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ABSTRACT: Polyvinylidene fluoride (PVDF)-expanded graphite
(ExGr) nanocomposites have been prepared by solution blending
and melt processing methods. In the presence of polyvinylpyrro-
lidone (PVP), enhanced dispersion of graphite nanosheets (GNSs)
in the PVDF matrix, as suggested by field emission scanning
electron microscopy analysis, results in very low electrical
percolation threshold (0.3 wt % ExGr). X-ray diffraction, Fourier
transform infrared spectroscopy, and differential scanning calorim-
etry (DSC) analyses confirm the coexistence of electroactive
gamma and nonpolar alpha phases. Wrapping of PVP chains
around GNSs reduces the crystallinity in PVDF-ExGr nano-
composites in comparison to that in neat PVDF films, as evidenced
by DSC analysis. Thermogravimetric analysis confirms enhanced thermal stability of PVDF-ExGr nanocomposites above 500 °C
mainly attributed to the PVP-assisted dispersion of GNSs. The water contact angle of solution-blended PVDF-ExGr nanocomposite
films increases with and without PVP in comparison to that of the neat PVDF film. Compression-molded PVDF-ExGr
nanocomposites also exhibit electroactive gamma and nonpolar alpha phases of PVDF with reduction in electrical conductivity
compared to solvent-cast films.

1. INTRODUCTION
Conducting polymer composites (CPCs) are being immensely
focused for various applications such as sensors, actuators, fuel
cell bipolar plates, energy harvesting nanogenerators, electro-
magnetic interference (EMI) shielding devices, etc.1 The
piezoelectric response of polymeric materials depends on
electroactive phases or enhanced dipole moment changes upon
mechanical deformation.2 The EMI shielding efficiency (SE),
which is a sum of shielding effect due to absorption, reflection,
and multiple reflection mechanisms, depends on the electrical
conductivity of the polymeric materials apart from frequency
and permeability.3 To obtain high EMI SE, the conductivity of
the polymer composites should be tailor-made. The electrical
conductivity of polymer composites and electroactive phases in
the composites can be modulated to the desired level by the
incorporation of conducting metal particles and carbonaceous
fillers.4,5 The incorporation of magnetic nanostructures along
with conducting fillers in polymer matrices also improves EMI
SE by the absorption mechanism.3 The electrical percolation
threshold, which is the loading of the conducting filler at which
the conductivity of the composite is increased to many orders,
is dependent on various parameters such as filler’s particle size,
aspect ratio, processing route, dispersion of fillers, and the
polymer matrix.6 It is desirable to decrease the electrical

percolation threshold as minimum as possible, which will help
in the easy processing of polymer composites. Not only
retaining electrical conductivity is important, but also the
mechanical properties of the composites should be im-
proved.7,8 In this regard, conducting carbonaceous nanofillers
such as graphite nanosheets (GNSs),9 graphene,10 carbon
nanotubes (CNTs),11 carbon nanofibers,12 etc., are employed
for making conducting polymer nanocomposites as well as
hybrid nanocomposites.

Depending on the processing route adopted for the synthesis
of CPCs, the dispersion of fillers in the polymer matrix will
vary. Various methods are utilized to improve the dispersion of
the filler particles in a chosen polymer matrix by improving the
compatibility between the fillers and the polymer matrix. In
this regard, functionalizing the fillers,13 employing surface
active agents14 and compatibilizers,15 are more frequently
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carried out. Surfactant−assisted dispersion of conducting
carbonaceous nanofillers in the chosen polymer matrix is
preferred rather than their functionalization. The reason is
attributed to the fact that defect formation in the structure of
fillers in the later process shall decrease the electrical
conductivity of the composites to an appreciable level than
what it would have been in the absence of functionalization of
the filler particles.16 Excess amount of surfactant can also cause
the electrical conductivity of the composites to be decreased.
However, the structures of the fillers would be preserved in this
case. Therefore, depending on the polymer matrix, the choice
and amount of surfactant used are critical for enhancing the
dispersion of the filler in the polymer matrix.

Among various polymers, poly(vinylidene fluoride) (PVDF)
has been chosen for this study due to its piezoelectric,
ferroelectric, and pyroelectric properties. It exists in five
different phases such as alpha, beta, gamma, delta, and
epsilon.17 The most stable alpha phase is nonpolar (TGTG′
configuration). Both beta (β) (TTTT configuration) and
gamma (γ) phases (TTTGTTTG′ configuration) are electro-
active as these phases exhibit an electric dipole moment
because of the arrangement of fluorine atoms. The net dipole
moment per unit cell for the beta phase is maximum (8 ×
10−30 C·m).18 Inducing the electroactive beta or gamma phase
of PVDF is very important for energy harvesting applications.
Though the beta phase is more polar than the gamma phase,
the latter phase also exhibits a superior piezoelectric
coefficient.19 The electroactive beta phase is induced in
PVDF by high-voltage poling20 or a mechanically stretching
PVDF film at elevated temperatures.21 Other techniques such
as the incorporation of fillers like graphene,22 nano clay,23

multi-walledCNTs,24 etc., can result in the generation and
stabilization of electroactive phases. Further, the literature
suggests that various processing routes like electrospinning25

and low-temperature crystallization of PVDF pertained to
specific solvents26 can also yield β and γ phases.

Expandable graphite is obtained after intercalating suitable
acid molecules in the interplanar distance of natural graphite.
Expanded graphite is obtained from the expandable graphite
either by high-temperature heat treatment27 or by microwave
irradiation.28 Usually, graphite particles are treated with
potassium permanganate followed by sulfuric acid/nitric acid
treatment, resulting in intercalation of acid molecules between
the graphite planes. Thus, graphite intercalation compounds
are prepared. On subsequent heat treatment or microwave
irradiation, expanded graphite is formed due to bursting of acid
molecules, which results in the expansion along the “c”
direction few hundred times as reported by Chung et al.29

Further, it is easy to synthesize GNSs from expanded graphite
by ultrasonicating the latter in a suitable solvent. Hence,
compared to graphene and CNT, expanded graphite is a better
alternative from the perspectives of cost and ease of synthesis.
Hence, in this work, expanded graphite has been used as the
filler. The high-aspect-ratio fillers also act as heterogeneous
nucleation sites when incorporated in a suitable polymer
matrix. Since nanostructures are metastable structures, they are
prone to agglomeration which should be avoided. Due to this
reason, often surfactants such as cetyltrimethylammonium
bromide (CTAB),30 sodium dodecyl benzenesulfonate,31 etc.,
are used to improve the dispersion of the fillers in water or
suitable organic solvents. The selection of a surfactant is
critically dependent on the filler and polymer matrices chosen.
Among various surfactants, polyvinylpyrrolidone (PVP) has

been reported to significantly enhance the dispersion of
graphite nanostructures due to its high affinity toward the
graphite particles when the filler particles are dispersed in
organic solvents.32 Since the present work is related to solution
blending of PVDF-ExGr nanocomposites, GNSs are dispersed
in the chosen solvent with PVP.

Bentini et al.33 have studied the thermal stability and oil
absorption capacity of the highly porous PVDF-ExGr
composite system. However, the authors did not report
structure development in that composite system, and the
electrical properties correlated to the dispersion of ExGr
particles. Xie et al.34 have analyzed the effect of various
surfactants such as CTAB, PVP, and KH-550 on the dispersion
characteristics of graphite nanoplatelets in dimethylformamide
(DMF) and synthesized PVDF-modified graphite nanoplatelet
composites by solution mixing followed by a compression
molding technique. The graphite nanoplatelets are bath-
sonicated in DMF for more than 1 day before mixing with
the polymer. It has been reported by the authors that the
electrical conductivity is reduced, although the dispersion of
graphite nanoplatelets has been improved. This could be due
to the presence of a thick layer of surfactant molecules on the
graphite nanoplatelets. Since the authors have employed the
solution blending method followed by the compression
molding technique for the preparation of composites, the
interparticular distance could have been increased, which is the
reason for the decrease in the electrical conductivity. Also, the
authors did not investigate the structure development, thermal
properties, and contact angle analysis of the chosen composite
system.

