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In this paper, reduced graphene oxide decorated with silver nanoparticle (rGO-Ag) nanohybrids were prepared using an
environmentally friendly approach and incorporated as reinforcement in poly(vinylidene fluoride)-poly(methyl methacrylate)
blends via a melt mixing process. The microstructure of rGO-Ag nanohybrids and its effect on the microstructure, mechanical,
thermal, and electrical properties of the PVDF/PMM/rGO-Ag was studied using Fourier transform infrared (FTIR), Raman
spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), tensile,
thermogravimetric analysis (TGA), and impedance spectroscopy methods. FTIR and TEM analysis confirmed that rGO-Ag
successfully synthesized and Ag nanoparticles are located on the rGO surface. The tensile analysis demonstrated that
incorporating 1 wt.% of rGO-Ag in PVDF/PMMA blend increases Young’s modulus and strength of nanocomposite up to 31%
and 35%, respectively. The Halpin-Tsai model was also used for PVDF/PMMA/rGO-Ag nanocomposites, and the results
confirmed that this model works well to predict the tensile modulus. Impedance spectroscopy analysis showed that the
presence of rGO-Ag nanohybrids in PVDF/PMMA blend effectively enhanced the conductivity of PVDF/PMMA blend. TGA
results demonstrated that the presence of rGO-Ag nanohybrids enhanced the thermal stability of nanocomposites and
increased the degradation temperature of PVDF/PMMA/rGO-Ag nanocomposites in the range of 20°C compared to PVDEF/
PMMA blend.

1. Introduction

In recent years, the blending of polymeric materials has been
a good choice to achieve the requirements in diverse applica-
tions [1-4]. The properties of these materials highly depend
on the phase morphology [5]. Different methods have been
developed to reach the required morphology. Carbon-
based fillers such as graphene and its derivatives (e.g., gra-
phene oxide (GO) and reduced graphene oxide (rGO)) have

attracted much interest in recent years due to their excep-
tional properties [6-9]. The incorporation of these fillers
with the polymer matrices led to significantly improved
properties of nanocomposites [10-13]. rGO is the oxidized
form of graphene with relatively lower functional groups
than GO which can solve the dispersion problem of gra-
phene sheets [14]. Tajdari et al. observed that fabrication
of zinc oxide-titanium dioxide nanohybrid and its dispersion
in the poly(lactic acid) matrix gave the best desirable
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properties in this polymer compared to single incorporation
and simultaneous incorporation [15]. The properties of
carbon-based fillers (GO, rGO, carbon nanotube, etc.) can
be improved by decorating with other materials [16-20].
Silver nanoparticle is a good choice for improving the prop-
erties of polymeric materials [21]. By incorporating them
with rGO, new hybrids with desirable properties can be
produced. One of the best metal particles for enhancing
the properties of rGO is silver nanoparticles (Ag) [22, 23],
and the resulting product is known as rGO-Ag nanohybrid.
Many studies have used nanohybrids to improve the
mechanical properties, thermal stability, electrical conduc-
tivity, antibacterial properties, and antifouling properties of
nanocomposites [24-26].

