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ABSTRACT: Layer-structured poly(vinyl alcohol)/gra-
phene oxide nanocomposites in the form of films are pre-
pared by simple solution processing. The structure and
properties of these nanocomposites are studied using X-ray
diffractions, scanning electron microscopy, Fourier-transform
infrared spectroscopy, differential scanning calorimetry, and
thermogravimetric analysis. The results indicate that gra-
phene oxide is dispersed on a molecular scale and aligned in

the poly(vinyl alcohol) matrix, and there exists strong interfa-
cial interactions between both components, which are re-
sponsible for the significant improvement in the thermal and
mechanical properties of the nanocomposites. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 120: 1355-1360, 2011
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INTRODUCTION

Polymer-based nanocomposites are the subject of
increased interest in the last decades because of their
enhanced properties arising from the reinforcement
of fillers."™ Especially, when the properties depend
on the surface area of the fillers, small amounts (typ-
ically less than 5%) of nanosized fillers give rise to
the same level of mechanical and thermal improve-
ments as are typically achieved with loadings of 30—
50% of microsized fillers.* Clay minerals and carbon
nanostructures have been proposed as candidates
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for the nanofillers.”” The dispersion of the nanofil-
lers within the polymer matrix has significant influ-
ence on the properties of the composites. If the
nanofillers in the polymer matrix could be dispersed
on a molecular scale and interacted with the matrix
by chemical bonding or strong intermolecular inter-
actions, significant improvements in the thermal and
mechanical properties of the nanocomposites or
unexpected new properties might be achieved.
Recently, a two-dimensional single-layered gra-
phene oxide (GO) has attracted a great deal of atten-
tion because of its low cost, unique structure, and re-
markable properties.®'? There are various oxygen
functional groups (e.g., hydroxyl, epoxide, and car-
bonyl groups) attached on the basal planes and
edges of GO sheets. Thus, GO is hydrophilic and ca-
pable of forming stable colloidal suspensions as indi-
vidual sheets in water. Meanwhile, these oxygen-
containing groups impart GO sheets with the func-
tion of strong interaction with polar small molecules
or polymers to form GO-intercalated or -exfoliated
composites.''™'® Therefore, by combining extraordi-
nary properties and low cost, it is expected for two-
dimensional GO sheets to be used as promising
nanoscaled filler for the next generation of nanocom-
posite materials.'”'® Inspired from those studies, this
work is focused on investigating the properties of
poly(vinyl alcohol) (PVA)/GO nanocomposites. PVA
is water soluble, nontoxic, and highly hydrophilic,
with wide industrial applications in paper coating,
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textile sizing, and flexible packaging films. These
applications stimulate an interest in improving ther-
mal and mechanical properties of thin PVA films by
the fabrication of PVA nanocomposite films.

In this study, layer-structured PVA /GO nanocom-
posites were prepared by incorporating GO into a
PVA matrix using a simple solution processing
method. We investigate the effects of GO loading on
the properties of PVA/GO nanocomposites. The
properties of the nanocomposites are studied in the
film form as a function of GO content in the matrix
polymer. GO content of the nanocomposites is var-
ied from 0 to 3.5 wt %. We also examine the rela-
tionship between the properties and structures of
the PVA /GO nanocomposite films.

EXPERIMENTAL
Materials

PVA (99+% hydrolyzed, M,, ~ 89,000-98,000) was
purchased from Aldrich (America). Graphite powder
was purchased from Uni-Chem (Hong Kong, China).
Other reagents were of analytical grade and used
without further purification.