Zhang et al.35 have studied the electrical and thermoelectric
properties of solution-blended PVDF-ExGr composites using
ExGr at different volume expansions as the filler. A high
electrical conductivity of 883 S/cm and excellent thermo-
electric performance with a power factor of 6.79 μW/m K2

have been reported for the composite with ExGr obtained by
thermal induction of expandable graphite at 600 °C. Li et al.36

have investigated the dielectric properties of the solvent-cast
PVDF−GNS composites by functionalizing GNS using two
silane coupling agents to enhance the dispersion in the
polymer matrix. The composite in the presence of coupling
agents at the percolation threshold of 3 wt % GNS exhibits
excellent dielectric properties with low dielectric loss. Deng et
al.37 have investigated the electrical and thermal conductivities
of the PVDF-ExGr composite by the ball milling process. The
enhancement of thermal and electrical conductivities has been
reported with an increase in the loading of ExGr.

Kou et al.38 have reported enhanced dielectric constant and
low dielectric loss for PVDF−PVP-coated graphene oxide
composites in which enhancement in the dispersion of the filler
particles is realized. The authors did not comment on the
processing-route-dependent electrical properties, contact angle
analysis along with electroactive phase formation, and
quantification. The authors prepared composites by solution
blending followed by hot pressing at 190 °C and reported a
reduction in the electrical conductivity with various loadings of
PVP (5, 10, 20 wt %). The authors have reported that the
electrical conductivity of PVDF−GO composites is decreased
with an increase in the loading of PVP when compared to the
conductivity of the composites without PVP. It appears that
the amount of PVP used is more, and the system seems to be
PVDF−PVP−GO blend nanocomposites and a thick coating
of PVP layers might have impeded the charge transport. Though
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there are reports related to the surfactant-assisted dispersion of
carbonaceous nanofillers when incorporated in the polymer
matrix,39 hardly any paper is published related to the
enhancement in the electrical conductivity of composite
systems in the presence of surfactant molecules. The surfactant
amount and processing methods play a significant role in
deciding the electrical conductivity of the polymer composite
system. Hence, we have performed a systematic study on the
enhancement in the dispersion of GNSs with PVP (1 wt %) as
the surfactant in the PVDF matrix, which reduces the electrical
percolation threshold when the solution blending method is
employed for the preparation of PVDF-ExGr composites. The
novelty of our work lies in the fact that improved dispersion of
GNSs in the presence of surfactant molecules enhances
electrical conductivity and also results in structure develop-
ment in PVDF. We are the first to report enhanced electrical
conductivity by incorporating surfactant molecules in solution-
blended PVDF-ExGr nanocomposite systems. Thermal proper-
ties and the effect of processing routes on the electrical
conductivity along with water contact angle (WCA) analysis
have been reported for the chosen composite system with and
without a surfactant. The results corresponding to 1 wt % PVP
loading in solution-blended PVDF-ExGr nanocomposites are
reported in the present work, and the results are promising for
the development of flexible polymer-based nanogenerators and
underwater acoustic sensors.

2. EXPERIMENTAL SECTION
2.1. Materials. PVDF (Grade Solef 1006-MFI-30−40 g/10

min at 230 °C/2.16 kg) is obtained from Solvay Solexis,
France. Expandable graphite (grade 3772) is provided by
Asbury Carbons Inc., USA. N,N-Dimethylacetamide (DMAc)
(AR grade) is acquired from S.D-fine chemicals, India. PVP
(average molecular weight 40,000) is procured from Sigma-
Aldrich, USA.
2.2. Synthesis of Expanded Graphite. Expanded

graphite is synthesized from expandable graphite by microwave
irradiation. Commercial expandable graphite of the amount
0.1−0.2 g is taken in an alumina crucible and placed in a
domestic microwave oven (model LGMH2342 (LG, India)�
output power-800 W). It is irradiated by microwaves generated
in the oven for about 10 s, resulting in the formation of fluffy
expanded graphite.
2.3. Preparation of Solution-Blended PVDF-ExGr

Nanocomposite Films. PVDF-ExGr nanocomposites are
prepared by solvent-casting method. The total composite
amount is maintained at 1.5 g. PVDF of appropriate quantity is
dissolved in 10 mL of DMAc by mechanical stirring using a hot
plate kept at 60 °C. An appropriate amount of expanded
graphite is separately added to 10 mL of DMAc and probe
sonicated using a probe sonicator (ENUP 500 M/C�life-care
equipment, India-500 W, frequency 20 ± 2 kHz. Probe
sonication has been carried out at 30 W, 20 kHz) until the
GNSs are completely dispersed in the solvent. The PVDF
solution is then added to this dispersed GNSs in the solvent,
and the mixture is probe sonicated for about 20−30 min
intermittently. The heat produced during probe sonication is
removed by placing the beaker in a cold-water bath, while
sonication is carried out. The solution is then poured into a
Petri dish and heated at 60 °C until complete evaporation of
solvent results (the odor of solvent is subsided). Once the
solvent molecules are evaporated, a thin flexible film is formed.
The thickness of the solvent-cast film is 0.1 mm. A series of

composite films are made by varying the expanded graphite
loading (x (wt %) = 0, 0.1, 0.3, 0.5, 1, 1.5, 2, 3) according to
the calculation. The samples are designated as the PEG series.
PEG0.5 refers to the PVDF-0.5 wt % ExGr nanocomposite
without PVP. Similarly, PEG1 refers to PVDF-1 wt % ExGr
nanocomposite. (P refers to the first letter of PVDF, EG refers
to expanded graphite, and number following EG refers to wt %
of filler content.) A neat PVDF film is prepared after dissolving
the required amount of PVDF granules in DMAc at 60 °C as
mentioned above followed by probe sonicating the solution,
and then, it is cast in a Petri dish.
2.4. Preparation of Solution-Blended PVDF-ExGr−

PVP Nanocomposite Films. The preparation of solution-
blended PVDF-ExGr−PVP films is similar to that of the
procedure mentioned in Section 2.3 and is detailed in
Supporting Information Section S1.1.
2.5. Preparation of the PVDF-ExGr Nanocomposite

Film with and without PVP by Compression Molding.
The solvent-cast PVDF-ExGr film with different loadings of
filler particles is folded and placed between stainless-steel
plates. The steel plates are preheated to a temperature of about
240 °C on a compression molding press [Bharaj BCP 40
(Bharaj Machineries Pvt. Ltd., India)�machine tonnage�40;
platen area�1 sq. ft.; maximum mold heater temperature�
300 °C]. The film was compressed at a pressure of 170−200
kg/cm2. The curing time for the film formation is kept at 10
min. The films of PVDF-x wt % ExGr and PVDF-x wt % ExGr-
1 wt % PVP nanocomposites with different loadings of ExGr (x
wt % = 0, 0.5, 1, 2) are prepared for electrical resistance
measurements.
2.6. Characterization Techniques. The electrical char-

acterization, optical microscopy analysis, X-ray diffraction
(XRD) analysis (structural characterization), Fourier transform
infrared spectroscopy (FTIR) analysis, differential scanning
calorimetry (DSC) analysis, thermogravimetric analysis
(TGA), field emission scanning electron microscopy
(FESEM), and WCA analyses of PVDF-ExGr nanocomposites
without and with 1 wt % PVP are detailed in Supporting
Information Sections from S2.1 to S2.8, respectively.

