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A facile and “Green” route has been applied to fabricate graphene oxide (GO) reinforced polymer composites utilizing “deionized
water” as solvent. The GO was reinforced into water soluble poly(vinyl alcohol) (PVA) and poly-2-acrylamido-2-methyl-1-
propanesulfonic acid (PAMPS) matrix by ultrasonication followed by mechanical stirring. The incorporation and dispersion of
the GO in the polymer matrix were analyzed by XRD, FE-SEM, AFM, FT-IR, and TGA. Further, the FE-SEM and AFM images
revealed that the surface roughness and agglomeration of the GO in the polymer matrix increased by increasing its concentration.
Ionic exchange capacity, proton conductivity, and tensile texture results showed that the reinforcement of GO in the polymer
matrix enhances the physicochemical properties of the host polymer. These PVA/PAMPS/GO nanocomposites showed improved
mechanical stability compared to the pristine polymer, because of strong interfacial interactions within the components and
homogeneous dispersion of the GO sheets in the PVA/PAMPS matrix.

1. Introduction

Reinforcement of nanofillers into the polymer matrix is
being used to enhance the physicochemical properties of
the host polymer. For the improvement of polymer stability,
carbonaceous nanoparticles such as graphene, fullerenes,
carbon nanotubes, and carbon nanofibers have been widely
utilized by reinforcement into the polymer matrix [1–4].
Recently, graphene based nanofillers have been applied in
fuel cells, electrochromic devices, lithium-ion batteries, con-
ducting electrodes, ultracapacitors, solar cells, and chemical
sensors, due to their electronic structure, thermomechanical
properties, and homogeneous dispersion in the host poly-
mers. The graphene oxide (GO) is a 2D sheet of covalently
bonded carbon atoms consisting of hydroxyl, epoxide, and
carbonyl functional groups on edges and basal planes, and
these groups make the GO strongly hydrophilic and disperse

in water quickly as individual sheets. However, the GOs are
in powdery form and possess less mechanical stability, which
protects their practical applications. In order to utilize this
valuable material practically, it should be reinforced with
polymeric materials to enhance their practical applications
as well as physicochemomechanical properties of the host
materials.

Chemically cross-linked poly(vinyl alcohol) and poly-2-
acrylamido-2-methyl-1-propane sulfonic acid (PVA-PAMPS)
films have been widely attracted in fuel cells and elec-
trochromic and electromechanical devices, due to their excel-
lent proton conductivity, ease of preparation, biocompatibil-
ity, and cost-effectiveness [5–7]. The PAMPS is a sulfonic
acid acrylic monomer, has high proton conductivity, and is
hydrated due to sulfonic acid groups in its backbone. The
PAMPS based materials are being effectively utilized in med-
ical devices, adhesives, fuel cells, actuators, and so forth [7].
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However, their major drawback is less mechanical stability
and higher solubility in water. In order to overcome this
drawback, the PAMPS has been blended with polymers for
obtaining mechanically stable material. Specifically, PVA was
blended with the PAMPS for obtaining flexible, mechanical,
and thermally stable material [7]. Further, the PVA has been
used in making artificial tears, tablet coating, drug delivery,
and tissue replacement due to the characteristics of toxico-
logically safe, good oxygen permeability and biodegradability
[8]. Very recently, graphene/graphene oxide was reinforced
into PVA matrix, and the effect of the nanoparticle on the
physical properties of the composites has been studied [9–17].

In the present study, a “Green route” was applied for the
reinforcement of GO into the PVA/PAMPS matrix by solu-
tion blending. The primary function of the GO is improving
the thermomechanical properties and dimensional stabilities
and optimizing swelling ratio of the PVA/PAMPS polymer.
Mechanical and thermal stabilities of the PVA/PAMPS/GO
nanocomposites were studied through X-ray diffraction
(XRD), thermogravimetric analysis (TGA), ionic exchange
capacity (IEC), proton conductivity, water uptake ratio, and
tensilemeasurements.The reinforcing effect of the GO on the
microstructural property in terms of surface roughness and
agglomeration in the PVA/PAMPSmatrixwas investigated by
Field Emission Scanning ElectronMicroscopy (FE-SEM) and
Atomic Force Microscopy (AFM).