PVDF is one of the fluoropolymeric materials with good
thermal stability, excellent mechanical properties, resistance
to chemical substances, oxidation, and UV irradiation, pro-
viding a wide range of applications [27-29]. The main disad-
vantage of PVDF is its high price; thus, it is often mixed with
other polymers to solve this problem [2, 10, 30]. Poly(methyl
methacrylate) (PMMA) is a good choice for blending with
PVDF to achieve some advantages [31-33]. The miscibility
and compatibility of PVDF and PMMA have been exten-
sively studied. They are compatible in a wide range of com-
positions in solid state, and they are completely miscible in
the molten state [34-36]. Their miscibility was achieved
from the intermolecular interactions between carbonyl
groups of PMMA and the CH, and CF, groups that existed
in PVDF. Researchers observed that blending PVDF with
PMMA led to the transfer of crystallization from « phase
to 3 phase, which is thermodynamically unstable in the pure
form of PVDF [30, 37, 38]. Polymeric blend nanocomposites
made from incorporating PVDE/PMMA blends with nano-
particles also are other materials with enhanced properties
[39, 40]. Unique properties of rGO, such as extraordinary
mechanical, thermal, and optical properties and good dis-
persion in polar solvents, make it a good choice to apply as
an effective filler for the production of PVDF, PMMA, and
PVDE/PMMA blends [41-43]. Liu et al. studied the phase
behaviors PVDF/PMMA/GO composites using dynamic
rheological measurement. They observed that PMMA chains
are anchored on the graphite oxide, and a strong interaction
existed between them in the PVDF/PMMA/graphite oxide
composites [44]. Sachin et al. prepared PVDF/PMMA/ExGr
using the solution blending method and observed that the
presence of ExGr increased the crystallization temperature
(~4°C) and thermal stability (~11°C) [34]. Sagar et al. inves-
tigated the properties of (PMMA)/P(VDF-TrFE)/GO and
reported that the value of microhardness and indentation
depended on applied load on samples, and the mechanical
properties decreased in the presence of GO [35]. Yang
et al. studied the structural relaxations of PVDF/PMMA/
GO nanocomposites [42]. They observed that the coopera-
tive volume enlarged and dynamic heterogeneity weakened
in the presence of GO [42]. Moreover, they found that GO
could hinder the crystallization of PVDF but enhanced the
miscibility in the PVDF/PMMA amorphous phase [42].
Chiu and Chen produced PVDF/PMMA/Gr and observed
that Gr has higher nucleation efliciency for PVDF crystalli-
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zation and induced PVDF crystals with higher stability
[45]. Moreover, they reported that the storage modulus
increased by 53.9% (at 25°C) compared with PVDF [45].
Sushmita et al. fabricated two ultrathin multilayered devices
using rGO-Fe, 0, and MoS,-Fe;O, nanohybrids that are dis-
persed in PVDF, mixed with CNT-incorporated PC, and
interfacially locked with PMMA [46]. They observed that
the storage modulus is as high as 2767 MPa at 40°C (at con-
stant frequency and strain amplitude), and also, the device
has high EMI shield effectiveness ((SE;) of —26.3dB at
26.5GHz) [46]. Sushmita et al. investigated the effect of
functionalized CNTs on the EMI shielding of PC-based
nanocomposites [47]. They observed that CNTs are local-
ized in PC component in PC/PVDEF-based blend composites
[47]. They also used rGO-Fe;O, nanoparticles to increase
thermal conductivity. They found that ball-milled CNTs
decreased electrical conductivity compared to pristine
CNT-based composites [47]. They reported that the state
of filler and its dispersion are the key factors that affected
the properties of nanocomposite [47, 48].

To the best of our knowledge, the effect of rGO-Ag
nanohybrid dispersion on the microstructure and properties
of PVDF/PMMA has not been reported yet. Therefore, in
this study, rGO-Ag nanohybrids were synthesized using in
situ simultaneous reductions of silver ions in the presence
of GO with ascorbic acid as a reducing agent. This process
has been done in an aqueous solution, which is a versatile,
low-cost, and environmentally friendly process. The rGO-
Ag nanohybrids dispersed in PVDF/PMMA blend via melt
blending method at different loading ratios and their effect
on the morphology and final properties were investigated
and discussed.

2. Experimental

2.1. Materials. The materials used were PVDF (solid spot D
140, M, = 20kg/mol), PMMA (Sigma-Aldrich, M, = 95 kg/
mol), graphite powder (<20um, 99.9%), sodium nitrate
(Sigma-Aldrich), potassium permanganate (Sigma-Aldrich),
sulfuric acid (Sigma-Aldrich), silver nitrate (Sigma-Aldrich,
169 kg/mol), ascorbic acid (Sigma-Aldrich). The GO nano-
sheets were synthesized using the modified Hummers
method according to a previous study [49]. Afterward, GO
nanosheets were reduced using ascorbic acid to obtain rGO.

2.2. Green Synthesis of rGO-Ag Nanohybrids. In order to pre-
pare rGO-Ag nanohybrids, 0.8g of GO powder was dis-
persed in 40 ml distilled water using ultrasonication for 1h.
Then, the stabilized GO colloid was transferred to a 500 ml
flask containing a solution of distilled water and silver
nitrate (4g AgNO, in 40 ml distilled water), and 1.76 ml of
ascorbic acid, which was dissolved in 30 ml distilled water,
was gradually added to the solution to extract Ag ions from
AgNO, and reduce oxygen-containing groups of GO. The
mixture was then stirred for 2h. Finally, rGO-Ag nanohy-
brids were separated from the solution and dried in a vac-
uum oven for 24h at 85°C. For comparison, the above
process was done without adding AgNO; to prepare rGO.
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internal mixer

FIGURE 1: Schematic of rGO-Ag-filled PVDF/PMMA nanocomposite preparation.