3. RESULTS AND DISCUSSION
3.1. Dispersion of Expanded Graphite. The dispersion

of expanded graphite in DMAc solvent is investigated with and
without the surfactant, PVP. The ExGr particles in DMAc have
been probe sonicated, and the stability of GNS dispersion over
time is analyzed. The GNSs dispersed in the presence of PVP
exhibited good and stable dispersion without any further
agglomeration and settlement for about 2 weeks. This is
attributed to the strong affinity of PVP toward sonicated ExGr
particles. It has been reported that the hydrogen bonding
between PVP and reduced graphene oxide (rGO) results in
better dispersion of rGO in the nanocomposite.43 It has been
proved that the carbonyl group of PVP interacts with the
hydroxyl group on the surface of the graphene oxide,
preventing its agglomeration due to the van der Waals force
enhancing the dispersion as reported elsewhere.44 Since, in the
present work, expanded graphite has been used, which is
obtained by microwave irradiation of expandable graphite
(expandable graphite is usually obtained by sulfuric acid/nitric
acid intercalation), the presence of functional groups such as
hydroxyl groups on the GNSs cannot be ruled out. Hence,
PVP can interact well with GNSs. PVP has been proven to
effectively disperse high concentration of graphene dispersion
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in organic solvents and hence act as a stabilizer. PVP prevents
reaggregation of graphene layers sterically due to adsorption
onto the surface of filler particles as reported elsewhere.45

Since, in the present work, sonicated expanded graphite in
DMAc results in the formation of GNSs, PVP coats onto the
filler surface, preventing further agglomeration. Hence, the
dispersion of GNSs is improved in DMAc and also in the
polymer matrix when solution-blended nanocomposites are
prepared. Further, the hydrophobic interaction between PVP
and graphene has been reported to be the cause of better
dispersion in water as reported by Yoon and In.46 Similarly, in
the presence of CTAB, the dispersion of sonicated ExGr is
stable for less than 4 h as observed through the experiments.
Hence, compared to CTAB, for the same amount of PVP (1 wt
%), the dispersion of GNSs in DMAc is found to be more
stable for many hours. The dispersion of the GNSs without
PVP is stable for a shorter duration of time comparatively. The
settlement of agglomerated GNSs can be seen clearly in less
than 6 h. Since PVP has been observed to be very effective in
dispersing the GNSs, it is used as the surfactant for this study.
The amount of PVP has been fixed at 1 wt % for the
preparation of PVDF-ExGr nanocomposites. Thus, PVP has
better affinity to GNSs whether chemical interaction exists

between them due to the presence of functional groups onto
the surface of GNSs or hydrophobic interaction between them.
Experimentally, better interaction between PVP and GNSs has
been confirmed as the dispersion of GNSs in DMAc stays for a
longer duration.
3.2. DC Conductivity Analysis of Solution-Blended

PVDF-ExGr Nanocomposites. Figure 1a depicts the non-
linear electrical conductivity variation of solvent-cast PVDF-x
wt % ExGr (x = 0, 0.3, 0.5, 1, 1.5, 2, 3) and PVDF-1 wt % PVP-
x wt % ExGr (x = 0, 0.3, 0.5, 1, 1.5, 2, 3) composite films. The
electrical conductivity of the PVDF-x wt % ExGr-1 wt % PVP
nanocomposite system is higher than that of the PVDF-x wt %
ExGr nanocomposite system. The electrical conductivity of
PPEG0.5 is about 2 orders higher than that of PEG0.5. This is
due to more uniform distribution of GNSs, which results in
better conductive network formation between them in the
PVDF matrix on incorporating the surfactant, PVP. The
enhanced dispersion of GNSs has reduced the percolation
threshold to 0.3 wt % ExGr in the composite system with PVP,
as shown in Figure 1a. The composite system without PVP has
a comparatively higher percolation threshold of 0.5 wt % ExGr
due to less dispersed GNSs in the PVDF matrix. When PVP is
incorporated, at lower concentration itself, effective network

Figure 1. (a) Variation of electrical conductivity in the solvent-cast PVDF-ExGr nanocomposite films with and without PVP. (b) Model depicting
the conducting network formation in the PVDF ExGr composites without and with PVP.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03083
ACS Omega 2024, 9, 178−195

181

https://pubs.acs.org/doi/10.1021/acsomega.3c03083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03083?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formation between the filler particles could be obtained
because of enhanced dispersion in the polymer matrix. This
aspect will be proved in FESEM analysis. In fact, optical
microscopy images prove the fact that in the PVDF-ExGr
nanocomposite with PVP, the dispersion of GNSs is better in
comparison to the nanocomposite without PVP as explained in
Section S3 of the Supporting Information. The variation of
electrical conductivity with the loading of ExGr follows the
typical percolation behavior. The experimental results confirm
the fact that PVP has more affinity toward graphite particles. It
should be mentioned that the PEG3 (PVDF-3 wt % ExGr
without PVP) film is slightly rougher in comparison to the
same composite with 1 wt % PVP. Also, the film formation has
been observed to be slightly difficult in comparison to that of
PPEG3 due to random distribution of GNSs in PEG3. A
model, as depicted in Figure 1b, clearly shows that probe
sonication of expanded graphite forms agglomerated GNSs,
which on mixing with polymers do not form enough
conducting networks at lower loadings because of increased
interparticular distance. However, in the presence of PVP,
which has more affinity toward GNSs, PVP-encapsulated
GNSs reduce the agglomeration. Thus, the number of filler
particles increases eventually, resulting in the reduction of the
electrical percolation threshold due to more network
formation. The electrical conductivity enhancement proves
the fact that the coating thickness of PVP onto GNSs will be
much less with a possibility of charge transport as the
interparticle distance between the fillers is reduced. However,
electrical conductivity reduction has been reported with a
higher loading of PVP probably due to increased barrier
thickness around GO in PVDF.38 It should be mentioned that
when the barrier thickness is less than 50 Å, tunneling
conduction is possible. The result of the present investigation
suggests that a very thin layer of PVP coating onto the GNSs
would have been formed through which charge transport is
possible.
3.3. FESEM Analysis. The expanded graphite has been

synthesized from commercial expandable graphite by micro-
wave irradiation, as shown in Figure 2a,b. The expandable
graphite upon microwave irradiation results in the bursting of
intercalated acid molecules, leading to a huge expansion of the
graphite layers along the c-axis. The FESEM micrograph of
ExGr shows a more porous and vermicular structure, as
depicted in Figure 2c. When expanded graphite is probe
sonicated in a suitable solvent it forms GNSs.

Similarly, the surface morphology of solvent-cast composite
films with and without PVP is analyzed. The cross sections of
the etched PEG1 and PPEG1 films are shown in Figure 3a,b,
respectively, under different magnifications. The rough surface
indicates the polymer surface. The micrograph of the PEG1

film clearly shows the random occupation of agglomerated
GNSs in the PVDF matrix, which is a solid proof for the
nonuniform distribution of the fillers in the matrix. Clusters of
GNSs can be found in a particular region surrounded by thick
polymer layers, as depicted in Figure 3a. Since the number of
networks between conducting nanofillers is reduced because
the filler particles are randomly located, the conductivity of the
PVDF-ExGr composite system without PVP is lesser than that
of composites with PVP. The FESEM micrograph of the cross-
section of etched PPEG1 shows the uniformly arranged GNSs
(thickness less than 100 nm), which indeed is an agglomerated
structure (as shown in Figure 3b). The orderly arrangement of
filler particles coated with PVP is evident from Figure 3b. This
is an added proof for the interaction of PVP with ExGr, which
has led to more uniform and enhanced dispersion of the fillers
in PVDF. It has been proved in the literature that PVP has
better interaction with graphene oxide.43 Since expanded
graphite is produced by acid intercalation (sulfuric acid,
perchloric acid, etc.) between graphite layers followed by heat
treatment at high temperatures or microwave irradiation, the
possibility of the existence of carboxyl and hydroxyl functional
groups cannot be ruled out, and hence, the interaction between
PVP and GNSs can be understood. Further, during solvent
casting, since PVDF is a semicrystalline polymer, it would
crystallize faster and PVP chains will be wrapping the GNSs. It
should be mentioned that PVP is an amorphous polymer.
Because of the enhanced dispersion of GNSs due to PVP
addition, the contact between filler particles is established at
lower loading itself, which results in higher electrical

Figure 2. Digital pictures of (a) expandable graphite (before microwave irradiation), (b) expanded graphite (after microwave irradiation), and (c)
FESEM micrograph of expanded graphite.

