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Abstract
The present study describes the fabrication of nano-composites of (PVDF)/(rGO) using solution–cast method. We employed 
two characterizations for PVDF/rGO nano-composites, Scanning electron microscopy (SEM) and Fourier-transform infrared 
(FTIR) spectroscopy, the SEM indicates that the PVDF matrix consists of pores with the presence of globular structures 
that increases with the increasing rGO concentration, while the FTIR have been used to confirm the interplay between rGO 
and PVDF matrix. The dielectric measurements of PVDF/rGO nano-composites show a high dielectric constant and low 
dielectric loss factor. Moreover, frequency and temperature dependent behavior of a.c. conductivity has been carried out 
in the respective ranges of 102–106 Hz and 303–393 K. Results of a.c. conductivity and the frequency exponent have been 
found to obey the theory of correlated barrier hopping. Further analysis shows that thermally assisted a.c. conduction shows 
the compensation effect. The role of rGO over other recent fillers is also summarized by a comparative tabulation of data 
available in the literature.

1  Introduction

In recent years, graphene has been acquired great attention 
because of their important electrical and thermal conduc-
tivity, in addition to its superior mechanical and promising 
performance properties [1–9]. However, the preparation 
of graphene has become one of the most intense fields of 
research due to the existence of van der Waals forces and 
the formation of the π-bond as well. Graphene oxide sheets 
are highly hydrophilic. Owing to the existence of functional 
groups containing oxygen (such as carbonyl, carboxyl, 
hydroxyl, epoxy groups [10]), Graphene oxide is dispersed 
in the different polar solvent [10]. The percolation theory 
suggests that Graphene can strengthen the dielectric param-
eters of the polymer [11, 12]. For the nano-composites, all 
the dielectric parameters of a polymer are enhanced when 
the concentration of the filler enters the percolation thresh-
old [13]. PVDF, poly(vinylidenefluoride), has relatively 
good breakdown strength and high dielectric constant so, 

it is considered a hopeful elasticity piezoelectric and ferro-
electric materials. PVDF has a variety of crystalline phases, 
which characterize the ordered state for the dipoles through 
them; an extremely ordered state is displayed by β-phase 
for the entire trans (TTTT) arrangement where, all fluorine 
atoms are coordinated on one side, which achieved various 
technological applications [14]. The high dielectric con-
stants were observed and the percolation thresholds were 
determined in some novel materials by using functional-
ized graphene for the preparation of nano-composites of 
poly(vinylidene fluoride) and poly(vinyl alcohol) [15].

Early studies verified the graphene as the conductive filler 
showing a lower percolation threshold and maximum dielec-
tric constant of the nano-composite films [16–18]. It was 
found that the majority of these articles did not interested in 
studying the effect of concentration of conductive filler on 
other affecting parameters such as the percolation network 
near to the percolation threshold, the dielectric loss (tan δ), 
and effect of the vacancy in the interface on the formation 
of a homogeneous composite. Therefore, it is interesting to 
study that how graphene nano-sheets control the dispersion 
throughout the matrix of polymer and their surface function-
alization [19–23].

From above survey, it is clear that various literature is 
available on poly(vinylidenefluoride) (PVDF) and reduced 
graphene oxide (rGO) individually but only few studies are 
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available on the composites of both materials. Further, the 
available studies report the properties of PVDF/rGO nano-
composites in bulk form but here we have synthesized some 
novel samples in thin film form and succeeded in achiev-
ing high dielectric constant and low dielectric loss factor. 
These studies open a new gateway and new possibilities for 
improving the capacities of capacitors by using the nano-
composites, which are important for applications in nano-
electronics. In the present work, SEM and FTIR of PVDF/
rGO nano-composite films have been used to analyze the 
effect of doping on the surface morphology. Further, dielec-
tric and a.c. conductivity have been measured and discussed.

