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electric properties of graphene-
filled poly(vinylidene difluoride-co-
hexafluoropropylene) (PVDF-HFP) nanofibers

Chen-Hung Lee,a Wei-Kang Huang,b Meng-Fang Lin, *c Yi-Hua Kuo,b

Shih-Jung Liu *bd and Hiroshi Ito e

Triboelectric nanogenerators (TENGs) are devices that convert mechanical energy into electrical energy

through the triboelectric effect, supplying power to a wide array of advanced sensing and monitoring

systems. In this work, we utilized graphene-filled nanofibrous poly(vinylidene difluoride-co-

hexafluoropropylene) (PVDF-HFP) as TENGs, employing electrospinning technology. We examined how

the dielectric characteristics and transferred charge of the electrification mat affect the output of TENGs.

By including graphene nanofillers, the 15 wt% graphene/PVDF-HFP electrospun nanofiber TENG

achieved a peak output voltage of 1024 V and a relevant current density of 1.11 mA cm−2. The improved

performance of the electrospun graphene/PVDF-HFP nanofibrous TENGs could be attributed to

increased interface polarization and enhanced charge transfer, indicating more effective seize and

storage of triboelectric electrons. Furthermore, the fabricated TENGs remained stable when tested for

over 20 000 cycles and were capable of powering an array of 1000 light-emitting diode bulbs. The

electrospun graphene-filled nanofibrous TENGs demonstrated significant potential for collecting

mechanical energy and supplying power to electronic devices.
1. Introduction

Triboelectric nanogenerators (TENGs) are cutting-edge devices
that transform mechanical energy into electrical energy using
the triboelectric effect, where materials acquire an electric
charge through contact and subsequent separation. By utilizing
this effect, TENGs consist of layers of different materials that
generate a voltage when subjected to friction or pressure
changes, due to the transfer of electrons. This technology
harnesses everyday mechanical movements, such as walking or
vibrations, and transforms them into useable electrical power.
The versatility and efficiency of TENGs make them ideal for
a range of applications, including powering wearable elec-
tronics, harvesting energy from environmental sources, and
enabling self-powered sensors. These attributes highlight their
potential to revolutionize energy harvesting and portable power
solutions.1,2
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The working principle of a TENG relies on the interplay
between contact electrication and electrostatic induction. In
this process, contact electrication generates static polarized
charges, while electrostatic induction serves as the primary
mechanism that alters mechanical energy into electrical
energy.3–5 TENGs typically resemble a variable-gap plate capac-
itor, leading to capacitive behavior such as increased charge
storage, which boosts their performance.6–11 Consequently, the
efficiency of a TENG is inuenced by the dielectric constant of
the triboelectric layer. While poly(vinylidene diuoride-co-hex-
auoropropylene) (PVDF-HFP)12,13 has been the most widely
used material for preparing TENGs, the raw polymers typically
employed in TENGs oen yield comparatively low triboelectric
outputs, which are inadequate for feasible use.

Graphene, a single layer of carbon atoms arranged in a two-
dimensional honeycomb lattice, possesses remarkable elec-
trical properties due to its unique structure.14 This nano-
material offers signicant advantages for TENG applications.
Graphene is both incredibly strong and exible, allowing
TENGs to withstand mechanical stress and deformation, which
enhances their durability and performance, particularly in
exible and wearable applications.15 Its high surface area
provides more contact area for the triboelectric effect, which
can increase the amount of generated electrical energy. The
high electron mobility of graphene facilitates rapid charge
separation and transfer, critical for the efficient operation of
TENGs. Graphene is chemically stable and resistant to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compositions of graphene filled nanofibrous matsa

PVDF-HFP
(g)

Graphene
(mg)

Graphene (w)/PVDF-HFP
(w) (%)

1 0 0
1 5 0.5
1 50 5
1 150 15
1 250 25

a DMF used was 4 mL.
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environmental degradation, ensuring the durability and reli-
ability over time of TENGs in distinct conditions. Additionally,
the lightweight nature of graphene contributes to the develop-
ment of portable and wearable TENGs without adding signi-
cant bulk. The mechanical and electrical of graphene can also
be adjusted through various methods, including chemical
doping and functionalization, allowing for optimization
according to specic TENG applications. Its transparency allows
for the development of transparent TENGs, which can be inte-
grated into display technologies and windows for energy har-
vesting without obstructing visibility.16

