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Abstract. From natural graphite, expanded graphite (ExGr) has been synthesized using perchloric acid. Polyvinylidene
fluoride (PVDF)–ExGr nanocomposites have been synthesized through non-solvent precipitation method followed by melt
crystallization at 200°C and quenching in water at room temperature. The electrical percolation threshold has been found
to be above 4 wt% ExGr in PVDF. With the addition of 0.5 wt% sonicated ExGr in PVDF-7 wt% graphite, the electrical
conductivity is enhanced to two orders when compared to that of PVDF-7 wt% graphite. Thermogravimetric analysis
proves very good dispersion of graphite nanosheets, as there exists at least 20°C enhancement in the onset temperature of
thermal degradation with the addition of 3 wt% ExGr in PVDF. Structure development in PVDF due to the incorporation
of ExGr particles has been understood through lattice mismatch theory. The impedance decreases with increase in the
concentration of ExGr in PVDF at room temperature due to the formation of conducting channels. In another set of
experiment, annealing of solution-casted films at 120°C for 5 h results in the formation of electroactive c-phase, as
confirmed through Fourier transform infrared and X-ray diffraction (XRD) analyses of representative samples. The
composites are characterized by XRD, scanning electron microscopy and transmission electron microscopy.
Keywords. Conducting polymer composite; electrical conductivity; electroactive phase; expanded graphite; structure
development.

1.

Introduction

The applications of conducting polymer composites (CPCs)
are ever expanding due to the ease of synthesis, cost
reduction of the product made out of them, lightweight of
the end products, etc. [1,2]. In order to enhance electrical
conductivity of the composite, conducting fillers such as
multi-walled carbon nanotube (MWCNT), graphene, etc.
are incorporated into the polymer matrix. The incorporation
of one-dimensional fillers such as MWCNT in the polymer
matrix has also been investigated for the enhancement of
mechanical properties as well as to alter the crystallization
behaviour of the base polymer matrix [3,4]. The electrical
conductivity of CPCs can be tuned according to the
requirement by varying the concentrations of conducting
filler particles both in binary and hybrid composites. The
electrical percolation threshold in binary CPCs depends on
filler’s particle size, aspect ratio, dispersion, orientation of
filler particles along with processing method adopted and
polymer characteristics [5–7]. Out of various insulating
polymers, polyvinylidene fluoride (PVDF) has been