2 � Material and method

PVDF (granular) and rGO nano-particles of size less than 
100 nm were taken from Karisruhe (Germany) and Nano-
Tech Egypt for Photo-Electronics respectively. The N,N-
dimethylformamide (DMF) (supplied from Merck India 
Ltd) was utilized as the solvent by using the solution cast-
ing method. We used the films of five kinds of rGO–PVDF 
nano-composite with diverse volume fractions of rGO, 
consisting of 0 vol%, 0.45 vol%, 0.9 vol%, 1.8 vol% and 
2.7 vol% rGO loadings. The samples were prepared as fol-
lows, N,N-dimethylformamide (DMF) was used to dissolve 
PVDF using a magnetic stirrer at 60 °C for 12 h. The rGO 
nano-particles were dissolved according to the weight ratio 
in DMF then mixed drop by drop in a solution of PVDF 
to prepare PVDF–rGO nano-composite films. Moreover, 
PVDF–rGO solution was stirred for 6 h to become homo-
geneous. An oven was used at room temperature for 24 h 
to produce the films by placing the solution with the petri 
dish inside the oven. We extracted the films from the petri 
dish and placed 7 days at room temperature to eliminate the 
remaining solvent. The volume fraction of rGO–PVDF (fvol) 
can be calculated by equation [15]:

here φrGO illustrates the weight fraction of GO in PVDF 
matrix; ρrGO, and ρPVDFare the density of reduced graphene 
oxide (1.91 g/cm3), and PVDF (1.78 g/cm3). Nicolet 5700 
spectrometer was used to measure infrared Fourier trans-
form spectra (FT-IR). The morphologies of the samples 
were performed by a Quanta 250 FEG (field emission gun) 
microscope. We employed a programmable automatic LCR 
meter (Model FLUKE PM6306) for measurinthe dielectric 
properties.

(1)fvol =
�rGO∕�rGO

�rGO∕�rGO
+ (1 − �rGO)∕�PVDF

3 � Results and discussion

3.1 � Surface morphological characterization

The SEM analysis was performed to confirm the morphol-
ogy of PVDF and rGO/PVDF nano-composites. SEM 
images of PVDF at various volume contents of rGO are 
depicting in Fig. 1. It can be seen clearly in Fig. 1a that the 
pure PVDF has a rough surface with the pores having clear 
distinction in dimension and distribution of pores, while the 
SEM micrographs of composites with [0.9, 2.7 vol%] of rGO 
inset of Fig. 1b and c show small globules presence on the 
matrix corresponding to the rGO nano-particles, which are 
well dispersed and fully covered PVDF matrix. The sharing 
on the matrix surface is homogeneous and there are regions 
having product clusters that cover them entirely and others 
with a preponderance of PVDF. The PVDF matrix shows 
the formation of globular structures in their pores that can be 
seen when the rGO concentration is increased [24].

FTIR was used for the spectroscopy of the samples to fur-
ther demonstrate the strong interplay between rGO and the 
PVDF matrix and its nano-composites spectrum is shown in 
Fig. 2. From FTIR spectra, we observed the strong and sharp 
peaks at about 880, 840, 1270 and 1403 cm−1. These peaks 
can be revisited to the deformation vibrations and asym-
metric stretching of C–H and the C–F of PVDF, respectively 
[25–27]. Also, we observed a band at 840 cm−1 correspond-
ing to a merged mode of CF2 asymmetric stretching vibra-
tion and CH2 rocking. At 2980 and 3020 cm−1, the absorp-
tion peak positions confirm the presence of the asymmetric 
CH2 and symmetric vibration [28]. Owing to the FTIR spec-
trum the dipole–dipole interaction in PVDF/rGO is also con-
ceivable. From the obtained analysis, it is evident that there 
is a physical interaction between the filler and polymer [29].

FTIR is usually used to determine the β-crystalline 
phases in a polymer and is expressed as [30]:

here Kα and Kα represent the absorption coefficients cor-
responding to the individual wavenumber. Kα is 6.1 × 104 
cm2/mol and Kβ is 7.7 × 104 cm2/mol. Xα and Xβ show the 
fractional mass of α and β crystalline phases. Aα and Aβ are 
the absorption bands areas at 764 and 840 cm−1. The relative 
fraction for � phase utilizing the Eq. (2) are 60.37%, 61.9%, 
62.5%, 63.85 and 65.68% for PVDF, PVDF/rGO nano-com-
posites, respectively. It has been found that β-phase has obvi-
ous increase with PVDF/rGO additives compared to pure 
PVDF. The refinement in the β-phase confirms that there is 
a good interaction of the additives with the fluorine in the 
polymer matrix. Another similar refinement behavior was 
reported earlier [31].

