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ORIGINAL ARTICLE

Poly(vinyl alcohol)/graphene oxide nanocomposites
prepared by a simple eco-process

Seira Morimune!, Takashi Nishino! and Takuya Goto?

Graphene, a single layer of graphite, has recently attracted a large amount of attention because of its extremely high electronic
and thermal properties, as many nanoscale materials are based on individual graphene. Graphene oxide (GO), which is the
intermediate during the chemical processing of graphene, consists of graphene functionalized with oxygen-containing functional
groups that imparts the desirable solution-processability to the neat graphene. Herein, poly(vinyl alcohol) (PVA), a hydrophilic
polymer, was selected as the matrix, and PVA/GO nanocomposites were prepared by a simple and environment friendly

process using water as the proceeding medium. In the PVA matrix, GO was exfoliated and nanodispersed. We found that the
nanocomposites constructed by the incorporation of GO up to 1% by weight possess remarkable properties, such as significantly
high mechanical and thermal properties. These excellent reinforcement effects were achieved not only by the rigid structure
and high aspect ratio of the exfoliated GO but also by the strong interaction between PVA and GO. Furthermore, owing to

the sheet-like structure of GO, the barrier properties of the nanocomposites were found to be dramatically increased.

Polymer Journal (2012) 44, 1056-1063; doi:10.1038/pj.2012.58; published online 18 April 2012

Keywords: barrier properties; graphene oxide; mechanical properties; nanocomposites; poly (vinyl alcohol)

INTRODUCTION

Nanotechnology is expected to make a major contribution to various
industry fields that lead the way in the growth and development
of the social economy. In recent years, many achievements were
made by the newly stimulated research and development of nano-
techniques. The initial discovery of nanocomposites, in which the
filler has at least one dimension on the nanoscale, was reported by
the Toyota Central R&D Labs., Inc. (Aichi, ]apan).l They demonstrated
that nylon6/clay nanocomposites showed a significant improvement
in mechanical and thermal properties.>® Since then, much work has
been dedicated to polymer nanocomposites. This work has revealed
that these nanocomposites show remarkable material property
enhancements, including mechanical properties,™® thermal properties”®
and gas-barrier properties,” compared with the virgin polymers
or conventional micro filler-incorporated composites while using only
a small amount of nanofillers.

In the last few decades, a variety of carbon-based nanomaterials,
such as carbon nanotubes, have been used as nanofillers for polymer
composites because of their outstanding properties.!%!! However,
these materials have various problems including high costs,
allegations against biosafety, low dispersibility in the polymer
matrices and the blackening of the products.'> Therefore, the
availability of carbon-based nanomaterials for polymer nanocom-
posites has been limited.

In 2004, single-layered two-dimensional graphene was first isolated
by Novoselov et al.,”* at the University of Manchester, and they were

consequently honored with the Nobel prize in 2010. Owing to the
extremely high mechanical, electronic and thermal properties,
nanoscale materials based on individual layers of graphene have
recently attracted a great deal of attention.!*"!7 Great strides have
been made in the use of solution-processable graphene materials for
highly conducting composites,'820 transparent electrodes’! and
photovoltaic device applications.’>?* Currently, graphene, which is a
perfect monolayer that does not exist naturally, can be produced in
large quantities by the chemical reduction of graphene oxide (GO),
using graphite as a raw material.’* Graphite is cheap and easily
available, so this chemical approach is likely to be the simplest and
most effective method for the large-scale production of graphene. GO,
the intermediate formed during graphite chemical processing, consists
of functionalized graphene with oxygen-containing functional groups,
including hydroxyls, carboxyls, carbonyls and epoxides. These groups
alter the van der Waals interactions between the graphene layers and
impart the desired solution processablility.>° In addition, for
polymer nanocomposites, the functional groups on the surface of
graphene are expected to improve interfacial bonding between the
graphene and the polymer matrices similar to conventional
functionalized carbon-based nanomaterials used in reinforced
polymer nanocomposites.’*>> These strong interactions between
GO and the polymer matrices can be expected to significantly
impart excellent reinforcement effects to the nanocomposite
materials. In addition to exhibiting the aforementioned prominent
properties, GO forms a unique sheet-like structure with a high aspect
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ratio. Therefore, the nanodispersion of GO in the polymer
matrices will impart not only the excellent properties of a carbon-
based nanomaterial but also the unique properties of a sheet-like
material.