Synthesis of hybrid materials

GO was prepared from graphite by the modified
Hummers method.””* PVA/GO nanocomposites
with 0.5, 1, 2, and 3.5 wt % of filler were prepared
as follows: GO was dissolved in 10 mL of water and
treated with ultrasound for 45 min to make a ho-
mogenous brown dispersion (1 mg/mL). PVA pow-
der was dissolved in distilled water at 90°C, and the
solution was subsequently cooled to room tempera-
ture. The GO aqueous dispersion was gradually
added to the PVA solution and sonicated at room
temperature for 30 min to obtain homogeneous
PVA/GO solutions. Finally, the above solutions
were allowed to stand overnight to remove air bub-
bles, then poured into glass dishes, and kept at 40°C
for film formation until its weight equilibrated.

Characterization

X-ray diffraction (XRD) patterns were obtained using
a PHILIPS PW 3710 diffractometer using Cu Ka radia-
tion source (A = 1.5418 A) at room temperature. Fou-
rier-transform infrared (FTIR) spectra were recorded
on a Perkin-Elmer spectrum 100 FTIR spectrometer
with a 4 cm™! resolution. The glass-transition and
crystallization behaviors were investigated by differ-
ential scanning calorimetry using a Perkin-Elmer
Pyris 1 in nitrogen atmosphere. The samples were
heated from room temperature to 240°C, maintained
at this temperature for 5 min, then cooled to room
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Figure 1 XRD patterns of GO, PVA and PVA/GO nano-
composite. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

temperature, and heated again to 240°C. The heating
and cooling rates were 10°C/min in all cases. Ther-
mogravimetric analysis (TGA) was carried out on a
Netzch STA 449C instrument at a heating rate of
10°C/min in an air atmosphere. The failure surfaces
of the PVA/GO nanocomposite films (after tensile
tests) were observed via scanning electron micros-
copy (SEM; JEOL Model JSM-6490). The failure surfa-
ces were coated with gold before analysis. The tensile
strength, elongation, and modulus of PVA /GO nano-
composites were measured on a universal tensile test-
ing machine (Instron 4411) at 20°C with 60% relative
humidity. The extension rate was 5 mm/min, and the
load cell was 250 N, with a gauge length of 40 mm.
The specimen dimension was 60 mm in length, 10
mm in width, and 0.04 mm in thickness. Five parallel
measurements were carried out for each sample.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of pure GO, pure
PVA (curve b), and PVA/GO nanocomposite. The
characteristic XRD peak of pure GO sheets appears
at 20 = 11.1°, corresponding to a d-spacing of 0.78
nm.*' It indicates that GO is successfully synthesized
from graphite powder by a modified Hummers
method. PVA shows diffraction peak at 19.5°, which
corresponds to the crystalline phase of the poly-
mer.”? However, for the PVA/GO nanocomposite,
its XRD pattern only shows the PVA diffraction
peak from PVA and the diffraction peak of GO dis-
appears. This clearly demonstrates the disappear-
ance of the regular and periodic structure of gra-
phene, the formation of fully exfoliated structures,
and the homogeneous distribution of GO sheets in
the polymer matrix.*>
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Figure 2 FTIR spectra of (a) PVA and (b) PVA/2 wt %
GO nanocomposite.

To characterize the nanocomposites and to deter-
mine the interaction between polymer matrix and
the nanofillers, FTIR experiments were performed. It
is well known that both the -OH stretching and the -
C-OH stretching bands are sensitive to the hydrogen
bonding. As shown in Figure 2, the band around
3600-3300 cm ™, involving the strong hydroxyl band
for free and hydrogen bonded alcohols, is broadened
and shifts to a lower wavenumber when GO nanofil-
lers is added into the PVA matrix. This could be
attributed to the dissociation of the hydrogen bond-
ing among the hydroxyl groups in the polymer.*
Another similar change in the FTIR spectrum of the
PVA /GO nanocomposite is also observed for the
band corresponding to the -C-OH stretching at about
1100 cm ', indicating hydrogen bonding between
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Figure 3 Differential scanning calorimetry traces of PVA
and PVA/GO nanocomposites. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE I
Glass-Transition Temperature and Melting Parameters of
PVA and PVA/GO Nanocomposites