(2)F(�) =
X�

X� + X�

=
A�

(K�∕K�)A� + A�



18273Journal of Materials Science: Materials in Electronics (2018) 29:18271–18281	

1 3

3.2 � Dielectric properties

Thomas and his co-workers [32] enhanced the dielec-
tric properties of poly(vinylidene fluoride) (PVDF) using 
CaCu3Ti4O12. Zhuo et al. [33] studied the thermal conduc-
tivity and dielectric properties of Al/PVDF composites. 

Deng et al. [34] fabricated fabricate novel 2–3-type com-
posites based on zinc powders and polyvinylidene fluoride. 
Yang and his group [35] enhanced dielectric and ferroelec-
tric properties of flexible poly(vinylidene fluoride)by using 
TiO2@MWCNTs nano-particles as filler. Dielectric prop-
erties of poly(vinylidene fluoride) nano-composites filled 
with surface coated BaTiO3 by SnO2 nanodots were reported 
by Zha et al. [36]. Li et al. [37], developed polyvinylidene 
fluoride (PVDF) composites having high dielectric constant 
and low loss tangent. For this purpose, they used graphene-
encapsulated barium titanate hybrid fillers. Zhang et al. [38] 
and Li et al. [39] used nano iron oxide-deposited barium 
titanate hybrid particles and calcined BaTiO3 ceramic pow-
ders respectively for improving the dielectric properties of 
PVDF. The fillers nano-barium titanate/nickel hydroxide and 
plate-like (Ba0.6Sr0.4)TiO3 were used by Yang et al. [40] and 
Wang et al. [41].

Under dielectric studies, the electrical properties were 
studied as a function of frequency and temperature. Dielec-
tric analysis helps to define two fundamental parameters: 
the dielectric constant ε′ and the loss tangent, (dissipation 
factor). From the obtained results given in Fig. 3, it has 
been observed that ε′ decreases with increasing frequency 
as shown in Fig. 3a.

This frequency-dependent behavior can be also denoted 
to the interfacial polarization (Maxwell–Wagner–Sillars 
polarization). The increase of ε′ with the increase of rGO 
percentage can be understood in terms of the increase in vol-
ume fraction of conductive nano-filler in the PVDF matrix 
which further causes the slow formation of micro-capaci-
tor networks [42, 43]. Also, the increase might be due to a 
large amount of aggregation between materials in an electric 
field that causes the dipoles to collide with each other and 
produces heat [44–46]. The dependence of the change of 

Fig. 1   SEM micrographs of a PVDF, b rGO/PVDF (f = 0.9 vol%) and 
c rGO/PVDF (f = 2.7 vol%)
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Fig. 2   FT-IR spectra of PVDF polymer and nano-composite samples
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dielectric constant (ε′) with frequency in our composites can 
be calculated by using the power low that can be expressed 
as [48]:

In Eq. (3), s is the critical exponent, while the dielectric 
constants of composites and PVDF are denoted by εeff and 
εPVDF respectively. Also, the volume fraction of filler and 
corresponding percolation threshold value are represented 
by f and fc.

We have fitted the experimental data numerically and 
It has been observed that fc(rGO) = 1.8 vol%. Further, the 
percolation threshold of rGO/PVDFano-composites, is 
an intermediate value for other values obtained for PVDF 
doped with carbon nano-tubes (~ 8 vol%) [43] or graphene/

(3)𝜀eff ∝ 𝜀PVDF
(

fc − f
)−s

for f < fc

PVDF nano-composites (∼ 1 vol%), [42, 43, 46]. It is evident 
from the analysis, the strong dependence of the percolation 
threshold on the distribution of fillers in a matrix that can 
be affected by the particles shape, size, orientation, etc. On 
the other hand the increase in the dielectric constant can 
be attributed to the fact that near the percolation threshold, 
according to the existence of PVDF, conductive rGO are 
still remaining isolative. Consequently, there is a favorable 
condition for the free charges in graphene to stack at the 
interface that causes the strong MWS polarization.

