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ABSTRACT

Piezoelectric energy harvesting is attracting interest for self-powered devices. The
properties of polymer nanocomposites depend strongly on how they are prepared.
Polyvinylidene fluoride (PVDF) combined with graphene offers promise, yet melt
intercalation remains under explored. In this study, the incorporation of graphene
nanoplatelets (GNPs) into PVDF via melt intercalation and evaluating their impact
on piezoelectric, dielectric, and mechanical performance have been conducted.
The PVDF was doped with 0.5 wt% and 1.0 wt% GNPs as filler material through
melt intercalation. The piezoelectric voltage constant, dissipation factor, modulus
of elasticity, and resistivity were evaluated to assess improvements in
performance. There was an enhancement in piezoelectric voltage constant due to
addition of GNPs. The piezoelectric voltage constant increased by 59.7% and
5.5% with the addition of 0.5 wt% and 1.0 wt% GNPs respectively, suggesting
better mechanical energy conversion efficiency at lower filler concentration.
Lower dissipation factor was observed with increase in the concentration of filler,
around power frequency (50 Hz), while maintaining higher resistivity, indicative
of good dielectric performance. Mechanical analysis revealed that the Young’s
modulus improved with increase in GNPs addition, confirming enhanced stiffness
and stress transfer. Although 1.0 wt% loading of GNPs shows better dielectric
performance, 0.5 wt% graphene loading significantly enhanced PVDF’s
piezoelectric sensitivity and mechanical strength, making it a promising material
for flexible sensors and energy-harvesting applications.
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Polyvinylidene fluoride (PVDF) is a semi-crystalline
polymer that has gained significant attention in the field
of materials science due to its remarkable piezoelectric
properties. As a piezoelectric material, PVDF is capable
of converting mechanical energy into electrical energy
and vice versa, making it highly valuable for applications
in sensors, actuators, energy harvesting devices, and
wearable electronics (Aabid et al., 2021; Shi et al., 2023).
PVDF stands out among polymer materials due to its high
flexibility, chemical resistance, ease of processing,
excellent thermal, mechanical, and piezoelectric
properties, which makes it widely adoptable as host
polymer matrix in the development of polymer
nanocomposite for energy harvesting or candidate for
flexible and lightweight piezoelectric devices (Cerrada et
al., 2023; Shi et al., 2023). Its piezoelectric property is due
to the presence of the B phase, which possesses a polar
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piezoelectricity(Stoyanova et al., 2024). However, the
piezoelectric performance of pure PVDF is inherently
limited by its relatively low dielectric constant and
piezoelectric coefficients compared to traditional ceramic
piezoelectric materials like lead zirconate titanate (PZT)
(Stamatellou, 2023).

To address these limitations, researchers have explored
the incorporation of conductive nanoparticles into the
PVDF matrix (Cerrada et al., 2023; Stoyanova et al.,
2024). The addition of nanoparticles such as carbon
nanotubes (CNTS), graphene, metal nanoparticles (e.g.,
silver, gold), or metal oxides (e.g., zinc oxide, titanium
dioxide) has been shown to enhance the piezoelectric
properties of PVDF (Pefia-Oliveras et al., 2024). This
improvement is attributed to several factors, including the
increased crystallinity of the PVDF B-phase, which is the
most electroactive phase responsible for its piezoelectric
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behavior, as well as the improved electrical conductivity
and dielectric properties imparted by the nanoparticles
(Cerrada et al., 2023).

In addition, the interaction between the nanoparticles and
the PVDF matrix can lead to the formation of micro-
capacitors within the composite, which enhances the
charge storage and polarization capabilities of the
material (Roy et al., 2016). This, in turn, results in a higher
piezoelectric output. Also, the size, shape, and
concentration of the nanoparticles play a critical role in
determining the extent of improvement in the
piezoelectric properties (Cerrada et al., 2023; Roy et al.,
2016; Stoyanova et al., 2024). Higher nanoparticle
loading enhances conductivity but compromises ductility,
limiting applicability in flexible electronics (Chen et al.,
2025). The wuse of low concentration graphene
nanoparticles can enhance piezoelectric property while
maintaining ductility.