2.3. Preparation of the PVDF/[PMMA/rGO-Ag Nanocomposites.
Polymer nanocomposites were prepared by melt mixing
method. For this purpose, rGO-Ag nanoparticles were mixed
with PMMA/PVDF blends using an internal mixer at 180°C
and 60 rpm as illustrated in Figure 1. The concentration and
nomenclature of each component are presented in Table 1.

2.4. Characterization. X-ray diffraction measurements were
measured with a WAXD diffractometer (D8 Advance,
Bruker, USA). X-ray patterns of samples were obtained via
Cu-Ka radiation (A =0.15406nm, 40kV, and 30mA) in
the range of 20 angle of 5° to 70° at the scan rate of 1°/min
and step size of 0.1".

FTIR spectra were carried out using a FTIR spectrometer
(1600, Perkin-Elmer Co., MA) from 4000 to 400cm™.
Approximately 0.1 to 1.0% sample is well mixed into 200 to
250 mg of potassium bromide (KBr) powder, and then, a force
of approximately 8 tons is applied under a vacuum of several
mm Hg for several minutes to form transparent pellets.

Raman spectra were recorded between 750 and 3000 cm™
by a Nanofinder 30 confocal Raman microscope (Senterra,

3
F
x
F
PVDF
it g
]
\H COOCHj; /,,
Polymethyl methacrylate: PMMA
TaBLE 1: Composition and codes of the prepared samples.
Composition (%)

Sample PVDF PMMA GO-Ag
PVDF 100 0 0
PV 0.8 80 20 0
PV 0.7 70 30 0
PV 0.6 60 40 0
PV/PM 50 50 0
PM 0.6 40 60 0
PM 0.7 30 70 0
PM 0.8 20 80 0
PMMA 0 100 0
PM 0.8/rGO-Ag 0.5 20 80 0.5
PM 0.8/rGO-Ag 1 20 80 1
PM 0.8/rGO-Ag 1.5 20 80 1.5
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Bruker) equipped with a CCD detector and at 785 nm of laser
excitation.
The electrical properties of samples were measured using
a D8 Advance machine at a frequency rate of 20-20000 Hz.
Scanning electron microscopy (SEM; JEOL-6700F) was
used to investigate the microstructure of rGO-Ag and its dis-
persion in chitosan matrix. For this propose, the fracture

surfaces of filler and fractured surface of samples were
obtained after the tensile analysis was covered via a thin
layer of goal and observed at 5kV.

The TEM analysis of rGO-Ag was performed by the JEOL
2100 instrument. A small amount of the sample was dispersed
in acetone through sonication, and a drop of this dispersed
solution was put on the copper grid for HRTEM analysis.
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FIGURE 4: Raman spectra of the GO, rGO, and rGO-Ag
nanocomposite.

FIGURe 5: TEM images of rGO-Ag nanohybrids.

The mechanical properties of the films were measured
on a universal tensile tester (ASTM-D360 Instron 4301,
Instron, USA) at a speed of 1.2mm/min according to
ISO527-3-1995 (E). Five samples of each formulation were
tested, and averages of Young’s modulus (E), ultimate tensile
strength, and elongation at break were evaluated from stress-
strain curves.
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FIGURE 6: Yield strength of PVDF, PMMA, and PVDF/PMMA
blends.

Thermogravimetric analysis (TGA) was carried out by
TA Instruments SDT Q600 to investigate the thermal prop-
erties of the samples. The test was carried out under a nitro-
gen atmosphere and a heating rate of 10°C per minute in the
temperature range of 25-700°C.

The dielectric permittivity was measured by a LCR meter
(Agilent, E4980A) equipped with a dielectric test fixture
(Agilent, 16451B) in the frequency range of 100 to
10000 kHz. The samples used for the tests were disc pellets
with a diameter of 5mm, and the average thickness was
about 0.5 mm. A piece of rectangular standard Teflon sam-
ple with a permittivity of 2.1-2.4 was used for calibration
before each test.