The tan δ is an inverse quantity of its quality factor. 
Therefore, to understand the detailed behavior of a dielec-
tric material, the characterizations of its tanδ spectra are 
required. Figure 3b shows the variation of the tan δ with 
a rise in frequency at diverse temperatures. From this Fig-
ure, we can see that tan δ decreases with increasing fre-
quency. This could be because of polarization (MWS effect). 
Another possible reason is the beginning of follow-up by 
the dipoles to the field variation at higher frequencies [47], 
while tan δ increases as the concentration of rGo increases 
in PVDF composites. The percolation effect results d.c. 
conduction. Consequently, we have observed high values 
of the dielectric loss tangent or the dissipation factor for all 
nano-composites at low frequencies. As frequency increases, 
the reduction in the electronic oscillations takes place that 
causes a collapse of the induced charges and therefore, the 
value of tan δ is also decreased. However, for all composites, 
we observed: tanδ < 4 at 1 kHz–1000 kHz, this confirmed its 
suitability as a high-quality dielectric material, which is suit-
able for several applications [48, 49]. Generally, the higher 
dielectric constants and the smaller dielectric loss factor are 
the typical behavior for the rGO/PVDF nano-composites.

3.3 � Electric modulus

In composite polymeric materials, interfacial polarization 
is related to the change of the dielectric constant with low 
frequencies and high temperatures. According to the above 
observation, the modulus formalism can be used to analyze 
the electrical conductivity in an ionic polymeric material, 
and also to suppress the signal intensity associated with the 
electrode polarization, emphasizing the small features at 
high frequencies [50]. For the determination of the complex 
electric modulus (M*), which is defined as the inverse of the 
complex function (ε*) we expressed the dielectric data as:

In the Eq. (5) M′ represents the real parts of the elec-
tric modulus while M′′ is its imaginary part. The frequency 
dependence of both components for rGO doped PVDF films 

(4)M∗ =
1

�∗
=

��

��2 + ���2
+ i

���

�2 + ���2

(5)M∗ = M� + iM��
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Fig. 3   Plots of a ε′ against frequency at 363  K, b tanδ against fre-
quency at 363 K for all nano-composites
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at 363 K show that the values of M′ increase with increasing 
frequency, [see Fig. 4a].

The ionic materials possess S-shaped dispersion of M′ 
as a remarkable characteristic [51] The M′ values at a low 
frequency near the zero point indicate the exclusion of the 
electrode polarization for the present samples. From the 
observed behavior, it is evident that the role of the electrode 
polarization becomes dominant at high temperatures and low 
frequencies. The polarization is influenced by rGO within the 
PVDF matrix and consequently the electrical conductivity and 
dielectric permittivity. The interfacial polarization or the Max-
well–Wagner–Sillers (MWS) effect is observed in PVDF/rGO 
nano-composites due to the existence of interfaces. This fur-
ther causes an increase in M′ or ε′. The gathering of charges 
at the interfaces is responsible for this phenomenon hetero-
geneous media [52]. In Fig. 4b for M′′ spectra, a peak struc-
ture is observed that shifts towards higher frequency region 

with increasing doping due to the contribution of interfacial 
polarization. With the rise in frequency side of the peak, the 
orientation polarization is reduced because it requires extra 
time to move as compared to electronic and ionic polarization. 
This causes a reduction in the polarization. On the other hand 
at high-frequency side, which corresponds to the interfacial, 
the charges can only carry out the localized motion since their 
response to the alternating electric field is negligible [53]. 
The interfacial polarization mechanism and dipolar relaxa-
tion could be responsible for the observed behavior of the 
dispersion at low and high frequencies respectively [54]. As 
a general feature, the bell shape of the peak in M′′ is atypical 
for ionic behavior. Additionally, the temperature-dependent 
hopping of the conduction mechanism can be understood by 
the spectrum of M′′ [55].

The dielectric relaxation time τm (reported in Table 1) 
measures the time required for the electric charges of any 
material to become neutralized during the conduction process. 
The values of the dielectric relaxation time can be expressed 
as following equation [56]:

here fm is the peak-relaxation frequency. It was found that the 
composition determines strongly the value of relaxation time 
and it decreases after adding rGO. Generally, this decrease 
in τm suggests the facilitation of local chain dynamics of 
PVDF was facilitated after the addition of rGO chains [57].

3.4 � A.C. electrical conductivity

At different temperatures, a.c. conductivity behavior of the 
present materials can be expressed as:

Here εo is the free space permittivity and ε″ is the dielec-
tric loss.

Figure 5 demonstrates the variation of ln σac versus ln 
ω of the films at a 363 K. The inset of Fig. 5 show that 
when the highly conductive materials (rGO) are filled in 
nano-composites, their conductivity rises appreciably. 