The relationship between nanoparticle morphology,
dispersion, and the electromechanical response of PVDF
is also dependent on the processing techniques.
Electrospinning, as a processing technique, aligns
polymer chains under high electric fields with
nanoparticles to maximize B-phase content and uniaxial
piezoelectric anisotropy (Hasanzadeh et al., 2021; Parali
et al., 2024). While solution casting with controlled
solvent evaporation rates can optimize nanoparticle
distribution, minimizing agglomeration, which is a
common issue that disrupts polarization and mechanical
integrity (Ramadan et al., 2014). Thermal annealing, on
the other hand, can reorganize crystalline domains,
however, excessive temperatures risk degrading the
polymer matrix (Sencadas et al., 2009). Melt intercalation
is a solvent free approach, direct but faces filler dispersion
issues (Albdiry, 2024). In most research involving the
addition of graphene as filler in PVDF matrix, preparation
methods such as solution casting and electrospinning are
the mostly applied (Kushwaha et al., 2026; Widakdo et
al., 2022). However, despite extensive work using
solution casting and electrospinning, the adoption of the
solvent free and direct mixing through melt intercalation
on graphene dispersion and piezoelectric performance
remains under-explored.

In the present study, the aim is to develop a PVDF-doped
nanocomposite adopting melt intercalation technique and
using graphene nanoplatelets as filler materials and PVDF
as polymer matrix for improved piezoelectric, dielectric,
and mechanical properties while maintaining an optimal
filler concentration. It will highlight the impact of the
addition of moderate concentrations of conducting
graphene nanoplatelets to the piezoelectric, dissipation,
resistivity properties of pristine PVDF polymer material.

MATERIALS AND METHODS
Here the materials, experimental procedures, and
characterization techniques employed to investigate the
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effect of incorporating Graphene Nanoplatelets (GNPS)
into polyvinylidene fluoride (PVDF) to enhance its
piezoelectric properties is presented and discussed. The
methodology is designed to systematically evaluate the
influence of graphene concentration on the dielectric
properties and piezoelectric performance of PVDF
composites. The methods involve the preparation of
graphene-PVDF composite films and characterization
using various analytical techniques. All procedures
adhere to standard laboratory protocols to ensure
reproducibility and reliability of results.

Materials

The materials used in the study include: Polyvinylidene
fluoride (PVDF) as the polymer matrix, Graphene
nanoplatelets (GNPs) as the conducting filler, and
Laboratory prepared deionized water.

Methods
Preparation of
Nanocomposite
The polymer nanocomposite samples were prepared using
the standard melt compounding technique (Albdiry,
2024). The 0.5% w/w of graphene nanoplatelets was
directly mixed with PVDF polymer materials. The
mixture was then fed into a two-roll mill machine rolling
at 54 rpm to ensure homogeneous dispersion of the
nanoparticles within the polymer matrix. The temperature
of the roller was increased to 50°C due to the nature of the
material. Measured sample was placed between the roller,
repeating thermal contact of the roller in order for the
sample to transform to a molten form. The molten form of
the polymer was placed on a molder to obtain an 80x60
mm shape and taken to a compressing machine where it
was compressed to fit into the molder for a required shape.
After compressing it, the molder containing the polymer
nanocomposite was removed from the compressor and
then allowed to cool at room temperature, after10 min, an
80x60 mm hard-Solid polymer was obtained from the
molder. The same procedure was followed, but this time
using 1.0% w/w grapheme nanoplatelets.

Graphene-PVDF Polymer

Characterization  of  the
Nanocomposites

The prepared composite samples were characterized to
evaluate the effect of graphene nanoplatelets addition on
the dielectric and piezoelectric properties of host and
pristine PVDF.

Dissipation factor: The dissipation factor of the prepared
samples was directly read from a digital programmable
LCR bridge (Hioki IM3533-01) setting the frequency
range from 10Hz to 200 kHz and 15 frequency points.
Resistivity: The resistance of the material was measured
from the Hioki IM3533-01 LCR bridge and then the
resistivity evaluated from Equation (1) using the
geometry of the test cell.

Prepared  Polymer
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p=Rj )

Where R is the resistance of the material, A is the cross-
sectional area of the plate of the test cell, and I is the
spacing between electrodes of the test cell or thickness of
the polymer material.