Figure 3. FESEM picture of cross section of the solution-blended (a)
PEG1 and (b) PPEG1 nanocomposite films at different magnifica-
tions.
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conductivity when compared to the conductivity of the
composites without PVP. Evidently, the GNSs are agglom-
erated but uniformly dispersed. The agglomeration of GNSs
with PVP is less than what has been observed to be in the
absence of PVP. Though PVP coats the agglomerated GNSs,
the thickness of the coating decides the charge transport
through the system. Excess use of surfactant decreases the
electrical conductivity of the nanocomposites as the thickness
of the coated layer might increase, which will affect the charge
transport. However, our experimental results prove the fact
that with incorporation of 1 wt % PVP in PVDF-ExGr
composites, better network formation between filler particles
results in the enhancement in the electrical conductivity of
nanocomposites. The interaction between PVP and ExGr can
also be understood through DSC analysis, as discussed in the
later sections. It has been proved in this work that there exists a
possibility to enhance electrical conductivity at an appropriate
loading of PVP in PVDF-ExGr nanocomposites prepared by a
solution-blending technique. It should be mentioned that if phase
separation between polymer and f iller particles exists, GNSs would
have been randomly distributed and agglomerated in the presence
of PVP. However, the FESEM result supports uniform distribution
of f iller particles in the presence of PVP in PVDF and hence phase
separation issues would not have resulted.
3.4. XRD Analysis. Figure 4a shows the XRD patterns of

the solution-blended neat PVDF film, ExGr, PPEG0, PPEG0.5,
and PPEG1 films, respectively. The major peak of ExGr is
observed around 26.5°, which corresponds to the 002
reflection. The solution-cast neat PVDF film exhibits the
characteristic gamma phase peaks at 18.5° (002), 20.3°
((110)/(101)) as reported elsewhere.40 The gamma phase
peak of PVDF can be observed in all the composites with and
without PVP. On comparing the XRD patterns of neat PVDF
with that of the PPEG0 composite, the intensity corresponding
to the (110)/(101) reflection of the electroactive gamma
phase has been increased, as depicted in Figure 4c, suggesting
the interaction between PVP and PVDF such that the
crystallite size is increased. This can be attributed to the
interaction between the carbonyl groups of PVP and the
methylene groups in the PVDF matrix as reported elsewhere.47

Because of this interaction in a single PVDF chain, the carbon
and fluorine atoms arrange such that the gamma crystal
configuration is extended. When more chains pack together,
this results in crystallite size enhancement. On adding 0.5 wt %
ExGr in PVDF with PVP, the intensity of the gamma phase
(110)/(101) plane decreases as shown in Figure 4d when
compared to that of composites without PVP. This result
implies the fact that PVP coils around GNSs, and hence, the
interaction between the filler and PVDF is screened. Also, the
composite filler can occupy inter-PVDF chains, resulting in a
decrease in the peak intensity of the electroactive gamma
phase. A similar trend can be seen in Figure 4e in which the
XRD patterns of PVDF-1 wt % ExGr with and without PVP are
compared. The existence of the gamma phase is confirmed
even at the higher loading of ExGr in the composites without
PVP. The peak intensity corresponding to the electroactive
gamma phase of PVDF with PVP and 1 wt % ExGr loading
increases compared to that of 0.5 wt % loading, although the
PVDF content is less in the former case, which is a clear
indication of the presence of agglomerated GNSs with
insufficient coiling of PVP chains due to an enhanced number
of GNSs. Thus, a smaller number of GNSs that are not coated
well by PVP can interact with PVDF chains enhancing the

Figure 4. X-ray diffractograms of solvent-cast PVDF-ExGr nano-
composites (a) with PVP and (b) without PVP. Comparison of XRD
patterns of (c) neat PVDF and PVDF-1 wt % PVP films, (d) PVDF-
0.5 wt % ExGr films with and without PVP, and (e) PVDF-1 wt %
ExGr films with and without PVP.
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electroactive phase configuration in PVDF chains when
compared to that of 0.5 wt % ExGr loading with PVP. In
fact, the XRD of PVDF-ExGr without PVP results in enhanced
intensity from planes corresponding to the electroactive
gamma phase due to the absence of PVP. Though the
crystallize size can be correlated with the intensity enhance-
ment of the gamma phase (from the peak at 20.3° alone), the
percentage of crystallinity cannot be commented upon as the
latter parameter is related to the area under all the gamma
phase peaks in XRD. Actual crystallinity calculation will be
done through DSC analysis, and the gamma phase fraction
calculation will be done through FTIR analysis. The following
conclusion can be arrived at from the XRD analysis of PVDF-
ExGr nanocomposites.

1. PVP has better interaction with GNSs.
2. Without PVP, GNSs have better interaction with PVDF

chains.
Figure 4b depicts the XRD patterns of the neat PVDF film,

ExGr, PEG0.5, and PEG1 composite films, respectively. These
composites without PVP also exhibit the characteristic peak of
the gamma phase (110)/(101) of PVDF. The peak intensity
corresponding to the electroactive gamma phase reflection in
the PEG1 composite is higher than that of the PEG0.5
composite despite the reduction in polymer content in the
former composite. This result suggests that sonicated ExGr
particles can induce electroactive phase due to the interaction
between π-electrons in GNSs and the −CF2 groups in PVDF
as reported elsewhere.48 Compared to the peak intensity
corresponding to the (110)/(101) reflection of the gamma
phase of the solvent-cast neat PVDF film, the peak intensity of
the same reflection in PVDF-0.5 wt % ExGr composites is
reduced. However, when 1 wt % ExGr is incorporated in
PVDF, the peak intensity corresponding to the (110)/(101)
reflection is increased in comparison to that of the neat PVDF
film. This result also confirms the fact that GNSs can induce a
more electroactive gamma phase. It should be mentioned that
the full width at half-maximum (fwhm) of the 1 wt % ExGr-
loaded composite corresponding to the electroactive gamma
phase as shown in Table 1 is reduced in comparison to that of

neat PVDF and PVDF-0.5 wt % ExGr composite films. Thus,
the crystallite size of the electroactive phase of PVDF is
increased with an increase in the loading of ExGr up to 1 wt %
in PVDF. This can be attributed to the fact that GNSs can
induce more electroactive phase in a PVDF chain due to better
interaction. This would have increased the crystallite size when
the other chains come closer. Though the crystallite size
corresponding to the electroactive gamma phase increases with

the loading of 0.5 wt % ExGr in PVDF when compared to that
in the neat PVDF film (as the fwhm decreases for the
composite), the peak intensity is reduced because GNSs would
have been randomly distributed in the polymer matrix, as
evidenced in FESEM analysis, and the total number of gamma
crystals of PVDF would have been effectively reduced. In a
way, the crystallite size locally increases due to incorporation of
ExGr into the polymer matrix. As mentioned before, from the
peak intensity, crystallinity cannot be commented upon.
However, the variation of peak intensity becomes a proof for
the interaction of GNSs with PVDF chains.

