the increase of graphene in the nanocomposite. On
the other hand, it is expected that the mechanical performance of
the nanocomposite should be enhanced by the large aspect ratio of
the graphene sheets, the molecular-level dispersion of the gra-
phene sheets in PVA matrix, and strong interfacial interaction
mainly by hydrogen bonding between graphene and PVA matrix.
The typical stressestrain behaviors for the films of PVA, PVA/0.5 wt
% graphene nanocomposite and PVA/3.5 wt% graphene nano-
composite are presented in Fig. 5 and Table 2. Compared with the
pure PVA film, the tensile stress and modulus of PVA/3.5 wt% gra-
phene nanocomposite mildly increase by 32% and 16%, respectively.
The elongation at break of the nanocomposite films gradually
A and PVA/graphene nanocomposite films.



X. Yang et al. / Polymer 51 (2010) 3431e3435 3435
decreases with increasing graphene content. The PVA/graphene
nanocomposite films exhibit relatively large elongation at break
though the values are smaller than that of PVA film. Therefore, the
decrease in PVA crystallinity does not reduce the mechanical
properties of the PVA/graphene nanocomposite films. The increase
to some extent of the stress and modulus of the PVA/graphene
nanocomposite films can be ascribed to the homogeneous disper-
sion of graphene sheets in the polymer matrix and strong interfa-
cial interactions between both components. Similar results have
been observed for polymer/carbon nanotubes nanocomposites
[30]. Causin et al. reported that when carbon nanotubes were
properly functionalized they could cooperate to the formation of an
ordered structure and then a great increase in properties was
obtained [31,32].

The fracture surfaces of the PVA/graphene nanocomposite films
are further investigated by SEM after tensile testing. As shown in
Fig. 6, the pure PVA is characterized with smooth surface and does
not exhibit any preferential orientation. In contrast, the SEM images
of the fracture surfaces of the PVA/graphene nanocomposite films
clearly reveal layered-structures with uniformly dispersed gra-
phene sheets in PVA matrix. These phenomena are different with
those of the films of the polymer/carbon nanotubes composites
[33]. They tend to align parallel to the film surface with the addition
of graphene, just like that of the GO paper and membrane [34,35].
The preferential orientation of graphene may originate from grav-
itational forces experienced by the plate-like nanosheets. It has
been reported that GO sheets could be piled up in a near-parallel
manner, resulting in the formation of an ultrastrong paper-like
material with a layered structure. Unfortunately, this material is
brittle and it breaks at a small elongation [34,35]. In our case, it has
been demonstrated that the nanocomposites of polymer and gra-
phene with layer-aligned structure can combine the ductile prop-
erty of polymer matrix and high strength of graphene sheets.

4. Conclusions

In conclusion, we have successfully prepared layer-aligned PVA/
graphene nanocomposites by the reduction of graphene oxide in
the presence of PVA and subsequently cast from aqueous solution.
Though the addition of graphene significantly decreases the crys-
tallinity of PVA, the film of the PVA/graphene nanocomposite is
strong and ductile. The modulus and tensile stress of PVA/3.5 wt%
graphene nanocomposite are 16% and 32% higher than those of
pure PVA. And the glass transition temperature and the thermal
stability are improved to some extent. On the basis of the results,
the influence in the thermal and mechanical properties of the
nanocomposites can be ascribed mainly to the homogeneous
dispersion and alignment of graphene in PVA matrix and the
interactions between both components. It demonstrates that gra-
phene can be utilized effectively as thin two-dimensional nano-
sheets within the polymer matrix for the large-scale potential
applications for polymer/graphene nanocomposites.
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