In this study, we prepared the GO-reinforced polymer nanocom-
posites by a simple and environment friendly process. We selected
poly(vinyl alcohol) (PVA), a hydrophilic polymer, as a matrix and
used water as the solvent. The dispersibility of GO was examined with
structural studies. The comprehensive investigation of the nanocom-
posites’ properties, such as mechanical, barrier, thermal and optical
properties, was carried out.

EXPERIMENTAL PROCEDURE

Materials

A 1wt% GO aqueous suspension was supplied from Mitsubishi Gas Chemical,
Inc. (Tokyo, Japan). The GO was synthesized from graphite utilizing
Hummers’ method. 25 PVA powder (‘Gohsenol NH-18’, Nippon Synthetic
Chemical Industry Co., Ltd., Osaka, Japan) was used with a degree of
polymerization of 1800 and a degree of saponification >99%.

Sample preparation

PVA/GO nanocomposites. The PVA powder was dissolved in distilled water at
90 °C to obtain a 5wt% PVA solution. The GO aqueous suspension was slowly
added to the PVA solution under vigorous stirring to obtain a homogeneous
PVA/GO aqueous suspension. The GO content was varied to 0, 0.1, 0.5 and
1 wt% against the amount of PVA powder. The PVA/GO aqueous suspensions
were cast into glass petridishes, dried at room temperature and then dried in a
vacuum at 40 °C for 48 h. The film thickness was controlled as 100 pm.

Characterization

The Fourier-transferred infrared spectrometery (Spectrum GX FT-IR System
I-KS, Perkin Elmer, Waltham, MA, USA) was performed at a resolution of
2cm~!. The accumulated number of scans was 10. X-ray photoelectron
spectroscopy (XPS) measurements were conducted for the GO powder on an
indium ingot using an ESCA-850 spectrometer (Shimadzu Co., Kyoto, Japan)
equipped with MgKo radiation generated at 8 kV and 30 mA. X-ray diffraction
was carried out with an X-ray diffractometer (RINT2100, Rigaku, Tokyo,
Japan). The specimens were irradiated with an Ni-filtered CuKa radiation
beam operated at 40 kV and 20 mA. The scanning speed was 1.0 degree min !,
and the 20/0 scan data were collected at 0.02 degree intervals. The crystallinity
(X.) of PVA was determined using the following equation

Ac
X.=—— %100 (1)
(Ac+Aa)
where, Ac is the area of the crystalline region and Aa is the area of the
amorphous region.

The tensile properties of the nanocomposites were evaluated using a tensile
test with an Autograph AGS-1kND (Shimadzu Co.). The initial length of the
specimen was 20 mm, and a cross head speed of 2mmmin ~! was employed.
The number of tested specimens exceeded ten. The toughness (K), which is
defined as the area surrounded by the stress (o)-strain (¢) curve, was
calculated using the following equation

K= a-de/p (J/g) (2

e=0

where, ¢ is stress (Pa), ¢ is strain (%) and p is density (gm ).

The dynamic mechanical analyses were performed using a dynamic
mechanical analyzer, DVA-220 S (ITK Co., Ltd., Osaka, Japan), under nitrogen
flow. A heating rate of 6 °Cmin~! was employed with a frequency of 10 Hz.
The same analyzer was used to measure the humidity dependence of the
storage modulus. The relative humidity (RH) was changed from 15% RH to
90% RH at a rate of 1% RHmin ! in the air atmosphere at 60 °C.
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The swelling ratio was determined by immersing the specimens in distilled
water at 30 °C and was defined as the weight gain of the specimens as follows

Swelling ratio = W/ Wy (3)

where, W, and W is the weight of the specimen before and after swelling,
respectively. The diffusion coefficient of water (D) was determined using the
following equation3*3*

D= n(%)z (m?/s) (4)

where, Q is the slope of the linear approximation obtained by plotting the
swelling ratio versus the square root of the swelling time and r is the thickness
of the specimens.