Piezoelectric Voltage Constant

Piezoelectric voltage constant (g) is defined as the electric
field generated by a piezoelectric material per unit of
mechanical stress applied. It was evaluated from Equation
2 (Bernard et al., 2017):

E 14
g=-=4 2
Where the electric field, E :g in unit volt per meter, V is
the measured output voltage by the polymer

nanocomposite when mechanical stress is applied using
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the tensile tester and d is the thickness of the polymer
nanocomposite material (in unit meter). ¢ is the stress
applied to the material in N/m?2,

Mechanical Property

The stress-strain curve was obtained from the HST
computer-controlled tensile tester (see Figure 5). The
pristine polymer and polymer nanocomposites samples
were prepared by cutting them into the dump bell shape.
Each specimen was properly positioned in the test
machine and the shoulders of the samples were firmly
gripped by the upper and lower tensile grips of the tensile
tester. Input parameters such thickness of the specimen,
its gauge section width, and gauge section length, were
imputed into the computer software. The load was then
applied to the specimen.

L=

Figurel: Tensile Strength Tester

The Young’s modulus (E) is the stiffness of a material and
it is calculated from the slope of the initial linear portion
of the stress—strain curve, and it is defined by Equation

3(Bernard et al., 2017):
_ Ao

3)
Age
where o is the applied stress (N/m?)and ¢ is the
corresponding strain.
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RESULTS AND DISCUSSION

Frequency Dependence of the Dissipation Factor of
the Polymer Nanocomposite

Dielectric property of PVDF doped with 0.5 wt% and 1.0
wt% graphene was analyzed in terms of dissipation factor
(D) and resistivity as functions of frequency (f) in the
range of 10 Hz to 200 KHz at 30°C. Figure 1(a) and (b)
show the respective frequency dependence of dissipation
factor of the 0.5 wt% and 1.0 wt% doped PVDF polymers.
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Figure 2: Frequency Dependence of Dissipation Factor of 0.5 wt% & 1.0
wt% Graphene-PVDF Polymer Nanocomposites

As shown in both Figures 2 (a) and (b), at low frequencies
between 10 to 150 Hz, the dissipation factor shows
stronger frequency dependence. The noticeable
dissipation peak at about 0.5 and 0.35 respectively in
Figures 2 (a) and (b) in the frequency range of 10 — 100
Hz suggests that charge carriers accumulate at the

electrode—sample  interface due to interfacial
polarization, with graphene pathways facilitating
conduction losses. However, weak or frequency

independent dissipation values are seen in the frequency
range of 150 Hz to 100 kHz. Research by Mohammed
(2022), show dissipation factor reduction with addition

of ZnO nanoparticles in a PVDF-based polymer
composite.

Lower dissipation factor is observed in 1.0 wt% doped
PVDF (i.e 1.0GPNC) compared with the 0.5 wt% doped
PVDF (i.e 0.5GPNC).

Resistivity-Frequency Dependence of the Developed
Polymer Nanocomposites

Figures 3 show the relationship between resistivity and
frequency in the range of 1 kHz to 200 kHz for the
developed polymer nanocomposites

100 +

10 A

Resistivity (MQm)

1000

10000

100000

Frequency (Hz)

Figure 3: Frequency Dependence of Resistivity of the Developed Polymer
Nanocomposite 0.5 wt% (0.5GPNC) & 1.0 wt% (0.5GPNC) Doped at 30°C

In Figure 3, the resistivity of the samples decreased
slowly with an increase in frequency in both polymer
nanocomposites. This is because at higher frequencies,
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the dipoles or charges in the polymer material can not
keep up with the rapidly changing applied field hence
more current flow. There was a reduction in the resistivity
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of PVDF with the addition of graphene nanomaterial.
However, the resistance in the PVDF loaded with 1.0
wt% graphene is higher than PVDF of 0.5 wt% loading
at lower frequencies. . The higher resistivity and less
dissipation shows the PVDF loaded with 1.0 wt%
graphene has better dielectric performance compared to
the 5 wt% loaded composite. In a similar study,
Kushwaha et al. (2026), reported enhanced conductivity
(reduced resistivity) with the addition of percentage
graphene in PVDF. Khassi et al. (2019), also reported
increased conductivity with increase in grapheme oxide
addition of 1wt% and 2wt%. However, further increase

NJP

in filler concentration of 3wt% resulted in a reduction in
conduction from 2.51 at 2 wt% to 2.16 Sm. The
observed decrease in conductivity on increasing the filler
concentration from 0.5 wt% to 1.0 wt% could be due to
localized charge accumulation that impede conduction.