The solvent plays a major role in the generation of the
electroactive phase in the neat PVDF film. In short, through
XRD, it is confirmed that in solution-blended PVDF-ExGr
nanocomposites with and without PVP, the electroactive
gamma phase is generated, which exhibits compositional
dependence, i.e., on the loading of ExGr. The interaction
between PVP and GNSs, along with PVDF chains and GNSs,
can be qualitatively understood from the XRD results.
3.5. FTIR Analysis. The FTIR spectra of solution-blended

neat PVP, PPEG0, PPEG0.5, and PPEG1 films are shown in
Figure 5a and that of PEG0, PEG0.5, and PEG1 are shown in

Table 1. Comparison of fwhm and Peak Intensity Variation
in Solution-Blended PVDF-ExGr Nanocomposite Films
with and without PVP

composition
peak intensity of gamma phase reflection

(110)/(101) [20.3°]
fwhm
[deg]

without PVP
PEG0 786 0.8160
PEG0.5 652 0.8029
PEG1 868 0.5353

with PVP
PPEG0 1021 0.8129
PPEG0.5 552 0.8060
PPEG1 681 0.6691

Figure 5. FTIR of spectra of solvent-cast samples (a) with PVP (neat
PVP, neat PVDF, PPEG0, PPEG0.5, PPEG1) and (b) without PVP
(neat PVDF, PEG0.5, PEG1). (c) Electroactive gamma phase content
in the solution-blended PVDF-ExGr nanocomposite film with and
without 1 wt % PVP.
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Figure 5b. The existence of the electroactive gamma phase is
confirmed in the neat PVDF film itself due to the presence of
vibration bands at 833 cm−1 (CH2 rocking) and 1234 cm−1

(CF2 out-of-plane deformation) as reported elsewhere.49 The
incorporation of ExGr does not affect the gamma crystal
structure in the PVDF-ExGr composites with and without
PVP. The confirmatory bands of the gamma phase of PVDF
are seen in all samples. There are also a few alpha phase
vibration bands observed at 540 cm−1 (CF2 bending), 762
cm−1 (very weak), and 1388 cm−1 in PEG0 and PPEG0. PEG1
has alpha phase vibration bands around 762 cm−1 (very weak),
871 cm−1 (CH out-of-plane deformation), and 1388 cm−1.
PPEG1 exhibits alpha phase vibration bands around 547 and
1388 cm−1. The coexistence of alpha and electroactive gamma
phases in all of the composites has been proved by FTIR
analysis. Since neat PVDF also exhibits an electroactive gamma
phase, it is to be mentioned that the solvent has a great role in
the phase transformation in PVDF. It should also be
mentioned that the vibration bands corresponding to PVP
do not interfere with the confirmatory vibration bands of the
electroactive gamma phase of PVDF.

Figure 5c shows the comparison of the electroactive phase
content in solution-blended PVDF-ExGr nanocomposites with
and without PVP for selected samples. The electroactive
gamma phase of PVDF increases with 1 wt % PVP
incorporation, suggesting better interaction between PVP and
PVDF. The gamma phase content of the neat PVDF film
(86.2%) has been increased to 87.2% in the PEG1 film. Also,
with the incorporation of 0.5 wt % expanded graphite without
PVP, a slight increase in gamma phase content has been
realized (86.6%). This is attributed to the interaction between
π-electrons of GNSs and the CF2 dipoles in PVDF as reported
elsewhere.48 Since the network formation is initiated at that
loading of ExGr (0.5 wt %), there can be more filler edges that
could have been exposed, resulting in a slight increase in the
electroactive phase. When the ExGr loading is increased to 1
wt %, a decrease in gamma phase content (83.3%) is realized.
Since this loading is above the percolation threshold, there will
be more network formation between GNSs so that a smaller
number of filler edges would be exposed to the polymer matrix,
and hence, the electroactive phase content in the nano-
composite is decreased. However, the electrical conductivity is
enhanced due to the network formation between the fillers.
This kind of result has been published elsewhere.50 Also, the
filler particles can occupy inter-PVDF chains, affecting the
crystallinity. It should be mentioned that the DSC analysis
proves the fact that crystallinity is decreased when 1 wt % ExGr
is incorporated into the PVDF matrix when compared to that
of the neat PVDF film.

When 1 wt % PVP is incorporated into PVDF-x wt % ExGr
(x = 0.5, 1) composites, the fraction of the gamma phase of
PVDF is decreased in comparison to the composites without
PVP. This is attributed to the fact that PVP coils around GNSs
due to the crystallization of PVDF from the solution, while the
solvent is removed, which makes PVP chains adhere onto
GNSs. It must be noted that PVP incorporation resulted in
better dispersion of GNSs in the polymer matrix, as evidenced
by the FESEM pictures. Hence, more composite fillers can
occupy inter-PVDF chains, affecting both crystallinity and the
electroactive phase content. The interaction of GNSs with
PVDF chains is hindered because of PVP wrapping, and hence,
the electroactive gamma phase content is less compared to that
of the composites without PVP with the same loading of filler

particles. Table.2 depicts the variation in the gamma phase
content concerning filler loading for solution-blended samples.

3.6. DSC Analysis. Figure 6a depicts the melting DSC
curves of solution-blended PVDF-x wt % ExGr (x = 0, 1, 2)
with and without PVP. It can be seen that there are two
melting peaks fused in both systems with and without PVP at 1
wt % ExGr and 2 wt % ExGr loadings in PVDF. The higher
temperature melting peak (170−174 °C) corresponds to the
gamma phase of PVDF, and the lower temperature melting
peak (∼165−169 °C) corresponds to the alpha phase of PVDF
as cited in the literature.41,42 Figure 6b shows the
crystallization peaks of PVDF-ExGr nanocomposites with
and without PVP. To explicitly show two melting peaks, the
deconvoluted melting peaks of representative samples are
depicted in Figure S3a−c in Section S4 of Supporting
Information. The deconvolutions are done using the Voight
function. It can be seen from Table S1 (Supporting
Information) that the area under the high-temperature melting
peak (corresponding to the gamma phase) is increased from
neat PVDF to PPEG0, signifying an increase in the gamma
phase content. Also, the area under the low-temperature
melting peak is reduced when 1 wt % PVP is incorporated in
PVDF, suggesting that the alpha phase content is reduced
compared to that of neat PVDF. Similarly, for PPEG1, the area
under the high-temperature melting peak is less than that of
the neat PVDF and PPEG0, signifying that the electroactive
gamma phase content is reduced. Also, the area under the
alpha phase melting peak is increased, suggesting higher alpha
phase content when compared to that of neat PVDF and
PPEG0. The ratio of the area under the gamma phase to the
area under the alpha phase (Aγ/Aα) melting curves for the
selected samples follows the crystallinity data as shown in
Table S1 (in Supporting Information). The trend in the
variation in areas corresponding to the phases of PVDF is
consistent with the FTIR analysis discussed earlier. In short,
deconvolution of the melting peaks corresponding to PVDF-
ExGr nanocomposites with and without PVP proves the
coexistence of nonpolar alpha and electroactive gamma phases,
and variation in the electroactive phase in the composites is
consistent with FTIR analysis.