(6)�m =
1

2�fm

(7)�ac = 2�f �o�
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Fig. 4   Frequency-dependent plots of a M′ and b M″ of the PVDF/
rGOnano-composite films at 363 K

Table 1   Variation of the activation energy ΔEac and the relaxation 
time τm with rGO content

PVDF/rGO 
(vol%)

ΔEac (eV) at 
10 KHz

ΔEac (eV) at 
100 KHz

τm (s)

0 0.22 0.16 7.96 × 10−4

0.45 0.21 0.12 1.77 × 10−4

0.9 0.18 0.10 1.33 × 10−4

1.8 0.14 0.08 1.59 × 10−4

2.7 0.13 0.81 2.65 × 10−4
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Conductivity appears to be frequency dependent. It was 
found that beyond a definite point, the conductivity shows 
exponential variation with frequency [58]. Further, the 
common behavior of the d.c. conductivity at low-frequency 
range, in disordered solids and polymeric materials, may be 
described by the self-styled ‘a.c. universality law’. This type 
of behavior has also been reported and analyzed as a strong 
indicator of charge migration through the hopping mecha-
nism [59]. PVDF/rGO systems exhibited relatively higher 
values of conductivity, which was in general altered with 
rGO loading, that recovered the ability of conductivity [60]. 
This behavior infers that the dopant molecules start bridg-
ing the gap on increasing the dopant concentration. Further, 
the applied field increases by means of the electronic jump 
between localized states as a function of the a.c. activation 
energy. This causes the separation of the two localized states 
and the reduction of the potential barrier between them [47].

3.5 � Effect of the temperature on the dielectric 
behavior of the PVDF/rGO films

The frequency-dependent ε′ and tan δ spectra of 1.8 vol% 
PVDF/rGO nano-composite film at various temperatures are 
shown in Fig. 6.

It is clear that the value of the ε′ is increased with increas-
ing temperature due to thermal agitation, which facilitates 
the orientational freedom of the polar parts of the PVDF 
chain [61]. To characterize the thermally activated dielectric 
polarization behavior of the nano-composite films, the vari-
ation of ε′ with the temperature at various frequencies are 
depicted in Fig. 7.

A relaxation peaks are observed on the nano-composites 
of the PVDF from the relation between ε′ and the tempera-
ture. This behavior has been perceived for attuned blends 

of PVDF [62, 63] due to the absorption of small thermal 
energy by the polymeric material at a low temperature and 
a certain frequency. Thus, the rotation of only a tiny num-
ber of dipoles causes an increase in the value of ε′ [64]. 
With an increase in the temperature, the viscosity decre-
ment in of polymeric films takes place so the dipoles can 
align conveniently along the applied electric field. Also, 
enough thermal energy is taken by chain segments to execute 
rotational motion and to enhance the polarization process 
[65–67]. Figure 6b shows the increment in tan δ values of 
the nano-composite films with increasing temperature at low 
frequencies, but above 100 kHz, the tan δ values were almost 
temperature independent.

The frequency-dependent M′ and M″ spectra of the 
PVDF—1.8 vol% rGO film at various temperatures are 
presented in Fig. 8. We found that the M′ values of the 
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nano-composite films at a constant frequency decreased with 
increasing temperature, whereas, the M″ spectra exhibited 
a modulus relaxation peak in the intermediate frequency 
range. The σac spectra of the PVDF—1.8 vol% rGO nano-
composite films at different temperatures are depicted in 
Fig. 9a. As shown in the figure, there was some increase in 
the σac values at lower frequencies with increasing tempera-
ture, but at higher frequencies, the increase was insignificant 
for the nano-composite film.

The behavior of the curves clearly indicates that the 
a.c. conductivity is responsive to temperature. This type 
of behavior may be due to the rise in segmental mobility 
of polymeric chains due to temperature dependence of the 
specific volume of the polymer. In the localized state, the 
hopping of the charge carriers and the excitation of charge 
carriers to these states in the conduction band are the factors 
that govern the dependence of conductivity on frequency/
temperature dependence.