Differential scanning calorimetry (DSC) was carried out using a differential
scanning calorimeter (DSC-220CU, Seiko Instruments Inc., Chiba, Japan). The
melting points (T;,) of the nanocomposites were determined as the endotherm
peak temperature. The thermal decomposition temperature (T4) was measured
with a thermogravimeter (TG/DTA-220CU, Seiko Instruments Inc.). The
T4 was defined as the temperature at which the substance had a 5wt%
thermal weight loss. DSC and thermogravimeter were performed under
nitrogen flow with a heating rate of 10°Cmin~!. The thermal expansion
behavior was measured using a TMA/SS-120CU (Seiko Instruments Inc.)
under nitrogen flow. The instrument was operated in tension mode under a
1 MPa stress with a heating rate of 10 °C min~..

The ultraviolet—visible spectra were observed using a ultraviolet—visible
spectrophotometer (U-2000, Hitachi Ltd., Tokyo, Japan) at a wavelength scan
rate of 400 nmmin .

RESULTS AND DISCUSSION

Characterization

The Fourier-transferred infrared spectrum of GO is shown in
Figure la. The spectrum shows the characteristic absorption bands
of GO. The band at 1622cm ! can be assigned to the stretching
vibration of an aromatic sp? carbon bond. The bands at ~2915cm ~!
and 1352cm ! are attributed to aliphatic C-H stretching and
deformational vibration, respectively.35 In addition to the bands
derived from the structure of graphene, which are planar sheets of
sp>-bonded carbon atoms, the oxygen-containing functional groups
were also observed. The bands at 1733cm~!, 1225cm~! and
1075cm ™! can be assigned as C=0O stretching, C-OH bend-
ing and C-O stretching, respectively.® Furthermore, the band at
975cm ! can be assigned as the symmetrical epoxy ring deformation
as well as the out-of-plane wagging of O-H-O.>” The hydroxyl
groups appeared at 3404cm ™! (O-H stretching vibration) and
1622cm ! (O-H bending vibration), which included adsorbed
water on the GO surface in air.’®3° To confirm the presence of the
oxygen-containing groups on the surface of GO, XPS measurements
were conducted.

Figures 1b—d shows the atomic % and ratio O/C from the XPS
analysis (panel b), Cls (panel c¢) and Ols spectra of GO (panel d).
From Figure 1b, the XPS analysis revealed that GO contains 27.8%
oxygen, which can be related to the oxygen-containing groups
discussed in detail below. Figure lc represents the Cls spectrum
that is essentially composed of five peaks, which clearly indicate the
existence of different types of functional groups. The peaks at
289.1eV (peak 1) and 289.9 eV (peak 2) can be assigned as carbonyl
groups and carboxyl groups, respectively.*>4! The peak for the C-O-
C bond in epoxies/ethers as well as that for C-OH bonding were
found at the binding energy of 287.5eV (peak 3).42 The peaks related
to the graphene components appeared at 284.5¢V (sp> carbons and
alkyl groups) (peak 4) and 283.7eV (graphitic sp? carbon species)
(peak 5).% For the Ols spectrum, the peaks are curve resolved into
three Gaussian peaks (Figure 1d). The peak from hydroxyl groups

Polymer Journal



Poly(vinyl alcohol)/graphene oxide nanocomposites
S Morimune et al

a b
C-H
deformation
1382¢m”
C-H [
stretching -OH
2915cm” | bending
= atom % ratio
oS 57(:33:0;«‘
slre!;:hlng C 0] o/C
‘mm_/ ™ GO 722 27.8 0.39
- 1075¢m
sl!elcgsng C-0 v.%',?ﬁgn
OH stretching o
bending (oo,
stretching
1 1 1 1 1
4000 3400 2800 2200 1600 1000 400
Wavenumber (cm'')
c d
Cis A O1s
1
£l )
8 8
= =
= E
3 4 2
2
5 3
1 i i L I L 1 L L I i - L 1 1 A 'l L
294 292 290 288 286 284 282 539 535 531 527 523