The XRD data also support the existence of the gamma
phase in both composite systems with and without PVP. The
crystallinity calculated using the enthalpy corresponding to the
melting peak is tabulated in Table 3. From the data, the
percentage crystallinity of neat PVDF is around 40.79, and
when 1 wt % PVP is incorporated in PVDF, it increases to
56.5. Also, the crystallization temperature has been shifted to a
higher temperature. This indicates that PVP acts as a
nucleating agent. This is due to the interaction between the
PVP and the PVDF chains as cited elsewhere.51 The melting
temperature of PPEG0 is higher than that of neat PVDF, which
also indicates that there should be an interaction between

Table 2. Gamma Phase Content Variation in Solution-
Blended PVDF-ExGr Films with and without PVP

electroactive gamma phase content (%) [solvent
casting]

sample with 1 wt % PVP without PVP

PEG0 87.74 ± 1.16 86.27 ± 1.63
PEG0.5 84.14 ± 0.86 86.62 ± 1.38
PEG1 80.35 ± 0.65 83.33 ± 1.47
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PVDF and PVP. In the PPEG1 sample, the percentage
crystallinity has been reduced to 30.02. This shows that PVP
has more affinity toward GNSs and gets coated onto the filler’s
surface reducing its exposure to the PVDF matrix. Also, PVP-
coated GNSs can act as a separator between PVDF chains,
which results in a decrease in the crystallinity. This fact is also
proven for PPEG2 composites. More sonicated expanded
graphite particles result in GNSs, which can act as separators
between the PVDF chains, resulting in lesser crystallinity. The
percentage crystallinity is reduced from 30.02 for 1 wt % ExGr
in PVDF with 1 wt % PVP to 12 for 2 wt % ExGr in PVDF
with 1 wt % PVP. The DSC results strongly support the fact
that the interaction of PVP is stronger with GNSs than that of
PVDF. It is due to this interaction that the dispersion of GNSs
is found to be better in the polymer matrix, as evidenced
through FESEM analysis of the composites.

In the case of PEG1, the crystallinity is 31.73%, which is a
little higher than that of PPEG1. At 1 wt % loading of ExGr,
the crystallinity is decreased in comparison to that of neat
PVDF because of the occupation of filler particles in between
PVDF chains apart from the fact that network formation
between them would have occurred. Due to the occupation of
GNSs in the interspace of PVDF chains, the polymer chains
cannot come closer, resulting in lesser crystallinity. The
crystallization temperature has been observed to be decreased
compared to that of neat PVDF for the same reason. For
PEG2, the crystallinity is 31.8%, which is slightly higher than
that of 1 wt % ExGr loading in PVDF. However, an increase in
crystallization temperature by almost 1.5 °C can be noticed in
comparison to that of neat PVDF. Since at 2 wt % ExGr
loading in PVDF, agglomeration could have resulted,
compared to 1 wt % ExGr loading in PVDF, there is a
possibility of distribution of GNS particles in the polymer
matrix which could have come out of the interspace of PVDF
chains forming agglomeration with other nanosheets, thereby
increasing the crystallization temperature. Thus, the GNSs act
as heterogeneous nucleation sites depending on the loading of
the filler particles in the polymer matrix (as the crystallization
temperature is increased). The melting temperatures of PEG1
and PEG2 are decreased in comparison to that of neat PVDF
due to the rapid heat transfer to the polymer matrix through
conducting GNSs. PPEG1 has a lower melting point than
PPEG0, suggesting enhanced dispersion of PVP-coated GNSs
in the former case as the heat transfer is much faster when
compared to that of PPEG0. Also, it should be noted that the
melting temperature of PEG1 is higher than that of PPEG1,
suggesting a better dispersion of GNSs in the latter case. This
result also proves the fact that the coating of PVP will be very
thin on the surface of the GNSs. Thus, these results do support
the electrical conductivity data that the enhancement of
dispersion of GNSs coated with PVP chains reduces the

Figure 6. DSC curves of solution-cast PVDF-x wt % ExGr (x = 0, 1,
2) with and without PVP: (a) melting curves and (b) cooling curves.

Table 3. Comparison of Melting Temperature, Crystallization Temperature, and Percentage Crystallinity in Solution-Cast
Samples with and without PVP

sample ΔHm (J/g) Tm (°C) ΔHc (J/g) Tc (°C) crystallinity (Xc)= (ΔHm/ΔHm100) × 100 (%)

PEG0 42.63 172.85 50.92 141.74 40.79
PPEG0 58.46 173.14 57.81 143.08 56.50
PPEG1 31.06 170.43 46.27 141.07 30.02
PPEG2 12.29 170.25 17.22 140.78 12.00
PEG1 32.83 172.43 33.08 141.21 31.73
PEG2 32.57 170.58 32.57 143.24 31.80
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percolation threshold. The DSC analysis supports the fact that
there is a strong interaction between PVP and GNSs. Further,
PVP and ExGr particles can act as nucleating agents in
improving the crystallinity of the PVDF matrix.
3.7. Thermogravimetric Analysis. Figure 7a shows the

TGA curves of ExGr particles, neat PVP, PEG0 (neat PVDF),

PEG1(PVDF-1 wt % ExGr), and PPEG1(PVDF-1 wt % ExGr-
1 wt % PVP) solution-blended films. Two-step degradation can
be observed for neat PVP. Initially, there is weight loss up to 100
°C, which is due to the evaporation of adsorbed moisture as PVP is
hydrophilic.52,53 At around 380 °C, the onset degradation of the
main chains of PVP occurs. The mechanism of the thermal
degradation of PVP is due to its depolymerization to the
monomer chain as reported by Loriá-Bastarrachea et al.54 The
authors have also reported that there could be a simultaneous
reaction yielding oligomers. PVDF exhibits single-step thermal
degradation, and the onset of thermal degradation of the main
chain is at 438 °C as reported elsewhere.55 The char content is
different at different temperatures above 500 °C. It has been
reported in the literature that hydrogen fluoride gas (HF) is
the major decomposition product of PVDF. The formation of
HF results in a cross-linked structure that cannot be

decomposed easily, resulting in increased char content.56

The mechanisms of degradation of PVDF carbon−hydrogen
scission and backbone scission have been well explained by De
Jesus Silva et al.57

The char content varies with loadings of ExGr and
temperatures above 500 °C. The data on the variation of
char content are presented in Table 4. TGA of ExGr shows an

initial weight loss of about 9%, which is due to the evaporation
of moisture adsorbed. TGA can be analyzed in two different
regions: above and below 480 °C. Below 366 °C, PPEG1 is
more stable than PEG1. This indicates that PVP is coated onto
the sonicated ExGr particles preventing the evaporation of
volatile contents. Below 366 °C, the heat transfer from ExGr is
quite faster, resulting in faster degradation of PEG1. The same
reason is valid after 366 °C until 470 °C. A similar
interpretation has been cited for RGO−PVP composites.43

Above 480 °C, the char content for PPEG1 is higher than that
for PPEG0, which is attributed to the enhanced dispersion of
GNSs as PVP is almost degraded at this stage. PPEG1 has
higher char content than neat PVDF and PEG1, as evidenced
from Table 4. Because of the uniform dispersion of GNSs and
the tortuous pathways created by the filler particles, physical
barrier effect is introduced for the thermal degradation and the
mobility of degradable products as mentioned elsewhere.58

Therefore, the char content is higher. Thus, the role of PVP is
to enhance the dispersion of GNSs in the PVDF matrix, which
results in higher char content. With respect to neat PVP, all
nanocomposites exhibit a higher onset thermal degradation.
Similar degradation behavior is observed at 2 wt % ExGr
loading in PVDF with and without PVP. PPEG2 has higher
char content than PEG2, indicating improved dispersion of
GNSs. These data support the electrical conductivity data as
the electrical conductivity is enhanced due to the dispersion of
fillers in the matrix. A similar trend is observed at 2 wt % ExGr
loading in PVDF both with and without PVP, as shown in
Figure 7b. The char content is different at different
temperatures for neat PVDF and the PVDF-1 wt % ExGr
composite with and without 1 wt % PVP. However, from Table
4, it can be easily seen that in the presence of PVP, the char
content at different temperatures evaluated is higher, which
supports the fact that PVP enhances the dispersion of GNSs
corroborating the electrical conductivity data. In short, TGA of
PVDF-ExGr nanocomposites with and without PVP suggest
the following.