extensively focused due to excellent piezoelectric, ferroelectric and pyroelectric properties [8]. PVDF can crystallize in five different phases when suitable processing
conditions are employed. The most common phase is the
non-polar a phase. Apart from a-phase, the polar b- and cphases are very important for piezoelectric applications. bPhase exists in all-trans (TTTT) zigzag planar configuration
with orthorhombic crystal structure with all fluorine and
hydrogen atoms in the opposite sides of the polymer
backbone, resulting in net dipole moment. c-Phase has
TTTGTTTG0 chain conformation [9]. The most common aphase has TGTG (Trans-Gauche-Trans-Gauche) chain
conformation. Though c-phase is also an electroactive
phase, the electric dipole moment is maximum for the bphase due to the arrangement of fluorine and hydrogen
atoms. The specific conformation can be induced by particular processing route employed. Apart from high voltage
poling [10] and uniaxial stretching of PVDF film at elevated
temperature [11] for inducing maximum b-phase, addition
of nanoparticles such as Al2O3 [12] and ZnO [13] in PVDF
has also been reported to enhance the electroactive b-phase.
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So the generation of electroactive phases in PVDF by
simple processes is the key for polymer-based piezoelectric
sensor development.
Natural graphite, is a source for the synthesis of expanded
graphite (ExGr) by acid intercalation followed by high
temperature heat treatment or microwave irradiation [14].
Graphite nanosheets can be synthesized by sonicating ExGr
in a suitable solvent, which then can be incorporated as
conducting filler in the insulating polymer matrix. There are
different ways of synthesizing ExGr, such as soaking of
natural graphite particles in concentrated sulphuric acid and
nitric acid mixture in a particular volume ratio as reported
by Chen et al [15]. The reaction time and heat treatment
temperature can be greatly reduced when perchloric acid is
used instead of concentrated sulphuric acid and oxidizing
agents like KMnO4, K2Cr2O7, etc., as reported by Wei et al
[16]. Hence for the synthesis of ExGr, perchloric acid is
used in this study.
With ExGr as the conducting filler synthesized through
sulphuric acid intercalation in natural graphite, Li et al [17]
have studied structure, electrical and thermal properties of
PVDF–ExGr nanocomposites. The nanocomposites were
melt blended. The authors observed no change in the
structure of PVDF phase and reported electrical percolation
threshold of 6.3 vol% ExGr. Nearer to percolation threshold, they have observed enhancement in the dielectric
constant. The authors did not report the effect of thermal
annealing and also structural changes in PVDF when melt
crystallized composites are quenched in water. Ezquerra
et al [18] have synthesized PVDF–ExGr nanocomposites by
non-solvent precipitation route followed by compression
moulding of the composite at 180°C. The samples were
cooled down to room temperature. The authors have
reported that b-phase of PVDF is generated due to the
nucleation effects of ExGr particles under the conditions
employed above certain loading of the filler. The authors
used commercial ExGr and reported broadband AC conductivity of composite system. However, they did not discuss the effect of thermal annealing on the structure
development, electrical conductivity variation in hybrid
nanocomposites. Deng et al [19] have investigated thermal
conductivity variation in melt compounded PVDF–ExGr
nanocomposites. The authors have ball milled the ExGr
prior to making composites. Though the authors have
investigated electrical conductivity, thermal conductivity
and EMI shielding efficiency of the chosen composite, they
have not reported structure development and AC properties
along with effect of thermal annealing of PVDF–ExGr
nanocomposites. Reports are also available regarding
PVDF–ExGr foams, especially for oil–water separation
[20]. In a similar manner electrical properties of hybrid
nanocomposites have been investigated. Al-Saleh [21] has
studied the electrical conductivity variation in PP-graphite
nanoplatelet (GNP)–CNT hybrid nanocomposites with
respect to CNT concentration. Addition of 1 wt% CNT in
PP-2 wt% GNP enhances the electrical conductivity by 12

Bull. Mater. Sci. (2021)44:66
orders. This is attributed to the fact that CNT particles
bridge the gap between GNPs and aggregates of GNPs.
Maiti et al [22] have investigated electromagnetic interference shielding of polystyrene–MWCNT–GNP hybrid
nanocomposite and proved enhancement in electrical conductivity due to bridging of GNPs by MWCNT particles.
Though there are reports related to PVDF–ExGr composites
and their electrical conductivity analysis, usually, the ExGr
is synthesized by acid intercalation in the presence of strong
oxidizing agents such as potassium permanganate in natural
graphite followed by high temperature heat treatment.
However, in our study, ExGr is synthesized by a single-step
process using perchloric acid without any oxidizing agent.
The ExGr is obtained by heat treating the graphite intercalation compound (GIC) at 650°C for 2 min. Thus, there
exists a great reduction in the heat treatment temperature,
which is usually around 1000°C for sulphuric acid-treated
GIC. Further, the processing method employed in our work
is non-solvent precipitation followed by melt crystallization, which will affect the dispersion of fillers in the polymer matrix. There are hardly any reports related to PVDF–
ExGr nanocomposites, in which ExGr particles are synthesized by using perchloric acid and the associated electrical and thermal properties. Similarly, the electrical
properties of PVDF–natural graphite–ExGr hybrid composites synthesized by non-solvent precipitation route is
seldom investigated in the literature. Hence a systematic
study has been carried out to understand structure development, DC, AC electrical conductivity variation in both
PVDF–ExGr and PVDF-7 wt% graphite–ExGr nanocomposites and reported. Also the preliminary study of thermal
annealing of PVDF–ExGr nanocomposite has been reported, which clearly proves the generation of electroactive cphase of PVDF. It has been observed in this study that
annealing of solution cast pure PVDF at 120°C does not
result in electroactive c-phase. However, incorporation of
ExGr in PVDF matrix followed by annealing at 120°C
results in the formation of electroactive phase. The generation of electroactive phase is very important to make
polymer-based flexible piezoelectric sensors. The electrical
conductivity values and the generation of electroactive
phase suggest that the multifunctional composite film can
be used for EMI shielding and energy harvesting
applications.