Binding energy (eV)

Binding energy (eV)

Figure 1 (a) FT-IR spectrum of GO; (b) atomic % and O/C ratio of GO from the XPS analysis; (c) C1s XPS spectrum of GO; (d) O1s XPS spectrum of GO.

was observed as the most intense peak, at 533.6eV (peak 1). The
peak at 528.5eV can be related to carboxyl/carbonyl/ether groups
(peak 2), and the peak at 536.0 eV can be related to a nepoxy group
(peak 3).! Judging from the results of XPS and those of the Fourier-
transferred infrared (Figure la), the surface of GO was oxidized
adequately, which resulted in the nanodispersion of GO in an
aqueous medium.

Figure 2 shows the X-ray diffraction profiles of the PVA film, PVA/
GO nanocomposites and GO powder dried from aqueous medium.
The characteristic peak for GO appeared clearly at 20 = 10.1 °, which
can be assigned as the 001 reflection corresponding to the graphite
interlayer ~distance. Because GO-formed agglomerates during
drying, the reflection assigned as this interlayer appeared. This 001
reflection was also observed for the profile of the PVA/GO mixture, for
which the PVA and GO powders were physically mixed using a mortar,
overlapping with the 100 reflection of PVA. On the other hand, for the
nanocomposites this reflection disappeared, which suggests that GO
was well exfoliated and homogeneously dispersed in the PVA
matrix.*»* The SEM photograph of the cross section of the
nanocomposite also shows that the GO sheets were nano-dispersed.
In addition, the GO sheets were partially oriented parallel to the film
surface (Supporting Figure S2). The X, values determined by the X-ray
diffraction profiles were found to increase from 28% in a neat PVA
film to 30, 33 and 35% by the incorporation of 0.1, 0.5 and 1 wt% GO
loading, respectively. Many reports have described the incorporated
inorganic filler acting as crystallization nuclei. Thus, GO was
considered to act as the crystallization nucleus of the PVA matrix.>’
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Figure 2 X-ray diffraction profiles of the PVA film, the PVA/GO nanocomposites
and GO. The figure inserted on the upper right is the profiles of the PVA/GO
nanocomposite and the physical mixture of PVA/GO powder with 1wt% GO
loading. A full color version of this figure is available at Polymer Journal online.
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Figure 3 (a) Stress (o)-strain (¢) curves of the PVA film and the PVA/GO nanocomposites; (b) Experimental tensile strength (omay), strain (ema) and
toughness (K) of the PVA/GO nanocomposites; (c) Experimental Young's modulus (E) of the PVA/GO nanocomposites and the calculated data derived from
the Halpin-Tsai equation. A full color version of this figure is available at Polymer Journal online.

Mechanical properties

Figure 3a shows the stress (o)-strain (&) curves of the PVA film and
the PVA/GO nanocomposites. The tensile strength (6,,), equal to
the yielding stress, and Young’s modulus (E) dramatically increased by
the incorporation of GO. Conversely, the elongation at the break
(émax) Of the nanocomposites decreased with an increasing GO
content, whereas the PVA film showed the typical 6—¢ curve for a
conventional polymer film with yielding. Figure 3b shows the
relationship between the GO content and 0.y, &max and the K of
the PVA film and the PVA/GO nanocomposite (see also Supporting
Table S1). The fracture of the composites would be caused by the
strong but brittle nature of GO and the aggregation of GO, which can
be the starting point of the crack under concentrated stress. However,
for the nanocomposites with 0.1 wt% GO loading, the high &, close
to that of the PVA film remained. Therefore, the K value of the
nanocomposites with 0.1 wt% GO loading increased 33% higher than
that of the PVA film. This result shows that the nanodispersion of GO
was successfully achieved with 0.1 wt% loading of GO. Zhao et al.,*¢
reported that the slippage of graphene nanosheets during the tensile
testing had a role in the suppression of the rapid decrease of gy It
can be assumed that as extra GO was added into the PVA matrix, the
interaction between the GO sheets, mainly by van der Waals force,
would stack the sheets together and form large GO agglomerates.
Therefore, with excess GO loading, brittle failure can easily occur in
the nanocomposites, and as a result, the K value drastically decreases.