1. PVP enhances the dispersion of GNSs in the polymer
matrix.

2. Well-dispersed GNSs prevent weight loss and enhance
residual char content.

Figure 7. TGA thermograms of (a) ExGr particles, PPEG1, PEG1,
neat PVDF, neat PVP films (from top to bottom) and (b) PPEG2,
PEG2, and neat PVP films (from top to bottom).

Table 4. Variation of Char Content with Respect to
Temperature in Solution-Blended Neat PVDF, PEG1, and
PPEG1 Composite Films

char content (%)

temperature (°C) PEG0 PEG1 PPEG1

500 28 36 38
550 25.7 32 35
600 22 30 32
650 20 28 30
700 18 27 29
750 17 26.7 28.7
800 16 26.3 28.4
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3.8. Wetting Property Analysis of Solution-Blended
PVDF-ExGr Nanocomposites with and without PVP. The
variation of contact angle solution-blended neat PVDF, PEG1,
PEG2, PPEG0, PPEG1, and PPEG2 composite films is shown
in Figure 8a. As observed from the plot, the contact angles of
both composite systems (with and without PVP) increase with
an increase in ExGr loading. The results indicate an increase in
the hydrophobic nature of the composite films with the
addition of ExGr to the PVDF matrix. The contact angle of the
bare PVDF film is 113.5°, as shown in Figure 8b. It is observed
that depending on the preparation route, the contact angle of
the same polymer film can be varied as the crystallinity could

be different, which might result in different surface rough-
nesses. Upon the addition of 1 wt % ExGr in PVDF, the
contact angle increases to 115.8° and further increases to
117.3° at 2 wt % of ExGr in comparison to that of the neat
PVDF film. The increase in contact angle with ExGr loading
could be attributed to enhanced surface roughness, which can
be explained by the Cassie−Baxter model.59,60 In the case of
the PVDF-ExGr composite system, probe sonication of ExGr
in DMAc leads to the formation of GNSs, which results in
decreased interparticular distance in the polymer matrix with
an increase in the loading of ExGr particles. Therefore, wetting
decreased eventually. It should be mentioned that the loading

Figure 8. (a) Variation of contact angles of solution-blended PVDF-x wt % ExGr (x = 0, 1, 2) without and with 1 wt % PVP vs ExGr loading. (b)
Digital pictures depicting contact angles of solvent-cast samples: (from top left) neat PVDF, PEG1, PEG2, PPEG0, PPEG1, and PPEG2 composite
films.
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of ExGr chosen for the contact angle analysis study is above
the electrical percolation threshold of PVDF-ExGr nano-
composites. Similarly, in the case of PVDF-ExGr-1 wt % PVP
systems, the contact angle increases with the increase in ExGr
loading. However, the contact angles of the PVP-incorporated
composite system are less than that of the composite system
without PVP, which is attributed to the hydrophilic nature of
PVP. The contact angle of PPEG0 is 96.6°, which is less than
that of neat PVDF. At 1 and 2 wt % ExGr loadings with PVP in
PVDF, the contact angles have been increased to 108.1 and
110.4°, respectively. Despite the addition of PVP, these
composites show an increase in contact angle due to the
reduced interparticle distance of fillers. Though the contact
angle is increased with ExGr loading with PVP, those values
are still less than those of the composites with the same loading
of ExGr in PVDF without PVP. The surface roughness of the
PVDF-ExGr surface would have been increased, as witnessed
in the FESEM analysis. A similar analysis has been reported in
the literature61 as well. PVP has strong interaction with GNSs,
which results in a more uniform distribution, resulting in a
decrease in the interparticular distance. However, the hydro-
philic nature of PVP decreases the contact angle of the PVDF-
ExGr−PVP nanocomposites. For neat PVDF, with an alpha
phase, the contact angle reported is usually around 90°.62 In
our case, for the neat solution-processed PVDF film, the WCA
is around 113.5°, suggesting the possibility of the electroactive
phase formation, especially the gamma phase. Since the
fraction of the gamma phase is higher and the gamma crystals
of PVDF are smaller in size,63 the contact angle could have
been increased because of surface roughness variation. It has
also been observed that probe sonication of neat PVDF for
different times results in variation in the contact angle.
However, a separate study in that regard needs to be carried
out to analyze the effect of crystallinity variation on the contact
angle of the composites.
3.9. Effect of Processing Routes on the Electrical and

Wetting Properties of the PVDF-ExGr Nanocomposites.
3.9.1. DC Conductivity Analysis. Figure 9a,b shows the
comparison of electrical conductivity variation between the
solvent-cast and compression-molded PVDF-x wt % ExGr (x =
0.5, 1, 2) composites with 1 wt % PVP and without PVP,
respectively. The conductivities of PVDF-ExGr composites
with and without PVP are comparatively higher for the solvent-
cast composites than for the compression-molded samples.
This reflects the fact that the processing route influences the
conducting behavior of composites. The decrease in electrical
conductivity in compression molded samples is due to
decrease in the melt viscosity of the polymer which results in
the random distribution of the GNSs in the PVDF matrix.
Hence, the interparticular distance of GNSs is increased
because of the reduction in the melt viscosity. A similar trend is
observed in the compression molded composites with PVP
also.
3.9.2. XRD Analysis of Compression-Molded PVDF-ExGr

Nanocomposites. Figure 10a shows the XRD patterns of
compression-molded PPEG0 and PPEG1 composites. Sim-
ilarly, Figure 10b shows the XRD patterns of compression-
molded neat PVDF and PEG1 composites. The XRD patterns
of compression-molded samples with and without PVP prove
the existence of the electroactive gamma phase of PVDF at 2θ
values at 20.3 and 39°, respectively. The enhancement of the
alpha phase peak is also observed at 36° for all the samples.40

In comparison to the solvent-cast samples, the gamma phase

intensity of the compression-molded samples has been
considerably increased. The peaks corresponding to the
electroactive gamma phase (110/101) are narrow with lower
fwhm, indicating the increased crystallite size of the gamma
crystals. The peak intensity of graphite at 26.5° (002) has
increased comparatively. In composite films with PVP, the
enhancement in the peak intensity of planes corresponding to
the gamma phase of PVDF can be due to the removal of the
PVP coating from the graphite particles. Since the compression
molding is carried out at 240 °C, the interaction between
graphite and PVP would break, resulting in the removal of PVP
coating from the graphite surface. Now, more graphite layers
are exposed, and this can result in agglomeration; hence, the
peak intensity of the (002) reflection of graphite increases.
This also aids in explaining the decrease in the conductivity of
the compression-molded samples compared to that of the
solvent-cast samples. Similarly, compression molding of PVDF-
ExGr composites without PVP at higher temperatures results
in a decrease in the melt viscosity of the polymer. This, in turn,
would increase the separation of GNSs in the PVDF matrix,
making it difficult for better charge transport, and hence, the
conductivity is decreased. From electrical conductivity and
XRD data of compression-molded composites, it can be

Figure 9. Comparison of electrical conductivities of solvent-cast and
compression-molded PVDF-x wt % ExGr (x = 0.5, 1, 2) composites
(a) with 1 wt % PVP and (b) without PVP.
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concluded that agglomeration of GNSs occurs at higher
loading in PVDF. This brings out the fact that the processing
route plays an important role in influencing the crystal phase of
the composite film.
3.9.3. FTIR Analysis of Compression-Molded PVDF-ExGr

Nanocomposites. The FTIR vibration spectra of the
compression-molded PPEG0 and PPEG1 composites are
shown in Figure 11a and those of the neat PVDF and PEG1
composites are shown in Figure 11b, respectively. The
existence of an electroactive gamma phase is confirmed by
the presence of absorption bands at 833 and 1234 cm −1 in a
compression-molded neat PVDF sheet. The above result
proves the fact that the processing conditions have not affected
the crystal structure much. Also, vibration bands corresponding
to the alpha phase exist like that of the solvent-cast samples. In
short, FTIR analysis confirms the existence of electroactive
gamma and nonpolar alpha phases in compression-molded
samples supporting the XRD results.