Piezoelectric Property of Doped PYDF

Table 1 shows the estimated piezoelectric voltage
constant of the developed polymer nanocomposites and
the pristine polymer material.

Table 1: Piezoelectric Voltage Constant of the Developed Samples

Sample Name Composition Piezoelectric voltage constant (Vm/N)
Pristine PVDF PVDF 201 x 1073

0.5GPNC PVDF + 0.5 wt% Graphene NPs 320 x 1073

1.0GPNC PVDF + 1.0 wt% Graphene NPs 212x 1078

There is an enhancement in the piezoelectric voltage
constant of PVDF with the addition of graphene
nanoplateletss. Research has shown that incorporation of
nanoparticles in the matrix of PVDF enhances the polar
B-phase through Coulombic interaction with PVDF
chains. Thus, nanofillers in the PVDF matrix influence
the ferroelectric properties and improve the piezoelectric
voltage constant (Mondal et al., 2023).

The measured piezoelectric voltage constant (g ~ 320
x10° VmN™! for 0.5 wt% graphene and 212x10 VmN!
for 1.0 wt% graphene) is comparable to values reported
for some PVVDF-based composites. Bernard et al. (2017)
reported a piezoelectric voltage constant of 66 x1073

VmN! for pure PVDF. The superior performance of the
developed polymer nanocomposite in this study
compared to the pristine PVDF is suggestive of grapheme
nanoplatelets capacity to provide a more effective
pathway for dipole alignment and stress transfer,
enhancing piezoelectric output even at low filler content
in the polymer (Cerrada et al., 2023).

Mechanical Property of the Developed Polymer
Nanocomposite
The stress-strain curve for the developed polymer
nanocomposite is shown in Figure 4 and 5 for the 0.5
wt% and 1.0 wt% loaded graphene nanoplatelets in
PVDF polymer.

25 1+

1.5 T

Stress (Mpa)

Strain (mm/m)
Figure 4: Stress-Strain Curve for the Developed 0.5 wt% Doped Polymer

Nanocomposite
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Figure 5: Curve of Stress Against Strain for the Developed 1.0 wt% Doped Polymer

Nanocomposite

The stress increases linearly with strain up to around 0—
12 MPa (Figure 5), reaching a peak stress of
approximately 13 MPa, after which the curve gradually
declines. This initial linear region indicates the elastic
deformation phase where the material obeys Hooke’s
law. Based on the ratio of stress to strain in this region,
the Young’s modulus for PVDF doped with 0.5 wt%
graphene is about 1.604 GPa as estimated from the slope
of the curve while that of the 1.0 wt% doped PVDF is
about 2.06 GPa. This signify an enhancement of the
modulus of elasticity of the PVDF material with increase
in nanoparticle addition and improved stiffness of the
material. The increase in modulus is attributed to the
strong interfacial bonding between the graphene
nanoplatelets and the PVDF matrix, which promotes
efficient stress transfer and restricts polymer chain
mobility during loading. However, the mild fluctuations
in stress curves at may be due to clustering or non-
uniform stress distribution within the matrix, which can
slightly affect ductility.

CONCLUSION

This study examined the effect of incorporating graphene
nanoparticles into PVDF on its dielectric, piezoelectric,
and mechanical properties. PVDF composites doped with
0.5 wt% and 1.0 wt% graphene were analyzed. The 1.0
wt% sample showed lower dielectric loss at power
frequency (50 Hz) and higher resistivity, indicating better
dielectric performance. The piezoelectric voltage
constant increased from 201 VmN™" to 320 x10~ VmN!
for 0.5 wt%, representing a 59.7% improvement, and
only 5.5% when 1.0 wt% graphene was incorporated,
showing enhanced polarization at lower filler content.
The Young’s modulus also increased with increase in
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filler addition, confirming improved stiffness with
graphene addition. Graphene addition significantly
improved the piezoelectric response, dielectric property,
and stiffness of PVDF. The 0.5 w% graphene composite
gave the best balance of properties. Graphene-PVDF
composites are promising materials for flexible sensors
and energy-harvesting applications. Dispersion control
and microstructural analysis report are some of the
limitations of the study. Future research prospects include
structural study including SEM, XRD analysis, and phase
quantification. The study of the structure of the
developed polymer nanocomposite could provide a better
understanding of its dielectric behavior and how the
additions impact the crystallinity of the PVDF material.
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