Figure 3¢ shows the relationships between the E and GO content of
the PVA/GO nanocomposites (see also Supporting Table S1). The E of
the nanocomposite increased drastically to 176 % compared with the
E of the PVA film with only 0.1 wt% GO loading. In the past, many
theoretical and empirical models have been developed for polymer
composite systems.*”>2 A comparison was made between the
experimental data and the model predictions for the PVA/GO
nanocomposites. Here, we employed the Halpin-Tsai equations,
which are the most widely used model to estimate reinforcement
effect of filler in composites, based on the assumption that the GO
sheets were aligned parallel to the surface of the composite films. The
equations are given as follows

o (T+nlVy
By, 7
 (Bi/En—1)
= (E/En + &) (©)

where, E., Ef and E,, are the E of the composite, filler and matrix,
respectively, and Vi is the volume fraction of filler. ¢ is a shape
parameter that depends on filler geometry, orientation and loading
direction and is equal to the following equation

o 201{ _ Zlf

3 3t

(7)
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1060

where, Ir and f are the length and thickness of GO, respectively. The
average size of GO was determined from >20 of the atomic force
microscope (AFM) images. Monolayers of GO were observed with an
average size of ;=3 um and fr=1nm (Supporting Information;
Figure 1). The E. values of the PVA/GO nanocomposites were
calculated using the above equations 5-7 and are shown with a roken
line in Figure 3c. For the nanocomposites with a low GO content
(under 1wt%), the experimental E value greatly exceeded the model
predictions. These unrivaled reinforcement effects can be achieved by
the combination of several elements in the PVA/GO nanocomposites.
First, as previously mentioned in Figure 2, the X, of the PVA matrix
increased with increasing GO content. Therefore, the mechanical
properties of the PVA matrix increased, which contributes to the
enhancement of the mechanical properties of the nanocomposites.
The strong interfacial interaction between PVA and GO also supplies
a reinforcement effect.*44

Scheme 1 shows the schematic illustration of the possible interac-
tions between PVA and GO. There are oxygen-containing moieties,
such as hydroxyl, carbonyl, carboxyl, ether and epoxy groups, on the
surface of GO, as shown in the results from the Fourier-transferred
infrared and XPS (Figures la—d). These groups can form hydrogen
bonds with PVA. Furthermore, because of the large aspect ratio of
GO, which was exfoliated and nanodispersed in the PVA matrix, the
strong interaction was achieved at the interface between the PVA
matrix and GO. Therefore, the excellent mechanical properties that
exceeded the predictions could be achieved for the PVA/GO
nanocomposites.