2.
2.1

Experimental
Materials

PVDF (Grade Solef 1006—MFI-30–40 g/10 min at 230°C/
2.16 kg, density 1.75–1.80 g cc-1 determined by ASTM
D792) has been procured from Solvay Solexis, France.
Natural graphite (better than 100 mesh) has been procured
from Carbon Enterprises, Pune. N,N-dimethylacetamide
(DMAc) (AR grade) has been procured from Qualigens
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Fine Chemicals, India. Perchloric acid (70%) has been
procured from SD Fine-Chem Limited, India.

2.2

Synthesis of ExGr

To 1.5 g of natural graphite (100 mesh), 15 ml of perchloric
acid has been added in a beaker and the resultant mixture
was heated to 120°C for about an hour. This has resulted in
GIC. The GIC has been washed repeatedly with distilled
water till the pH of the washed water became *6.5. Then
GIC is dried in an oven at 100°C overnight. After thorough
drying, the GIC has been heat treated at 650°C in a muffle
furnace for 2 min (including the time required to reach the
set temperature), which has resulted in the formation of
ExGr. This synthesized graphite has been used for making
composites with PVDF.

2.3

Synthesis of PVDF–ExGr nanocomposites

PVDF of required amount is dissolved in 10 ml of DMAc at
60°C by constant stirring. Synthesized ExGr of required
quantity has been dispersed in 10 ml of DMAc using an
ultrasonicator for 20 min. The sonicated ExGr particles are
mixed with dissolved PVDF at room temperature and the
stirring has been continued for another hour. The composite
mixture has been precipitated by drop wise addition of
DMAc:distilled water (80:20 w/w) while stirring as reported
elsewhere [23]. The resultant mixture is sonicated for 5 min
in order to remove trapped air. The composite powder is
washed repeatedly with distilled water till the odour of
DMAc has been completely subsided. Then the composite
powder is dried at 100°C overnight in an oven. In a similar
manner PVDF–graphite–ExGr hybrid composites are prepared as follows. Required amount of PVDF as per weight
fraction calculation is dissolved in DMAc at 60°C first.
Then the required amount of natural graphite is added to the
dissolved PVDF and the stirring has been carried out at
room temperature for 1 h. To this mixture sonicated ExGr in
DMAc, as mentioned above, has been mixed and the mixture has been stirred for another 1 h. The hybrid composite
is precipitated using DMAc:distilled water mixture as
described above to get nanocomposite powder. The powder
is repeatedly washed with distilled water till the odour of
DMAc has been subsided and then dried in an oven at
100°C overnight. Both binary and hybrid composites synthesized through non-solvent precipitation route has been
melt crystallized at 200°C and quenched in water at room
temperature. The resultant composite sheet has been used
for electrical measurements and further analysis.
In another set of experiment, required amount of ExGr
after sonication in DMAc for 20 min has been mixed with
dissolved PVDF in the same solvent at 60°C as per the
weight fraction calculation. The mixture has been drop
casted on to the glass substrate and heated at 60°C till a film
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is formed after the removal of the solvent completely. In
this way pure PVDF film has also been synthesized. Both
binary composite film and the PVDF film are annealed at
different temperatures, such as 60, 90 and 120°C, for 5 h
inside a muffle furnace in air. The structural changes
induced due to thermal annealing are studied.

2.4

Electrical and thermal analysis

Both binary and hybrid composite sheets of particular
thickness have been kept in between specially constructed
gold-plated brass cells and electrical connections are
made. Using DMM 7510 71/2 digit multimeter from
Keithley Instruments, electrical resistance of the sample is
measured. The resistance has been measured three times
and the average resistance is used for the calculation of
conductivity for a particular composition. For the same
composite, the conductivity is calculated thrice after
computing the average resistance for three different films
of the same composition. The standard deviation in electrical conductivity has been determined, which is represented as error bars. The error in the measurement is less
than 8%. For highly conducting sample, the conductivity
variation for the same sample is very less and hence more
accuracy is obtained. AC behaviour of composite sheets
has been measured by using Hioki IM3523 LCR meter by
keeping the sample sheet in between two brass electrodes
after application of conducting silver paint followed by
drying. Thermogravimetric analysis (TGA) has been carried out in TGA/SDTA851 model from Mettler-Toledo in
nitrogen atmosphere with a heating rate of 10°C min-1.
The temperature scan is done from room temperature to
900°C.
Thermal annealing of pure PVDF and PVDF–ExGr
composite film has been carried out inside a muffle furnace
for 5 h at various temperatures.