Samples T,(°C) T, (C) AH(/g) X. (%)
PVA 76 228 53.1 383
PVA/0.5 wt % GO 78 228 52.6 37.9
PVA/1 wt % GO 79 228 51.7 37.0
PVA/2 wt % GO 82 228 52.1 376
PVA/3.5 wt % GO 84 226 39.9 28.8

the -OH in PVA and the oxygenated groups in GO
nanofillers.***

The glass-transition and melting behavior of the
polymer matrix in the nanocomposites were also
investigated. The transition temperatures and melt-
ing enthalpy were taken from the second heating
run in the calorimetric curves. As shown in Figure 3
and Table I, with the addition of GO in the nano-
composites, the glass-transition temperature (T,) of
PVA increases gradually from 76°C to 84°C (Fig. 4),
which can be explained by the reduced mobility of
polymer chains.”® The increase in T, indicates an
effective attachment of PVA in the vicinity of the
surface of the GO nanosheets, which constrains the
segmental motion of the PVA chains by hydrogen
bonding.>***” The degree of crystallinity (X,) is cal-
culated from the ratio of AH/AH,, which are the
measured and the 100% crystalline melting enthalpy,
respectively. The melting enthalpy of a 100% crystal-
line PVA, AHy, is taken as 138.6 J/g.*® The crystallin-
ity of PVA in the nanocomposites is determined by
considering the weight fraction of PVA in the nano-
composites. For the crystallization of PVA, there are
no obvious changes in the melting temperature (T,,)
and melting enthalpy (AH) when the GO content is
below 2 wt %, as reported by others.”*° In our case,
when the GO content is increased to 3.5 wt %, the
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Figure 4 Higher resolution of differential scanning calo-
rimetry traces of PVA and PVA /GO nanocomposites.
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Figure 5 TGA curves of (a) PVA, (b) PVA/2 wt % GO,
and (c) PVA/3.5 wt % GO nanocomposites. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

crystallinity of PVA decreases to some extent, sug-
gesting the existence of more interaction between
the polymer and the filler to the detriment of inter-
actions among polsymer chains to suppress the crys-
tallization of PVA.>!

Thermal stability represents one of the most im-
portant properties in polymer nanocomposites. As
shown in Figure 5, TGA is further used to character-
ize the thermal properties of PVA/GO nanocompo-
sites. The temperature of the maximum degradation
rate for the nanocomposites (obtained from the de-
rivative of TGA curves) is increased by about 30-
40°C in comparison with that of pure PVA. These
results indicate that the mobility of the polymer seg-
ments at the interfaces of PVA and GO is sup-
pressed by strong interactions, which improves the
thermal stability of PVA.*

The homogeneous dispersion of nanofillers in the
matrix and the strong interaction between them are
beneficial not only to improve thermal property but
also to enhance mechanical property of the nano-
composites. In our case, the mechanical performance
of the PVA/GO nanocomposite is significantly
increased compared with that of the pure PVA ma-
trix, as shown in Table II. The elongation at break of

TABLE II
Tensile Properties of Pure PVA and PVA/GO
Nanocomposite Films

Tensile Tensile
stress Modulus strain
Samples (MPa) (GPa) (%)

PVA 22 =1 045 = 0.2 72 + 6
PVA/0.5 wt % GO 30 + 2 0.59 = 0.3 66 + 5
PVA/1 wt% GO 37 +2 0.72 = 0.5 57 + 4
PVA/2 wt % GO 42 =3 1.21 = 0.7 53 + 4
PVA/3.5 wt % GO 32 +2 1.46 + 0.8 16 =2
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Figure 6 Typical stress—strain behaviors for the films of
pure PVA and PVA/2 wt % GO nanocomposite.