3. Results and Discussion

3.1. Characterization of GO Nanosheets and rGO-
Ag Nanohybrids

3.1.1. FTIR Spectroscopy. Figure 2 represents the FTIR spec-
troscopy of GO, rGO-Ag nanohybrids, and nanocomposites.
In this figure, the peaks at 1720, 1618, 1400, 1260, 1132, and
1049 cm™ wavenumber of GO are related to the carbonyl
and carboxyl groups, C-O-H functionality, breathing vibra-
tions of epoxide group, and C-O stretching vibrations of
GO [14].

For rGO-Ag nanohybrids, the peaks are very similar to
GO nanosheets. However, the intensity of these peaks may
be reduced due to the reduction of GO nanosheets with
ascorbic acid in the presence of Ag [25, 50, 51]. In the spec-
trum of rGO-Ag, the band at 1049cm™ (related to C-O
group) broadened and shifted to a higher frequency due to
the reduction of graphene sheets. Moreover, the peak in
1387 cm™ associated with the in-place deformation of O-H
bonds in hydroxyl groups of GO disappeared in FTIR spec-
tra of rGO-Ag due to the reduction of GO with ascorbic acid
[31]. The chemical structure of rGO-Ag-filled nanocompos-
ites was also studied using FTIR analysis. In this figure, the
absorption in the region of 2998, 2955, and 1387 cm ™" was
attributed to the stretching vibration of C-H in methylene
and methyl groups of PMMA [45]. Moreover, the peak
appeared at 1727 cm™" was related to the carbonyl stretching
and characteristic peak at 200 and 1148 cm™" attributed to



C-O stretching. From the FTIR analysis, it can be concluded
that the intensity of the carbonyl stretching frequency in the
PMMA/rGO-Ag nanocomposites is higher than that one in
pure GO and PMMA. This may be due to the polar-polar
interaction between the methacrylate (-COOCH,) group of
PMMA and carbonyl functionality of rGO-Ag.

3.1.2. XRD. The XRD patterns of GO nanosheets, Ag, and
rGO-Ag nanohybrids are presented in Figure 3. In the
XRD pattern of GO, the peak at 20 = 10.13" was observed.
When the graphite was oxidized to form GO, the GO exhib-
ited a broad diffraction peak at 26 = 10.13°, corresponding to
an interlayer spacing of 0.842 nm. Large interlayer distances
have been attributed to the formation of hydroxyl, epoxy,
and carboxyl groups [52]. The main peak in the XRD pat-
tern of GO at 20 =10.13" disappeared in the XRD pattern
of rGO-Ag nanohybrids. This evidence suggested that the
GO was fully transformed into rGO by the reduction of
oxygen-containing functional groups, and this indicates that
ascorbic acid has reduced oxygen-containing groups of GO
nanosheets to a great extent [53]. Apart from that, the higher
intensity of the characteristic peaks related to the Ag part of
the nanohybrids compared with GO implies that Ag nano-
particles facilitated the exfoliation of rGO nanosheets lead-
ing to the disappearance of the peak at 20 = 10.13" [25].

The XRD profile of Ag has four peaks at 20 = 38.3%, 44.4°,
64.6°, and 77.4°, which correspond to the (111), (200), (220),
and (311) crystallographic planes, respectively [31]. The
XRD pattern of rGO-Ag has a characteristic peak of Ag
and also a peak at 24° due to the reduction of GO and Gr
preparation. The Ag peaks in the XRD profile of Ag-GO
were observed due to the presence of silver nanoparticles
on the surface of rGO nanosheets. The average crystalline
size D of the silver nanoparticle have been estimated from
the diffractogram by using the Debye-Scherrer formula,
D=0.91/8Cost), where A is the wavelength of the X-rays
used for diffraction and S is the full width at half maxi-
mum (FWHM) of a peak [54]. The average crystalline size
of the silver nanoparticles is found to be 30 nm. The value
of the interplanar spacing between the atoms, d, has been
calculated using Bragg’s law, 2dSinf = nA, where n is the
order of diffraction pattern. In the present case, n is equal
to 1. From the four datasets for the four peaks, four values
of d are obtained and four values are nearly the same
(1.5 A~2 A°).