2.5

Structural analysis

XRD studies have been carried out to understand the
structural changes resulted in the sample due to the processing route employed. X-ray diffractometer (Xpert pro
model) from panalytical with CuKa radiation has been used
as the source.

2.6

SEM and TEM analysis

Surface morphology of the synthesized ExGr has been
analysed using field emission scanning electron microscope
(FESEM, Model: FEI Quanta FEG 200). Sonicated ExGr in
DMAc has been analysed using transmission electron
microscopy (TEM, Model JOEL 2200FS) to observe graphite nanosheets. The cross sections of both solvent cast and
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melt crystallized PVDF-1 wt% ExGr have been analysed
using FESEM after etching the film/sheet in DMAc vapour
for about an hour. In a similar manner, natural graphite has
been sonicated for less than a minute in DMAc and then
analysed using FESEM for comparing the morphology with
that of the synthesized ExGr.

3.
3.1

Results and discussion
Characterization of synthesized ExGr

From natural graphite, ExGr has been synthesized using
perchloric acid as described in section 2.2. Usage of perchloric acid results in sulphur-free reaction unlike the case
of sulphuric acid intercalated graphite when high temperature heat treatment is carried out. Figure 1a–d clearly shows
fluffier ExGr as a result of synthesis route adopted. This is
due to the bursting of acid molecule that binds strongly to
graphite carbon upon heat treatment at 650°C for couple of
minutes. Graphite is expanded along the c-direction. Figure 1e shows the FESEM picture of pristine natural graphite, which is an agglomeration of graphite particles. Upon
sonication in dimethylacetamide, ExGr results in the formation of graphite nanosheets, as shown in figure 1h. The
graphite nanosheets are also crumpled as evident from figure 1g. When the sonicated ExGr is used as the conducting
filler, the electrical percolation threshold is reduced due to
the formation of high aspect ratio graphite nanosheets. In
this study as both solvent cast and melt crystallized PVDF–
ExGr nanocomposites are studied, the cross-section of solvent cast PVDF-1 wt% ExGr film observed through
FESEM very clearly proves the presence of graphite
nanosheets, as indicated by the arrows in figure 1f. Similarly, cross-section of melt crystallized and water quenched
PVDF-1 wt% ExGr nanocomposite proves the existence of
agglomerated graphite nanosheets and very well coated
with the polymer, which could be observed in the FESEM
picture as depicted in figure 1g.

3.2

XRD analysis of synthesized ExGr

Figure 2a shows the X-ray diffractogram of as-received
natural graphite (NatGr), graphite intercalated compound
(PCAGIC) and heat-treated expandable graphite (PCAEx).
It can be seen that the intensity corresponding to (002)
reflection of natural graphite is higher compared to that of
GIC and ExGr. The full-width at half-maximum (FWHM)
is increased for ExGr when compared to that of pristine
natural graphite. This proves that the particle size is reduced
after expansion along c-axis of graphite. The intensity of
ExGr is reduced to a greater extent as it depends on the
number of unit cell. Since the particle size is reduced, the
number of unit cell would have been decreased and hence
the reduction in the intensity can be understood. The XRD
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pattern of ExGr is shown separately in the subset of
figure 2b.