2. Experimental Section

2.1. Materials. Poly(vinyl alcohol) (Mw = 61,000) and
poly-2-acrylamido-2-methyl-1-propanesulfonic acid (Mw =
2,000,000) were purchased from Aldrich, India. Graphene
oxide was prepared via a modified Hummer method [18, 19]
from graphite flakes. Distilled water was used to fabricate the
composite films.

2.2. Preparation of PVA/PAMPS/GOFilms. PVA/PAMPS/GO
films are prepared by a solution-cast method. Figure 1 shows
the molecular structures of the materials utilized for fabricat-
ing PVA/PAMPS/GO composites. Firstly, the PVA solution
was prepared using deionized water as solvent and then
heated to 80∘C with continuous stirring until obtaining a
homogeneous and transparent solution. Consequently, the
PAMPS aqueous solution was poured into the PVA solution
and stirred for 3 hours in order to get homogeneous mixture.
Finally, the GO powder was dispersed in deionized water by
ultrasonication for 10min and the GO solution was added
to the PVA/PAMPS mixture and stirred for 5 hours to
get homogeneous mixture. PVA/PAMPS/GO samples were
prepared with the weight ratio of 10 : 10 : 0.1 and 10 : 10 : 0.5
(Table 1). Further, the pristine PVA/PAMPS composite was
prepared with the weight ratio of 10 : 10 in distilled water.The
mixture was continuously stirred for 18 hours at 80∘C until
it becomes homogeneous and transparent. After removing
bubbles under vacuum, the solution was poured in a Petri
dish and dried in a vacuum oven at 60∘C for 24 hours. Finally,
the filmswere annealed at 100∘C in an oven for about 24 hours
to get physically cross-linked films.

2.3. Characterizations. Structural analysis of the PVA/
PAMPS/GO was carried out by Fourier Transform Infrared
Spectroscopy (FT-IR, SHIMADZU, IR Prestige-21). Thermal
stability of the PVA/PAMPS/GO composites was analyzed
by thermogravimetric analysis (TGA/SDTA851e, Mettler
Toledo) under nitrogen atmosphere with the heating rate of
10∘C/min. The hydrophilic nature of the PVA/PAMPS/GO
films was measured by a water uptake measurement at room
temperature, and their ionic exchange capacity (IEC) is
defined as the milliequivalent of sulfonic acid groups per
gram of the sample by a conventional titration method
[20, 21]. Firstly, the dried polymeric film was weighed and
immersed in 2.0MHCl solution for 5-6 hours to protonize
the sulfonic groups and then washed with deionized water
until getting neutral pH. Then, the film was immersed in a
saturated NaCl solution for 12 hours to replace the protons of
sulfonic acid groups with sodium ions. The replaced protons
in the solution were titrated against 0.01MNaOH solution
using phenolphthalein as indicator [22]. The number of
moles of the protons is equal to the moles of sulfonic groups
in the PAMPS and the IEC is calculated from the titration
data.

The X-ray diffraction of the nanocomposites was mea-
sured using DMAX-Ultima III X-ray diffractometer in the
range of 2∘–90∘. The X-ray scattering intensity was experi-
mentally determined as a function of the scattering vector
“𝑞” whose modulus is defined as 𝑞 = (4𝜋/𝜆) sin 2𝜃, where
2𝜃 is the scattering angle. The hydrophilic nature of the films
was measured using water uptake (𝑤

𝑢
) that was calculated

from the weight ratio of the wet film and dry film. Firstly, the
dried sample is weighed and immersed in distilled water until
reaching fully swelled state to obtain awell-hydrated film.The
water uptake ratio of the film is calculated by the following
equation:

𝑤
𝑢
(%) =
𝑤
𝑤
− 𝑤
𝑑

𝑤
𝑑

× 100, (1)

where𝑤
𝑑
is the weight of the dry film and𝑤

𝑤
is the weight of

the water-swollen film.
The cross-sectional morphology of the PVA/PAMPS and

PVA/PAMPS/GO films was analyzed using Field Emission
Scanning Electron Microscopy (FE-SEM, Hitachi, S-4700).
Images from the frozen-fractured cross section of the samples
were obtained. The SEM image was analyzed using Image-
ProPlus software for particle size measurement. Tensile
testing was performed using Universal Testing Machine
(PT-200N, Minebea, Japan) according to the ASTM D882
standards. The tensile tests are conducted with PVA/PAMPS
and PVA/PAMPS/GO composite specimens under the test
speed of 10mm/min.

2.4. Morphological Analysis by FE-SEM and AFM. The cross-
sectional morphology of the films was observed by Field
Emission Scanning ElectronMicroscopy (FE-SEM) (Hitachi,
S-4700). The dried films were fractured and mounted
on a stub and then sputter-coated with gold. The sur-
face roughness and agglomeration of the GO particles in
the PVA/PAMPS matrix were identified by Atomic Force
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Figure 1: Preparation of cross-linked PVA/PAMPS/GO film.

Table 1: Physicochemical properties of PVA/PAMPS and PVA/PAMPS/GO (1-2) nanocomposites.

Film code PVA (wt%) PAMPS (wt%) GO (wt%) Water uptake (%) IEC (meq/g) Thickness (𝜇m)
PVA/PAMPS 10 10 0 66.06 0.173 204
PVA/PAMPS/GO-1 10 10 0.1 68.58 0.310 189
PVA/PAMPS/GO-2 10 10 0.5 70.13 0.689 193

Microscopy (AFM) (Digital Instruments, nanoscope III
model).

3. Results and Discussion

The reaction scheme of the preparation of PVA/PAMPS/GO
composites is depicted in Figure 1. The FT-IR spectrum
of PVA, PAMPS, GO, and PVA/PAMPS/GO composite is
shown in Figure 2. In PVA spectra, large bands between 3400
and 3000 cm−1 are linked to the stretching O-H vibration
of intermolecular and intramolecular hydrogen bonds, and
the band in between 2900 and 2700 cm−1 refers to the

stretching C-H of alkyl groups [23]. In the PAMPS spectra,
the characteristics bands around 1556 and 1650 cm−1 clearly
indicated the vibrational mode of amide groups, and the
two sharp peaks at 1039 and 1221 cm−1 were also clearly
observed for the S-O stretching of sulfonate groups, and
the bands around 3350–3000 cm−1 are linked to the O-H
stretching vibration [23]. The GO shows its characteristic
peaks around 3450 cm−1 for O-H stretching vibrations, at
720 cm−1 for C=O stretching vibrations, at 1250 cm−1 for C-
OHstretching vibrations, and at 1050 cm−1 forC-O stretching
vibrations [24]. Finally, in the spectra of PVA/PAMPS/GO
composite, the signals around 1700 cm−1 are observed due
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Figure 2: FT-IR spectra of PVA, PAMPS, GO, and PVA/PAMPS/
GO-2 nanocomposite.

to the vibrational mode of amide groups (C=O and N-H)
of PAMPS, and the sharp peak at 1100 cm−1 belongs to the
asymmetric S-O stretching of sulfonate groups [23].The peak
around 1725 cm−1 related to C=O (carbonyl and carboxyl)
groups of the GO. Furthermore, the stretching absorption
band attributed to the C-N of PAMPS decreases with more
cross-linking, followed by an increased sharp peak due to
the C=O fromPAMPS [25]. Further, the stretching vibrations
from C=O were observed at 1720 cm−1 and the stretching
vibrations of C-O groups were observed at 1060 cm−1. The
peak observed around 3400 cm−1 was due to the O-H
stretching vibration of theGO, PAMPS, andPVA. In addition,
the spectra illustrate the presence of C-O (]C-O at 1060 cm−1),
C-O-C (]C-O-C at 1250 cm−1), and C-OH (]C-OH 1365 cm−1)
groups in the PVA, PAMPS, and GO [26].