Figure 4a shows the temperature dependence of the storage
modulus (E') and the mechanical tand of the PVA film and the
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0 ~H [0, o-H Bonding
¢! o] % o] M
| s | il | " £ <;-H
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Scheme 1 Schematic illustration of the possible interaction between PVA and
GO. A full color version of this scheme is available at Polymer Journal online.
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PVA/GO nanocomposites. The main dispersion in tand, the so-called
0, Was ~61°C and is assigned as the glass transition (T}) of the PVA
matrix.>> By the incorporation of GO, the peak of this dispersion
shifted to higher temperatures, and at the same time the intensity of
the peak decreased. The other dispersion at ~ —5 °C, the so-called f
dispersion was also suppressed by the GO loading. From the dynamic
mechanical analysis over the glass transition temperature (T,) of PVA,
the decrease of E' with temperature was effectively suppressed by the
incorporation of GO, and the high E' was maintained within the
entire temperature range (from —150 °C to 200 °C) for the PVA/GO
nanocomposites.** These results indicate that the molecular motion
of the polymer chains was restricted in the amorphous phase of PVA
by the interactions between the GO nanosheets and/or PVA and GO,
causing sufficient reinforcement effects.>>*>>° Furthermore, the
dynamic mechanical analysis results revealed that the high E' value
was maintained even under a high RH in the range of 15-90% at
60 °C (Figure 4b). The arrow indicates the maximum QUOTE , which
shifted to a high temperature with GO loading. Because the
nanodispersion of GO has a high aspect ratio, the penetration pass
of water in the PVA matrix was considered to be prolonged, and the
relaxation of the PVA molecular chains was suppressed. Furthermore,
in the nanocomposites, the GO sheets were partially oriented parallel
to the film surface (Supporting Figure S2), which prevented the
penetration of humidity. This phenomenon in the high RH can also
be explained as a barrier property as shown below.

Barrier properties

Figure 5a shows the swelling ratio of the PVA film and the PVA/GO
nanocomposites in distilled water at 30 °C. Subsequently, the dotted
line in the figure shows the swelling ratio of the fluorinated PVA film
reported previously, where the PVA film surface was chemically
modified with a fluorinated silane-coupling agent.®® The PVA film
showed a high swelling ratio because of its water olubility.
Alternatively, for the PVA/GO nanocomposites with only 0.1 wt%
GO loading, the plateau swelling ratio was suppressed 55% compared
with that of the PVA film, which is comparable to the fluorinated
PVA film. Judging from the gradient of the swelling curve, the
incorporation of 1wt% GO into the PVA matrix prevented the
penetration of water into the bulk similar to that of the fluorination
of the PVA film. The diffusion coefficients of water for the PVA film
and the PVA/GO nanocomposites are shown in Figure 5b. The
diffusion coefficient of the nanocomposites with only 1wt% of GO
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Figure 4 (a) Temperature dependence of the storage modulus (E’) and the mechanical tand of the PVA film and the PVA/GOnanocomposites; (b) RH
dependence of E’ for the PVA film and the PVA/GO nanocomposites at 60 °C. A full color version of this figure is available at Polymer Journal online.
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Figure 6 (a) Differential scanning thermograms of the PVA film and the PVA/GO nanocomposites; (b) thermogravimetric traces of the PVA film and the
PVA/GO nanocomposites. (c) Thermal expansion behavior of the PVA film and the PVA/GO nanocomposites under 1 MPa. A full color version of this figure is

available at Polymer Journal online.

(1.3x 10" ""'m?s~!) was comparable to that of poly(vinylidene
chloride) (1.0 x 10~"'m2s~1),51 which is well known for its high
barrier properties. Therefore, as described above in the results of
dynamic mechanical analysis (Figures 4a-b), the high dispersibility
and the sheet-like structure of GO was effectively imparted to the
nanocomposites, and the excellent barrier property of the nanocom-
posites against water was achieved, despite the water-swellable nature
of the PVA matrix.

Thermal properties

Figure 6a shows the DSC thermograms of the PVA film and
the PVA/GO nanocomposites. The endotherm assigned as the T,
of pure PVA (~225°C) was clearly observed in every case. The Ty
and T, of the PVA film and the PVA/GO nanocomposites are
summarized in Table 1. The increase in the T, caused by the
incorporation of GO was observed in the DSC thermograms, which
coincide with the results of dynamic mechanical analysis (Figure 4a).

1061
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There was no obvious change in T, by the incorporation of GO.
This result suggests that GO largely affects the amorphous region
but has almost no effect on the crystalline regions of the PVA
matrix.