3.3 Electrical conductivity analysis of PVDF–ExGr
and PVDF–graphite–ExGr composites
Figure 3a depicts the electrical conductivity variation in
binary PVDF–ExGr composites synthesized by non-solvent
precipitation route followed by melt crystallization at 200°C
and room temperature quenching in water. It can be seen
that the transition from insulator to semiconductor occurs at
a loading above 4 wt% ExGr. This is due to the fact that
contact between the filler particles is established above
4 wt% ExGr loading in PVDF. Beyond 6 wt% ExGr loading, composite sheet formation is found to be difficult and
hence higher composition could not be synthesized by the
method adopted. In similar manner, the electrical conductivity of PVDF-7 wt% graphite-x wt% ExGr (x = 0.1 and
0.5), as shown in figure 3b, has been calculated from the
measured values of resistance. With 0.5 wt% ExGr loading
in PVDF-7 wt% graphite, the conductivity is enhanced by
two orders when compared to the conductivity of PVDF7 wt% graphite. The enhancement in the electrical conductivity is due to the reduction in the barrier for the charge
transport between graphite particles due to the occupancy of
high aspect ratio graphite nanosheets in the intergraphite
space. Without the addition of second filler, namely graphite nanosheets, the interparticle distance between graphite
particles will be more so that the barrier for the charge
transport will be higher, as depicted in figure 3c. However,
addition of graphite nanosheets results in the ease of charge
transport from graphite particle to graphite nanosheets due
to the presence of graphite nanosheets in between natural
graphite particles, as shown in figure 3d. This kind of result
has been published for polyethersulphone (PES)–graphite
based hybrid composites [24]. The effective dielectric
constant at low frequency for PES–graphite based hybrid
composites has been observed to be more than that of binary
composite without the second conducting filler, which is
understood in terms of reduction in the interparticle distance
between conducting fillers. The enhancement in the effective dielectric constant has been understood in terms of
parallel plate capacitor model [24].

3.4

Structure development in PVDF–ExGr composites

The XRD of melt crystallized pure PVDF followed by room
temperature quenching in water shows (020) reflection has
maximum intensity compared to intensities corresponding
to other planes, as depicted in figure 4. With the addition of
sonicated ExGr, the reflection corresponding to (020) of
PVDF is decreased and the intensity of (110) reflection is
enhanced when the samples are made exactly under identical conditions. Thus with the addition of sonicated ExGr in
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Figure 1. FESEM pictures of (a)–(d) expanded graphite in different magnifications, (e) natural graphite,
(f) solvent cast PVDF-1 wt% ExGr composite, (g) melt crystallized PVDF-1 wt% ExGr nanocomposite and
(h) TEM picture of sonicated expanded graphite.
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PVDF, the preferential orientation of planes can be realized.
Though the XRD pattern resembles that of a-phase after
ExGr addition, in melt crystallized samples, the preferred
orientation of planes can be understood through lattice

mismatch theory as described below. With the addition of
sonicated-ExGr, the intensity of all peaks corresponding to
PVDF decreases as the polymer content becomes low.
The a-phase of PVDF exists in orthorhombic structure,
which has the following lattice constants: a = 4.96 Å,
b = 9.64 Å and c = 4.62 Å [25]. ExGr has graphitic
structure whose lattice constant is given by a = b =
2.46 Å, c = 6.71 Å [26].
When one-dimensional or two-dimensional fillers are
incorporated in semicrystalline polymers, there can be
preferential orientation of planes of the polymer crystals
depending on the lattice match along three different directions. It is further reported that when the lattice mismatch
factor is less than 10%, epitaxial growth of one phase over
the other can be expected. According to lattice mismatch
theory, the mismatch factor d is defined as [27]
d ¼ jpls  qlg =jls j  100

Figure 2. (a) XRD pattern of pristine natural graphite (NatGr),
graphite intercalation compound (PCAGIC) and expanded graphite. (b) XRD pattern of expanded graphite (magnified).
-4
-5

ð1Þ

where l is the lattice parameter along any axis; p and q are
integers. The subscripts ‘s’ and ‘g’ represent substrate and
growing medium. In PVDF system, substrate is graphite
nanosheets and the growing medium is the polymer. When
‘p’ is taken to be 4 and ‘q’ to be 2, the lattice mismatch
factor between a-axes of substrate and the growing polymer
is less than 4%. Similarly, the lattice mismatch factor is less
than 10% when ‘p’ is taken to be four and ‘q’ is taken to be
2 when the ‘b’ axis of graphite nanosheets and the polymer
is considered. Hence the growth of polymer along the edges
of graphite nanosheets result in the enhancement in the
intensity of (110) plane. This has been clearly witnessed in
the XRD. Thus the ExGr particles act as heterogeneous
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Figure 3. (a) Electrical conductivity variation in PVDF–ExGr binary composites, (b) electrical conductivity variation in PVDF7 wt% graphite-x wt% ExGr (x = 0.1, 0.5). (c) and (d) Model depicting reduction in the interparticular distance in PVDF–graphite–
ExGr hybrid composite system.
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polymer is due to better distribution of graphite nanosheets.
The distribution of filler particles in the base polymer
matrix restricts the chain mobility and enhance the onset
degradation temperature of the polymer. Similar kind of
result has been published elsewhere [28].