Figure 3 shows the TGA spectrum of PVA, PAMPS, GO,
and PVA/PAMPS/GO-2 composite. The sample was dried
in a vacuum at 60∘C for 15min prior to the analysis. In
the PVA spectrum, two major mass losses were identified.
The first weight loss around 100–150∘C due to moisture loss
and the second weight loss around 250–350∘C correspond to
the thermal degradation of PVA [27]. In the TGA curve of
GO, two major mass losses at about 100∘C and 200–250∘C
were observed. At 100∘C, they could be attributed to the
evaporation of water trapped between hydrophilic GO sheets.
The mass loss around 200–250∘C corresponds to the thermal
decomposition of oxygen-containing functional groups from
the GO surface. In the PAMPS, the decomposition temper-
ature occurred at 100∘C due to moisture loss, and around
300∘C was the decomposition of sulfonate and propenyl
groups. Finally, around 380–430∘C was the degradation of
main chain of the PAMPS [28]. In the degradation curve
of PVA/PAMPS/GO composite, the sample was stable up to
170∘C, and threemass loss stages were detected.The firstmass
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Figure 3: TGA spectrum of PVA, PAMPS, GO, and PVA/PAMPS/
GO-2 nanocomposite.
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Figure 4: XRD patterns of PVA, GO, and PVA/PAMPS/GO nano-
composite.

loss (28%) occurred at around 170–200∘C; the temperature is
similar to the first mass loss of graphene oxide in air [29],
which means that the first mass loss of PVA/PAMPS/GO
may be attributed to the removal of labile oxygen functional
groups from the GO. The second mass loss between 200∘C
and 400∘C is due to the decomposition of sulfonic acid groups
and the breaking of the PVA main chain, and the third mass
loss (56%) after 400∘C is due to the breaking of themain chain
and decomposition of the polymer backbone.

The XRD pattern of PVA, GO, and PVA/PAMPS/GO
composite is plotted in Figure 4. In the PVA pattern, a broad
peak around 2𝜃 = 20.3∘ corresponds to the semicrystalline
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Figure 5: SAXS pattern of PVA/PAMPS/GO-2 film under hydrated condition.

nature of pristine PVA [30]. The diffraction peak around
2𝜃 = 10.5

∘ is very typical peak for the graphene oxide. The
crystalline peak of GOwas reported at around 2𝜃 = 9.8∘, cor-
responding to a 𝑑-spacing of 0.77 nm. However, as shown in
Figure 4, the XRD peak of PVA/PAMPS/GO sheet appeared
at 2𝜃 = 20∘ and the similar results were also observed
for PVA/GO composites [9]. This implies that the addition
of PAMPS to the PVA/GO composites did not significantly
change the crystalline nature of the PVA. In addition, the
small peak of the GO in the PVA/PAMPS/GO composite
indicates that the GO sheets were significantly exfoliated and
uniformly dispersed in the polymer matrix.

ThePVA/PAMPS/GOfilm’s nanometer scalemorphology
was examined with the small-angle X-ray scattering (SAXS).
The SAXS results of the film show a single peak at 2𝜃 = 5∘
(Figure 8), which corresponds to a scattering vector 𝑞 =
0.548 nm−1 assuming that the wave length of X-ray is 1 nm.
Such trend can be explained by the semicrystalline nature
of the PVA/PAMPS/GO composite. According to the SAXS
study of PVA based composites, their peaks were obtained at
similar scattering vectors [31]. To estimate average distance
between domains, 𝑑 = 2𝜋/𝑞 can be applied. From this
equation, the average size of the nanocrystallites of the
PVA/PAMPS/GO is calculated as 11.5 nm and it is still close to
the range of the PVA crystals. This similarity is attributed to
the semicrystalline domains in PVA and its composites. Both
PVA and PVA/PAMPS/GO have single peak on SAXS spec-
trum, but composite has more broadening 𝑞 vector peak than
pristine PVA, and the packing capacity also slightly increased.
This change could be explained by lamellae packing as well as
crystallinity from modified PVA [32].