the nanocomposite films gradually decreases with
increasing GO content. The typical stress—strain
curves of PVA and PVA/2 wt % GO nanocomposite
films are presented in Figure 6. The tensile stress
and modulus increase sharply by 92.2% from 22 to
42 MPa and by 167% from 0.45 to 1.21 GPa, respec-
tively, with the increase in GO loading from 0 to 2
wt %. Furthermore, when 3.5 wt % or more of GO
was added, the nanocomposite films showed more
brittle failure (Table I), which is probably caused by
the aggregation of nanofillers in the nanocomposite
films.”* The reinforcement effect can be quantita-
tively evaluated by measuring the increasing rates of
modulus and tensile stress at low GO volume con-
tent for PVA/GO nanocomposites.”>** It has been
reported that the mechanical properties of a ductile
polymer composite with two-dimensional nanofillers
have linear relationships with the volume contents
of fillers on the basis of a simple shear lag model.*®
As shown in Figure 7, tensile stress and modulus of
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Figure 7 Tensile stress and modulus of the PVA/GO
composite films as a function of volume fraction of GO.
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Figure 8 SEM images of the fracture surface of PVA,
PVA/1 wt % GO, and PVA/2 wt % GO nanocomposites.

the nanocomposites increase almost linearly with the
volume content of GO, and the corresponding
increasing rates were fitted to be 1.8 * 0.3 and 86 =
11 GPa, respectively. These reinforcement values are
close to those of PVA/carbon nanotubes compo-
sites.’* After the addition of 0.8 wt % functioned car-
bon nanotubes into the PVA matrix, the tensile mod-
ulus increased by 79% (from 2.4 to 4.3% GPa), and
the tensile yield strength increased by 47% (from 73
to 107 MPa). The elongation at break significantly
decreased, indicating the composites became some-
what more brittle compared with pure PVA.?

These results demonstrate that the enhancement of
mechanical properties of the PVA/GO nanocompo-
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sites could be ascribed to the uniform dispersion on
a molecular scale and alignment of GO in the poly-
mer matrix and strong interfacial interactions
between both components.

Because PVA is a semicrystalline polymer, its me-
chanical properties should strongly depend on the
degree of its crystallinity. However, as shown in Figure
3 and Table I, no obvious change in PVA crystallinity is
observed in PVA /GO nanocomposites containing 2 wt
% GO. Therefore, the significant increase in the stress
and modulus of the PVA/GO nanocomposites cannot
be ascribed to the changes in PVA crystallinity. Thus, it
is reasonable to attribute the significant improvement
of mechanical properties for the nanocomposites to the
homogeneous dispersion of GO sheets in the polymer
matrix and strong interfacial interactions between both
components. Similar results have been observed for
polymer /carbon nanotubes nanocomposites.*”

The strength of interfacial interactions between the
polymer matrix and GO sheets are further investi-
gated by examining the fracture surfaces by using
SEM as shown in Figure 8. The SEM micrograph of
pure PVA is characterized with smooth surface. On
the other hand, the fracture surfaces of the PVA/GO
films after tensile testing are totally different from
that of the pure PVA, in which the surface is
affected by the exfoliation of GO sheets. They are
also different with those of the films of the poly-
mer/carbon nanotubes composites.® It is character-
ized by the hybrid structure, which appears gradu-
ally as separated parallel layers in the case of the
nanocomposites with the addition of GO, just like
that of the GO membranes.>” It suggests that the
water-dispersed GO and PVA assemble into a layer-
stacking macroscopic structure.

CONCLUSIONS

A simple solution processing method to produce
PVA /GO nanocomposites with layered structure has
been reported. The film of the PVA/2 wt % GO
nanocomposite is strong and ductile. Its modulus
and tensile stress are 167% and 92.2% higher than
those of pure PVA. On the basis of the results, the
improved thermal and mechanical properties of the
nanocomposites are mainly due to the homogeneous
dispersion and alignment of GO in PVA matrix and
the interactions between both components. It dem-
onstrates that GO can be used effectively as a two-
dimensional reinforcement nanofiller to prepare
polymer nanocomposites with high performance.
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