Pure PVDF
PVDF-3 wt% Exgr
PVDF-5 wt% ExGr

6000
(020)
(110)

4000
3000

3.6
(100)

2000
1000
0
-1000

16

18

20

22

24

2 Theta

Figure 4. XRD patterns of melt crystallized PVDF, PVDF3 wt% ExGr and PVDF-5 wt% ExGr.

nucleation sites for the growth of polymer. Since the lattice
mismatch factor for the polymer and graphite nanosheets
along a and b directions is less than 10%, the polymer can
grow at the filler edges and hence the intensity of (110)
reflection of PVDF increases after melt crystallization.

3.5

Frequency dependent impedance analysis

The frequency dependent impedance plots of PVDF-x wt%
ExGr (x = 0, 2, 3, 6) and PVDF-7 wt% graphite-0.5 wt%
ExGr at selected frequencies are shown in figure 6a and b,
respectively. For PVDF–ExGr melt crystallized binary
composites, addition of s-ExGr (sonicated ExGr) decreases
the low frequency impedance. With the addition of 2, 3 and
6 wt% s-ExGr, the impedance decreases and there exists
more than four orders reduction in the impedance at
1000 Hz when 6 wt% ExGr is added in PVDF compared to
pure PVDF. This is due to the fact that the high aspect ratio
graphite nanosheets form a network and hence the barrier
for the charge transport is decreased. This implies that the
electrical conductivity is increased with the addition of
conducting filler. The impedance decreases for PVDF with
respect to frequency. Thus the information that shall be
obtained is consistent with the previously published data for
different systems [29]. In a similar manner, with the addition of 0.5 wt% ExGr in PVDF-7 wt% graphite, the

Thermogravimetric analysis

The thermal stability of PVDF–sonicated ExGr composite is
understood through TGA. Figure 5 shows TGA curves of
melt crystallized, water quenched PVDF and PVDF-3 wt%
ExGr composite. It can be clearly seen that there exists at
least 20°C enhancement in the onset degradation temperature of PVDF with 3 wt% addition of sonicated ExGr. The
enhancement in the onset temperature of degradation of the
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Figure 5. TGA analysis of melt crystallized and room temperature water quenched PVDF and PVDF-3 wt% ExGr composites.

PVDF-7 wt% Graphite

PVDF-7 wt% Graphite-0.5 wt% ExGr

Figure 6. Frequency dependent impedance plots of melt crystallized, room temperature water quenched (a) PVDF–ExGr binary
composites, (b) PVDF and PVDF-7 wt% graphite-x wt% ExGr
(x = 0, 0.5) hybrid composites.
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impedance decreases by more than one order when compared to PVDF-7 wt% graphite, as depicted in figure 6b.
This result is supported by the DC conductivity data. Further it can be understood that the effective dielectric constant of the conducting composite should be higher than that
of melt crystallized pure PVDF.

3.7 Effect of annealing of PVDF–ExGr composite
on the generation of electroactive phase
The electroactive phases of PVDF can be induced by a
suitable method, such as uniaxial or biaxial stretching or
high voltage poling, etc. It has also been reported that dissolving PVDF in a suitable solvent and annealing at different temperatures can generate electroactive phases.
Satpathy et al [30] have reported that c-phase of PVDF is
generated either casting from DMSO or DMF, regardless
of the preparation temperature. Ezquerra et al [18] have
reported the generation of b-phase in PVDF with the
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addition of graphite, ExGr and single-walled carbon nanotube, especially with higher loading of the filler. The
composites were prepared by non-solvent precipitation
route. The effect of annealing at different temperatures on
the generation of electroactive phase in PVDF when carbonaceous fillers are added is not clearly reported in the
literature. Hence our preliminary study on the effect of
annealing temperature on the generation of electroactive
phase in PVDF–ExGr composites is discussed below. In this
study, the composite film is made by solution casting
technique followed by heating at 60°C to remove the solvent. Then the composite films are annealed at different
temperatures.
In order to understand the effect of heat treatment on the
electroactive phase formation with and without the conducting filler, series of XRDs are taken, as shown in
figure 7. Figure 7a shows the effect of annealing of pure
PVDF at different temperatures, such as 60, 90, 120°C,
for 5 h in air. Unannealed PVDF sample shows no
trace of electroactive phase, as there is no peak in XRD at