Water content in the polymer matrix is an essential
parameter to the mechanical properties of the polymers.
The addition of GO did not change water uptake of the
nanocomposite significantly (Table 1). This can be explained

by the interaction between the GO and the polymer matrix
[9]. A small amount of GO can improve the barrier property
of polymer to water or can increase the cross-linking action
within the polymer molecules. Hence, the incorporation of
GO reduces the water permeability of the nanocomposite and
leads to a less water uptake, which shows a consistency to the
increase of Young’s modulus of the nanocomposite.

The cross-sectional morphologies of the PVA/PAMPS
and PVA/PAMPS/GO samples are shown in Figure 3. In
the PVA/PAMPS/GO-2, the layered structure of the GOs
was detected (Figures 3(e) and 3(f)). In addition, from the
AFM images it was revealed that the surface roughness
of the films increased with respect to the concentration
(0 to 0.5 wt%) of the GO in the polymer matrix of PVA/
PAMPS, PVA/PAMPS/GO-1 (0.1 wt%), and PVA/PAMPS/
GO-2 (0.5 wt%), which was clearly identified from Figures
4(a)–4(c).

However, the reinforcement of graphene into the PVA
matrix had no significant change in crystallinity [27].
Thus, the increase of Young’s modulus of PVA/PAMPS/GO
(Figure 8) can be explained by the increase of the interfacial
interactions between the GOs into the PVA/PAMPS matrix.
From Figures 5(e) and 5(f), the large aspect ratio and the
molecular-level dispersion of the GO in the polymer matrix
act as a favorable effect on the enhancement of mechanical
properties. The excellent dispersion and mechanical stability
of the GO are also an important factor in the enhancement of
mechanical properties. Comparing to the PVA/PAMPS com-
posite, Young’s modulus of PVA/PAMPS/GO-2 nanocom-
posite is enhanced up to four times, which is clearly identified
from Figure 8. Further, the ionic exchange capacity (IEC)
results indicated the presence of acidic functional groups
in the PAMPS and GOs. In particular, the trapped PAMPS
chains in the PVA matrix import the significant properties
such as moderate swelling, good mechanical strength, flex-
ibility, and high proton conductivity, because the PAMPS
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Figure 6: FE-SEM image of PVA/PAMPS ((a) and (b)), PVA/PAMPS/GO-1 ((c) and (d)), and PVA/PAMPS/GO-2 ((e) and (f)).

forms gels when cross-linked with the host functionalized
polymer [28]. As shown in Table 1, both IEC and proton
conductivity improved as the GO content increased in the
polymer matrix, which is due to its high hydrophilicity and
proton conductivity.

4. Conclusion

Graphene oxide reinforced poly(vinyl alcohol) and poly-
2-acrylamido-2-methyl-1-propanesulfonic acid based nano-
composites were developed utilizing the deionized water
as solvent (“Green” method) by solution casting method.
The characteristics of the cross-linking of the polymers and

the GO in the composite were validated by FT-IR and TGA.
Further, the exfoliation and alignment of the GOs in the poly-
mermatrix were investigated by XRD.The FE-SEMandAFM
images concluded the homogeneous dispersion of the GO
particles on the surface and bulk of the films (Figures 6 and
7). Due to the barrier effect of GO in the polymer, the water
uptake property of the PVA/PAMPS/GO nanocomposite did
not change by increasing theGOcontents.The ionic exchange
capacity (IEC) and proton conductivity improved by loading
GOs. Moreover, the PVA/PAMPS/GO-2 composite had four
times enhanced Young’s modulus compared to the pristine
PVA/PAMPS by adding minute quantity of GO (0.5 wt%) to
the PVA/PAMPS matrix.
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Figure 7: AFM tapping mode images of PVA/PAMPS (a), PVA/PAMPS/GO-1 (b), and PVA/PAMPS/GO-2 (c).
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(1-2) as a function of GO content.
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