Generally the a.c. conductivity is expressed as:

here A is a pre-exponential factor and S is the frequency 
exponent. We determined the value of S from the slopes of 
the linear plots of a.c. conductivity against the frequency 
(see Fig. 10). The increase in a.c. conductivity with increas-
ing frequency is the signature of additional stability in films. 
The temperature dependence of the frequency exponent is 
shown in Fig. 9b. It is observed that the value of exponent 
s lies in the range 0.18–0.74, which is less than unity. The 
observed behavior of “s” is in agreement with the theory of 
correlated barrier hopping model (CBH). According to the 
CBH theory, the conduction occurs through the bi-polaron 
hopping process where two polarons simultaneously hope 
over the potential barrier between two charged defect states 
that, as for increasing temperature the states are produced 

(8)�ac(�) = A�S

by thermal excitation. The thermally activated nature of a.c. 
conduction is displayed by the temperature dependence of 
s [68].

The plots of σac versus 1/T exhibit the same trend as that 
of pure PVDF as seen from Fig. 10. The values of σac for the 
doped samples are higher than those obtained for pure PVDF 
due to the large dipole of rGO content. This can be attrib-
uted to the structural modification of the polymeric matrix as 
a result of the doping. The temperature dependence of σac is 
found to follow the Arrhenius relation which is given by:

here ΔEac is the activation energy for a.c. electrical conduc-
tion. The values of ΔEac for pure PVDF and that with differ-
ent rGO contt at 10 kHz are calculated and listed in Table 1. 
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The relatively low values of ΔEac recommend the hopping 
conduction mechanism for a.c. conduction for all samples.

3.6 � Optimization of dielectric properties: 
comparison with fillers used in recent studies

In the last one 6 years; various research groups have used 
diversified materials as fillers with PVDF to improve the die-
lectric constant and loss [32–41]. Thus, we have compared 
the dielectric properties of present samples with that of other 
composites of PVDF with different fillers (see Table 2) for 
the better understanding of the role of the rGo in the pre-
sent study. From this table, one can observe that the PVDF/

rGO composites provide better optimization of the dielectric 
properties as compared to most of the fillers shown in table.

3.7 � Compensation effect (Meyer–Neldel rule) 
in thermally activated a.c. conduction

Knowing the values of activation energy ΔEac and pre-factor 
ln σo from the slopes of Arrhenius plots of pure PVDF, we 
have plotted the graphs of ln σo against ΔEac. Such plots 
are shown in Fig. 11 for 0.9 vol% and 1.8 vol% rGO/PVDF. 
From this figure, it is clear that ln σo varies linearly with 
ΔEac; thereby indicating that ln σo and ΔEac are related to 
each other according to Meyer–Neldel rule [69]:

Similar plots were observed for the other two samples. 
The linear relation ln σo and ΔEac between confirms the sig-
nature of compensation effect for thermally activated a.c. 
conduction in present samples of rGO/PVDF. Literature sur-
vey shows that such a condition exists if the relaxation time 
itself follows the compensation effect [70].

4 � Conclusions

From FT-IR, SEM spectroscopy and a.c. electrical conduc-
tivity measurements, the following conclusions have been 
drawn. There is an interaction between PVDF and rGO as 
illustrated from shifts in some bands with a change in their 
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intensities, also clear phase (alpha to beta) transition of 
PVDF in the existence of rGO was observed by FTIR analy-
sis. SEM images show that rGO were dispersed well in poly-
meric matrixes. The percolation threshold for PVDF/rGO 
nano-composites was 1.8 vol%. The dielectric properties of 
PVDF are reinforced with adding rGO. The measurements 
of Dielectric properties (dielectric constant and loss tangent) 
reveal that introducing rGO into PVDF matrix facilitates the 
optimization (high dielectric constant and low loss tangent) 
of dielectric properties as compared to various other fillers 
used by diversified groups in recent past.

The dielectric behavior of the nano-composites exhibit 
relaxation peaks in the values of M″ referred to MWS 
effects. A.C. conductivity has been found to obey the power 
law and increases with inversing frequency in the measured 
temperature. The activation energy and pre-exponential fac-
tor for a.c. conduction satisfies the compensation effect (also 
known as Meyer–Neldel rule). These results are reasonably 

well interpreted in the context of the correlated barrier hop-
ping (CBH) model. The present studies indicate that the 
PVDF/rGO nano-composites synthesized by us are potential 
materials for high-charge storage capacitive applications in 
microelectronic devices.
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