The thermogravimetric traces further used to characterize the
thermal properties of PVA and the PVA/GO nanocomposites are
shown in Figure 6b. The onset temperature of the thermal degrada-
tion (T4) of the nanocomposite increased gradually by the incorpora-
tion of GO (Table 1). The Ty of the PVA/GO nanocomposite with
1 wt% GO loading was 8 °C higher than that of PVA film. This result
indicates that, owing to the nanodispersion and its high aspect ratio,
GO can act as a barrier to hinder not only water adsorption (Figure 5)
but also the volatile decomposition products throughout the nano-
composites.®? In addition, the PVA molecular motion was suppressed
by the rigid structure of the GO nanosheets, which have been ascribed
to the stability of the hydrogen bonding between PVA and GO that
improves the thermal stability of PVA.>?

The dimensional stability was evaluated by the measurement of the
thermal expansion behavior of PVA film and the PVA/GO nanocom-
posites (Figure 6¢). For wide applications of the composites, warping
and other changes in shape during the service should be avoided,
and the dimensional stability is critical. The thermal expansion
was suppressed steadily by loading with GO. From Figure 6c, it is
apparent that the heat distortion temperature increased with increas-
ing GO content. The heat distortion temperature of the PVA/GO
nanocomposite with 1wt% GO loading was 66 °C, which is 8°C
higher than that of the PVA film. The thermal expansion coefficients

Table 1 Thermal properties of the PVA film and the PVA/GO
nanocomposites

Tg Tm Ty a (40-50°C) o (80-90°C)

°C °C °C 1079 K1 1074 K1
PVA 62 225 263 8.8 6.9
PVA/GO 0.1 wt% 65 225 265 7.2 5.9
PVA/GO 0.5wt% 68 226 269 5.9 4.0
PVA/GO 1 wt% 76 227 271 4.7 2.1

Abbreviations: GO, graphene oxide; PVA, poly(vinyl alcohol); Ty, thermal decomposition
temperature; T, glass transition temperature; Ty, melting points.

PVA PBVA

PVA

0.1wt%

1wit%

(o) between 40-50 °C and 80-90 °C of the PVA film and the PVA/GO
nanocomposites are summarized in Table 1. In both cases, the o value
of the nanocomposites decreased linearly with the loading of GO.
Especially above T,, the o value was drastically suppressed by the
incorporation of GO. This result is likely because of the distribution
of GO, which suppressed the PVA molecular motion, and because
the rigid structure of GO was sufficiently imparted to the
nanocomposites.

Optical transparency

The optical images of the PVA film and the PVA/GO nanocomposites
are shown in Figure 7a. Following the incorporation of GO, the
nanocomposites slightly turned pale brown. Figure 7b shows the
ultraviolet—visible spectra of the PVA film and the PVA/GO nano-
composites. Across the visible light region of the wavelength of
380—780 nm, the PVA film exhibited a high transparency of >90%,
which enables PVA to be used as an optical film such as a polarizer.
On the other hand, for the nanocomposites, the transparency
decreased with increasing GO content. Thus, the transparency to
opacity of the nanocomposites is controllable simply by changing the
content of GO.

CONCLUSION

We prepared the PVA/GO nanocomposites using a simple casting
method from an aqueous medium. From the structural studies, GO
was revealed to be exfoliated and nanodispersed in the PVA matrix.
By the incorporation of GO to create a nanocomposite, the E and the
O max dramatically increased compared with those of the PVA film. We
compared the experimental E-value with the model prediction using
the Halpin-Tsai equation. The experimental value remarkably
exceeded the prediction at a low content of GO (under 1wt%).
The excellent reinforcement of the nanocomposites was achieved by
the strong interaction between PVA and GO. In addition, the barrier
properties and the thermal properties of the nanocomposites remark-
ably increased when GO was incorporated. These property changes
were largely attributed to the rigid structure of the GO sheets and
their high aspect ratio. In conclusion, we succeeded in imparting not
only the excellent properties of GO but also the advantageous effects
derived from the sheet-like structure of GO effectively to the
nanocomposites.
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Figure 7 (a) Optical images of the PVA film and the PVA/GO nanocomposite; (b) ultraviolet-visible spectra of the PVA film and the PVA/GO nanocomposites.
The thickness was 100 um. A full color version of this figure is available at Polymer Journal online.
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