3.1.3. Raman Spectroscopy. Figure 4 shows Raman spectra of
GO, rGO, and rGO-Ag composite. GO peaks at 1325cm’™
and 1580 cm™' correspond to D band and G band. In rGO,
the D band and G band are observed at 1319cm™ and
1585cm™!, which are shifted in rGO-Ag to 1310 cm™! and
1572cm™. The ratio of the intensity of D/G in GO was
found around 1.66, while in rGO, it increases to 1.99, but
in rGO-Ag, it is 1.8. The increase in D/G ratio indicates that
there is a decrease in the average size of sp” carbon domain
after the synthesis of rGO and rGO-Ag from GO [55, 56].

3.1.4. TEM Images. The TEM image of rGO-Ag nanohybrid
is presented in Figure 5. As shown in this figure, the
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crumpled and wrinkled surface of rGO is stacked together to
form a multilayer structure that embraces the Ag nanoparti-
cles and modifies their surface energy which is the main rea-
son for the agglomeration Ag nanoparticles. Furthermore,
because of the different extent of reduction in various rGO
nanosheets, Ag nanoparticles have to compete with each
other to attach to the surface of rGO nanosheets which have
more oxygen-containing groups on their surface. This
means that those nanosheets which had been reduced more
can interact with fewer Ag" ions because of the limited OH
ions available on their surface. Hence, Ag" ions tend to
interact with nanosheets with more OH" ions available [57].

3.1.5. Mechanical Properties of PVDF/PMMA Blends. Mechan-
ical properties are the most important factor when it comes to
application, and many polymers are being chosen to be used in
different applications because of their superior mechanical
properties. Thus, to find out the best blend composition to be
reinforced with the nanohybrids, the mechanical properties of
every sample were measured and compared together in
Figures 6-8. Samples with PVDF as their matrix showed a
downtrend in yield strength as the PMMA content increased
up to 40 wt.%; after this turning point, yield strength is directly
related to the PMMA content because it is the new matrix and
has better mechanical properties than PVDEF. According to
Figure 5, PM 0.8 sample has the highest yield strength
(62 MPa) due to the superior mechanical properties of PMMA
and the possible changes in the crystalline structure of the sam-
ples [58]. As for the elongation at break, results showed that by
increasing the PMMA content, the elongation at break of the
samples decreases because of the nature of PMMA which has
a low tensile strain. It can be observed that for the PV 0.8 sam-
ple, elongation at break increases which can be due to the addi-
tion of PMMA and the lower crystallinity and formation of the
B crystalline phase in PVDF, but this trend changes as soon as
the PMMA content starts to rise [59]. At this point, the
mechanical properties of the blend will be attributed to the high
strength and the low tensile strain of the glassy phase. It is to be
noted that the strong interactions between PVDF and PMMA
chains lead to the enhancement of mechanical properties of the
nanocomposites [60, 61].

Elastic modulus does not follow a specific trend, and it
varies with the composition. However, as PMMA becomes
the dominant phase, a certain uptrend can be recognized,
which climaxes at 1.945 GPa for PM 0.8. Once again, this
increase results from the superior mechanical properties of
PMMA which has a high elastic modulus compared to
PVDF.

Finally, results showed that PM 0.8 possesses the best
mechanical properties and the potential to be used in appli-
cations that require desirable yield strength and elastic mod-
ulus. Consequently, PM 0.8 was chosen to be reinforced with
0.5, 1, and 1.5wt.% of rGO-Ag nanohybrids.

3.2. Characterization of PVDF/PMMA/rGO-
Ag Nanocomposites

3.2.1. Mechanical Properties. Tensile strength, elongation at
break, and elastic modulus of the PM 0.8/rGO-Ag 0.5, PM
0.8/rGO-Ag 1, and PM 0.8/rGO-Ag 1.5 are presented in
Figures 9 and 10. It can be observed that tensile strength
and elastic modulus experienced an improvement with the
increase of rGO-Ag nanohybrids, while elongation at the
break of the samples decreased. In addition to that, PM
0.8/rGO-Ag 1 sample has shown the highest yield strength
and elastic modulus compared to other nanocomposites
with 80 MPa and 2.453 GPa, respectively. As the PM 0.8/
rGO-Ag 1.5 sample has a superior yield strength and elastic
modulus to PM 0.8 and PM 0.8/rGO-Ag 0.5 samples, it can
still not compete with PM 0.8/rGO-Ag 1, which can be
mainly due to the agglomeration of the nanohybrids inside
the polymer matrix. The improved dispersion state observed
in hybrid nanocomposites can be attributed to two plausible
explanations. The first explanation suggests that multilayer
platelet-shaped nanofillers can function as bridges between
spherical/cylindrical nanofillers, thereby preventing their
reaggregation. The second explanation proposes that spher-
ical/cylindrical nanofillers can hinder the restacking or reag-
gregation of exfoliated platelet-shaped nanofillers, leading to
enhanced dispersion [62-64]. Silver nanoparticles have a
high tendency to form agglomerates inside many polymer
matrices to minimize their surface energy. Hence, rGO
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FIGURE 12: SEM images of (a) PM 0.8, (b) PM 0.8/rGO-Ag 0.5, (c) PM 0.8/rGO-Ag 1, and (d) PM 0.8/rGO-Ag 1.5.