The electroactive gamma phase in selected compression-
molded PVDF-x wt % ExGr (x = 0, 1) with and without PVP
has been calculated from FTIR vibration bands as already
mentioned in Section 2.5. The variation of the electroactive
phase with the composition is depicted in Figure 11c. It can be
observed that the electroactive gamma phase of PVDF is

Figure 10. XRD patterns of compression-molded (a) PPEG0, PPEG1
and (b) neat PVDF, PEG1 composite films.

Figure 11. FTIR spectra of compression-molded samples: (a)
PPEG0, PPEG1 and (b) neat PVDF, PEG1. (c) Gamma phase
variation in compression-molded PVDF-x wt % ExGr (x = 0, 1) sheets
with and without PVP. Comparison of the electroactive gamma phase
of the PVDF-ExGr composite prepared by both solution blending and
compression molding techniques (d) without PVP and (e) with 1 wt
% PVP.
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increased for compression-molded neat PVDF with 1 wt %
PVP (86.8%) when compared to that of the same sample
without PVP (85.8%). This result suggests the fact that though
melt viscosity is decreased, the interaction between PVDF and
PVP is appreciable, resulting in higher gamma phase content. A
similar trend is observed for compression-molded PEG1 and
PPEG1. Since compression molding has been carried out at
240 °C, the coating of PVP chains over GNSs must have been
removed, and hence, PVP interacts with PVDF, causing a
higher gamma phase content in the composite with PVP
(79%). Since the GNSs are distributed randomly, the
probability of adhering once again to GNSs would have been

reduced. Hence, both PVP chain and GNSs uncoated by PVP
can enhance the gamma phase fraction of PVDF. The gamma
phase content without PVP in the PVDF-1 wt % ExGr
compression-molded sheet is 77.9%. During compression
molding, due to a decrease in polymer viscosity, the GNSs
can be randomly distributed with an increase in interparticle
distance, resulting in decreased electrical conductivity.

Overall, it has been convincingly proved that in
compression-molded PVDF-ExGr composites with and with-
out PVP, the electroactive gamma phase content is decreased
with an increase in the loading of ExGr. A similar trend has

Figure 12. (a) Variation of contact angles with respect to the loadings of ExGr in PVDF-x wt % ExGr (x = 0, 1, 2) with and without 1 wt % PVP of
compression-molded samples. (b) Digital pictures depicting contact angles of compression-molded samples (from top left) neat PVDF, PEG1,
PEG2, PPEG0, PPEG1, and PPEG2 composite films.
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been observed for solution-blended samples, also justifying the
interaction between PVP and GNSs.

Figure 11d,e depicts a comparison of electroactive phases in
PVDF-ExGr composites without and with PVP when two
different processing methods are adopted, i.e., solution
blending and compression molding. The solution-blending
method of the preparation of PVDF-ExGr nanocomposites
results in a higher electroactive gamma phase content than
compression molding, suggesting that the interaction of solvent
molecules with the PVDF chains in the former processing
route is significant. Similarly, the electrical conductivities of
solution-blended composites are higher than that of
compression-molded samples for the same loading of fillers
in PVDF.
3.9.4. Contact Angle Analysis of Compression-Molded

PVDF-ExGr Nanocomposites. Figure 12a depicts the variation
of contact angles of the compression-molded PVDF-ExGr
nanocomposite samples. The contact angle of the compres-
sion-molded neat PVDF film is 118.9°, which is greater than
that of the solvent-cast sample. Upon incorporation of 1 and 2
wt % ExGr in PVDF without PVP followed by compression
molding, the contact angle is decreased. Since the compression
molding has been carried out at a temperature of 240 °C, the
melt viscosity of the polymer will decrease, eventually
increasing the interparticular distance of the graphite particles.
This results in the decreasing trend of the contact angle in the
composite system without PVP. In the case of the composite
system with PVP, the contact angle of PPEG0 is 78.13°,
supporting the hydrophilic character of the film. This can be
due to the presence of PVP on the surface of PVDF sheets as
reported elsewhere.64 Upon addition of 1 and 2 wt % ExGr in
PVDF with 1 wt % PVP, the contact angle increases to 80.3
and 85.5°, respectively. Since the dispersion of GNSs is better
with the incorporation of PVP, the contact angle increases
owing to the increase in surface roughness. Thus, in the
presence of PVP, the contact angle shows an increasing trend
due to enhanced dispersion of GNSs, whereas the contact
angle of compression-molded PVDF-ExGr composites shows a
decreasing trend. Thus, the role played by PVP in the
dispersion of GNSs in the PVDF matrix is justified. Also, it
should be noted that the contact angle of the compression-
molded neat PVDF sheet is above 118°, which is due to the
coexistence of electroactive gamma and alpha phases, as
proved by XRD and FTIR analyses which might result in
increased surface roughness. The contact angle of neat PVDF
with a nonpolar alpha phase has been reported to be around
90°.58 The digital pictures of the water droplet on
compression-molded PVDF-ExGr with and without PVP are
shown in Figure 12b.

It should be mentioned that the WCA of the solvent-cast
neat PVDF film is lesser than that of the compression-molded
PVDF sheet. The higher WCA for the compression molded
sample can be attributed to the fact that a dense packed
structure is formed after cooling the melt. In the case of the
solvent-cast neat PVDF film, while solvent evaporation, the
polymer chain could have been pushed at different regions,
causing loosely packed polymer chains, and hence, the contact
angle under the identical measuring method has yielded
decreased values. In short, it is clear from the above analysis
that the WCA of PVDF-ExGr nanocomposites depends on the
processing method adopted.

4. CONCLUSIONS
The dispersion of GNSs in PVDF has been enhanced by
employing PVP as the surfactant in comparison to the
nanocomposites without PVP. The electrical percolation
threshold of PVDF-ExGr-1 wt % PVP nanocomposites has
been reduced to 0.3 wt % ExGr when compared to that of
solution-blended PVDF-ExGr composites (0.5 wt % ExGr.)
This result proves that the layer of the surfactant coated over
the GNSs is less and that the interparticular distance for the
charge transport would have been reduced to a greater extent.
The formation of GNSs and enhanced dispersion of GNSs in
PVDF due to the incorporation of PVP have been confirmed
through FESEM analysis. The existence of the electroactive
gamma phase of PVDF in solvent-cast PVDF-ExGr and PVDF-
ExGr-1 wt % PVP composites has been confirmed through
XRD and FTIR analyses. Both the alpha and gamma phases
coexist in PVDF-ExGr nanocomposites. DSC analysis proves
the existence of the gamma phase of PVDF as a high-
temperature melting peak around 172 °C is observed apart
from that of the alpha phase for the investigated PVDF-ExGr
nanocomposites. TGA proves the fact that the thermal stability
of the composite with PVP is higher than that of composites
without PVP above 500 °C as the char content was observed
to be higher in the former composites. This is attributed to
enhancement in the dispersion of GNSs in the PVDF matrix.
Enhanced hydrophobicity of the solvent-cast PVDF-ExGr
composites with and without PVP was confirmed by WCA
analysis. The electrical conductivity of compression-molded
PVDF-ExGr nanocomposites with and without PVP has been
observed to be less than that of solution-blended nano-
composites of the same loading of filler particles. The decrease
in the melt viscosity of the polymer during compression
molding increases the interparticular distance of GNSs, which
increases the barrier for the charge transport. The electroactive
gamma phase content and the electrical conductivity values of
PVDF-expanded graphite nanocomposites suggest the fact that
they can be used for mechanical energy harvesting and
electromagnetic shielding application in the microwave
frequency range.
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