Figure 7. XRD plots of solution casted (a) annealed PVDF film at different temperatures, (b) PVDF-1 wt% ExGr annealed at 60, 90
and 120°C for 5 h. (c) PVDF, PVDF-1 wt% ExGr, PVDF-2 wt% ExGr annealed at 120°C. (d) PVDF-x wt% ExGr (x = 1, 2)
unannealed films.
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20.3°/20.1° (2h) corresponding to (200)/(110) reflection,
which is the characteristic peak of electroactive b/c phase
[31,32]. It can be seen that after heat treatment, there is no
phase transformation as peaks corresponding to a-phase of
PVDF remains. a-Phase of PVDF has reflections from
(100), (020), (110), (021) planes at 17.6°, 18.4°, 19.9°,
26.6°, as depicted in the XRD as reported elsewhere [31].
When the annealing temperature is increased from 60 to
120°C, the intensity of (020) reflection of PVDF increases
when compared to the intensity of other peaks. This is
understood in terms of reorientation of crystal planes due
to thermal effects. In the presence of sonicated ExGr,
annealing at different temperatures results in electroactive
phase generation, as prominent peaks of a-phase of PVDF
are subsided and a broad peak could be seen around 20.3°,
as depicted in figure 7b and c, respectively. Thus the effect
of sonicated ExGr has immense effect on the phase transformation of PVDF. The reason for the formation of electroactive phase in the presence of sonicated ExGr particles
is due to the fact that the interaction of p-electrons in graphite sheet with fluorine group in PVDF can make the
fluorine groups to be oriented in a particular manner, such
that c-phase is resulted under the conditions employed. It
can be observed from figure 7d that PVDF-1 wt% ExGr
and PVDF-2 wt% ExGr, without heat treatment, results in
a-phase of PVDF. Thus it can be concluded that the effect
of addition of sonicated ExGr followed by thermal
annealing at different temperatures aids electroactive phase
formation in PVDF. b- or c-phase of PVDF cannot be
confirmed only through XRD, as spread in 2h values have
been reported [32]. In view of that FTIR analysis of selected
samples have been run and shown in figure 8. When pure
PVDF is annealed at 120°C for 5 h, there are no characteristic vibration bands corresponding to electroactive phases. The enhancement in the intensity of absorption band at
833 and 1234 cm-1, when 2 wt% ExGr is incorporated in
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PVDF and annealed at 120°C for 5 h, confirms the presence
of electroactive c-phase of PVDF, as reported elsewhere
[33,34]. Further analysis will be published in our paper in
near future.

4.

Conclusions

ExGr has been synthesized using perchloric acid, which is a
single-step process without any oxidizing agents. PVDF–
ExGr and PVDF-7 wt% graphite–ExGr composites have
been synthesized through non-solvent precipitation technique followed by melt crystallization at 200°C and room
temperature water quenching. The electrical percolation
threshold has been identified above 4 wt% ExGr for the
binary composites. Incorporation of 0.5 wt% ExGr in
PVDF-7 wt% graphite results in the conductivity nearly
equal to that of PVDF-6 wt% ExGr. Thus hybrid composites are effective in decreasing the loading of nanofillers in
the composites. TGA proves that the onset degradation
temperature of polymer has been increased by 20°C when
3 wt% ExGr is incorporated in the PVDF matrix, suggesting restriction of polymer chain mobility due to the distribution of filler particles. The XRD analysis proves that there
exists preferential orientation of PVDF (110) planes of aphase when the binary PVDF–ExGr composites are synthesized by non-solvent precipitation route followed by
melt crystallization. The frequency dependent impedance
analysis of both binary and hybrid composites prove that
impedance decreases with the increase in the filler content.
PVDF–ExGr composites prepared by solvent casting technique using DMAc as the solvent and followed by annealing
at 120°C for 5 h results in the generation of electroactive cphase of PVDF, as confirmed through XRD and FTIR
analysis. Thus the synthesis method of composites plays a
dominant role in the generation of electroactive phase of
PVDF. The generation of electroactive in PVDF is very
important for the energy harvesting application.
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