nanosheets are used to hold these nanoparticles in place and
prevent them from forming agglomerates. By adding
1.5wt.% of the nanohybrids and increasing the silver content
inside the matrix, it can be presumed that silver particles had
the chance to form agglomerates and negatively impact the
mechanical properties of the nanocomposite [50, 65-69].

3.2.2. Halpin-Tsai Model. One of the most widely used
models for predicting elastic modulus in composites consist-
ing of two phases is the Halpin-Tsai model. Since it can be
presumed that the PVDF/PMMA part of the composites acts

as an integrated matrix and rGO-Ag nanohybrids disperse
inside them, then the Halpin-Tsai model can be used for
the prediction of elastic modulus. This model can also help
determine the morphology of the matrix and the efficiency
of filler dispersion. The Halpin-Tsai model is given by
Equation (1), which was also used in similar calculations
by other researchers to predict the properties of binary
composites.

E, _(1+ABi¢,) (1)

E (1-Bip,) .
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B, can be calculated using the following:

B = (EI/EZ) -1

© O (BEy) + A @

Subscripts 1 and 2 represent the matrix and the dis-
persed phases, respectively, and ¢, shows the filler volume
fraction. As for the constant A;, it can be determined with
respect to the morphological properties of the system. For
the dispersed phase consisting of hard materials such as
rGO-Ag nanohybrids, A; equals to 1.5. E; and E, should also
be determined to use the equations, which are the elastic
modulus of PM 0.8 and rGO-Ag nanohybrids, respectively.
According to Figure 8, the elastic modulus of PM 0.8 is
1.945GPa, but for the nanohybrids, it was presumed that
silver nanoparticles are not able to further increase the
modulus of rGO. In addition, they act as conductive
interfaces between rGO and the matrix, which presumably
transfer the loads to their substrate, in other words, rGO.
Hence, E, was presumed to be the theoretical value for the
elastic modulus of rGO, which is approximately 325 GPa.
The results of the Halpin-Tsai calculations are presented
and compared with experimental elastic modulus values in
Figure 11.

As shown in the figure, there is a certain inconsistency
between the obtained values from the equation and the
experimental data. The reason for the observed difference
in PM 0.8/rGO-Ag 1.5 can be related to the fact that the
Halpin-Tsai equation does not take the agglomeration of
the fillers into account; as a result, it predicts that the mod-
ulus should continue to rise with the addition of fillers.
However, fillers with planar geometry tend to agglomerate
in relatively low concentrations, which has also happened
for samples containing 1.5 wt.% of the nanohybrids. The rea-
son for the inconsistency between the results for PM 0.8/
rGO-Ag 1 can be attributed to the synergistic effect of the

good dispersion of the nanohybrids and the interactions
between nanohybrids and the matrix.

3.2.3. Morphological Observation. The SEM analysis was
used to investigate the effect of rGO-Ag on the morphology
of PMMA/PVDF blends, and the results are presented in
Figure 12. It can be seen that the two amorphous and semi-
crystalline phases of PMMA and PVDF are compatible with
each other, and they have formed a homogenous system
(Figure 12(a)). Figure 12(b) shows that in PM 0.8/rGO-Ag
0.5 nanocomposites, the rGO-Ag nanohybrids have a good
dispersion, and no agglomerates are observed. But with an
increase in the rGO-Ag content (PM 0.8/rGO-Ag 1), the
agglomeration of filler was observed (Figure 12(c)) due to
the effective interactions between oxygen-containing func-
tional groups on the rGO and CF, segments in PVDF and
also the strong interactions between the rGO nanosheets
[37, 70]. Figure 12(d) also shows that agglomerations
occurred at its fracture surface, leading to a decrease in load
transfer between the matrix and filler and reduced mechan-
ical properties.

3.2.4. Impedance Spectroscopy. Figure 13 compares the con-
ductivity of the PVDF/PMMA blend and PMMA/PVDF/
rGO-Ag nanocomposites as a function of frequency. From
this figure, it can be seen that the conductivity of PVDF/
PMMA increased linearly with the increase in frequency.
But for rGO-Ag-filled PVDF/PMMA nanocomposites (0.5,
1, and 1.5wt.%), the conductivity is almost independent of
the frequency change in the low-frequency range. In fact,
when the volume fraction of conductive filler is less than
the percolation threshold, the conductivity increases almost
linearly with the increase of frequency; but when the volume
fraction of conductive filler is higher than the percolation
threshold, the conductivity values are much greater leading
the conductivity to be almost independent of frequency
[71, 72]. The results show that due to the synergistic effect
between the electrical properties of silver particles and
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F1GURE 14: Thermogravimetric analysis of PM 0.8 and nanocomposite samples.

rGO, the electrical conductivity of PMMA/PVDF blends
enhanced [73].

3.2.5. Thermogravimetric Analysis. Thermal behavior and
stability of PM 0.8 and nanocomposite samples were deter-
mined using thermogravimetric analysis, and test results
are shown in Figures 14(a) and 14(b). As shown in the fig-
ure, the general thermal profiles of all the samples are quite
the same and consist of two stages. These stages are related
to the degradation of PVDF and PMMA contents of the
samples. With the introduction of rGO-Ag nanohybrids,
both degradation stages occur at higher temperatures which
can be attributed to the thermal stability of Ag nanoparticles
and rGO nanosheets. The PM 0.8/rGO-Ag sample has the
highest thermal stability and the lowest degradation related

to the better dispersion of nanohybrids inside the nanocom-
posite and higher density of interactions between the matrix
and nanohybrids [45, 53]. The PMMA portion of the sam-
ples started to degrade at around 360°C for PM 0.8 sample
and increased to a maximum of 375°C for the PM 0.8/
rGO-Ag 1 nanocomposite. Apart from that, the PVDF part
of the samples started the thermal degradation at 462°C for
the PM 0.8 sample and reached 480°C for PM 0.8/rGO-Ag
1 nanocomposite. These observations can result from retard-
ing the chain scission of C-F and C-H bonds of the PVDF by
providing a thermal shield by the nanohybrids and trapping
the free radicals produced in the system. Thus, thermal
stability and degradation temperature increase with the
addition of nanohybrids into the system [45, 74]. The
enhanced thermal properties of rGO-Ag-filled PVDEF/
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PMMA nanocomposites compared with PM 0.8 sample
might be attributed to one of the following: (a) this suggests
that rGO-Ag acts as a barrier to hinder the volatile decom-
position products throughout the composites. (b) The Ag
content on rGO in the PM 0.8 matrix brought the well dis-
persion. Moreover, the degradation of rGO-Ag-containing
groups degrades and forms heat-resistant residues, which
increased char residues. The thermal stable char residues
limited the production of combustible gases and the diffu-
sion of heat, resulting in the improved thermal stability of
PM 0.8 composites.

4. Conclusion

Reduced graphene oxide decorated with silver nanoparticle
(rGO-Ag) nanohybrids were prepared using an environ-
mentally friendly approach and incorporated in poly(vinyli-
dene fluoride)-poly (methyl methacrylate) blends via the
melt mixing process to study their effect on the structure
and properties of the blends. The mechanical, thermal, and
electrical properties of the PVDF/PMM/rGO-Ag were ana-
lyzed using FTIR, Raman spectroscopy, XRD, SEM, TEM,
tensile, TGA, and impedance spectroscopy methods. Results
demonstrated that by adding even a low content of the
nanohybrids to the blends, the resulting nanocomposites
show better mechanical, thermal (conductivity, thermal stabil-
ity, and the degradation temperature), and electrical properties
than the PVDF/PMM blend. These improved properties
demonstrate that rGO-Ag nanohybrids can be considered
reinforcing fillers to add different properties to PVDF/PMMA
blends to facilitate their usage in various applications. Also, the
tensile modulus of PVDF/PMMA/rGO-Ag nanocomposites is
simulated using the Halpin-Tsai model.
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