The performance of TENGs is primarily inuenced by the
choice of a positive and negative triboelectric surface pair (tribo-
surfaces).17,18 Enhancing surface roughness generally improves
TENG output by enhancing the effective contact area, which
boosts the induction of triboelectric charges.19–21 This
enhancement can be achieved using various rough tribo-
surfaces, such as lms with inherent microscale roughness,22

microscale-replicated bumpy surfaces,23 narrow grated
surfaces,24 sub-micrometer-scale etched surfaces,20 and eles-
trospun nanobers.25,26 Electrospinning is an efficient process
for producing nanobrous membranes from various poly-
mers.27 It includes using a high-voltage electric eld to a poly-
mer solution or melt, which is then ejected through a small
nozzle. As the charged polymer jet is stretched and thinned, it
solidies into continuous bers with diameters ranging from
nanometers to micrometers. This process allows precise control
over the ber diameter, porosity, and overall architecture of the
resulting membranes. The electrospun nanobers exhibit high
surface area-to-volume ratios, excellent exibility, and custom-
izable thickness.28 The inherent high surface roughness and
micro/nano-scale architecture of electrospun membranes
enhance their performance in TENGs, improving contact area
and friction effects to maximize energy output. Compared to
other methods of introducing micro/nanostructures into
electro-frictional layers to enhance surface charge density and,
consequently, the performance of the triboelectric harvester,
the electrospinning setup is relatively simple and cost-effective.
This simplicity also translates to lower operational costs and
easier maintenance.

In this work, we utilized graphene-lled nanobrous PVDF-
HFP mats as TENGs through the electrospinning process.
While previous studies have developed graphene-lled PVDF
nanobers,29 PVDF-HFP offers several advantages over PVDF for
triboelectric nanogenerators (TENGs). Its copolymer structure,
which includes hexauoropropylene (HFP), provides enhanced
exibility and mechanical resilience,30 making PVDF-HFP more
suitable for exible and wearable TENG applications. This
exibility also improves durability under repeated deformation.
Additionally, PVDF-HFP has a higher dielectric constant, which
enhances charge storage capability and thus boosts energy
conversion efficiency. The copolymer structure promotes the
formation of the electroactive b-phase, recognized for its high
dipole moment, which increases surface charge density and
enhances overall triboelectric performance. PVDF-HFP also
demonstrates improved miscibility with llers, enabling further
enhancement of dielectric properties and charge density when
© 2024 The Author(s). Published by the Royal Society of Chemistry
combined with nanoparticles. Furthermore, it is easier to
process, facilitating porous structure formation for greater
surface area, and it has improved environmental stability,
which ensures long-term reliability. To the best of the authors'
knowledge, no research to date has investigated the use of
graphene/PVDF-HFP composite nanobers for TENGs. Aer
fabrication, we examined how the altered dielectric character-
istics and transferred charge of the electrication lm affected
TENG output. The stability of the TENGs was also evaluated,
and the developed TENGs' capability to power an LED array was
demonstrated.
2. Materials and methods
2.1 Materials

The nanober material, PVDF-HFP with a molecular weight
(Mw) of 455 kDa, was sourced from Sigma-Aldrich, MO, USA.
The solvent, dimethylformamide (DMF), and graphene nano-
powder (8 nm akes) were also acquired from Sigma-Aldrich.
2.2 Preparation of graphene lled nanobrous mats

Nanoller-loaded nanobrous mats with various percentages of
graphene, namely 0.5%, 5%, 15% and 25%, were prepared
(Table 1). To prepare the 0.5% one, 1.0 g of PVDF-HFP and 5 mg
of graphene were blended with 4 mL of DMF. The solution was
subsequently magnetically stirred at 60 °C for 24 hours and
electrospun employing a lab-built spinning apparatus,31 with
a voltage of 16 kV, a ow rate of 1.0 mL h−1, and a distance of
150 mm between the needle and the collection plate mounted
on a reciprocating platform. All electrospinning experiments
were conducted at room temperature. The electrospinning of
nanobers with different percentages of graphene followed the
same protocol, except that the weights of added graphene
varied. For comparison purposes, pristine PVDF-HFP nano-
bers were also electrospun. To remove any residual solvent, all
spun nanobers were subjected to vacuum drying at 40 °C for 72
hours.
2.3 Characterization of spun nanobrous mats

Field emission scanning electron microscopy (FESEM, JEOL
JSM-7500F, Tokyo, Japan) was utilized to analyze the morpho-
logical structure of the nanobers post gold coating. The
mechanical properties of the nanobrous graphene/PVDF-HFP
membranes were assessed using a Lloyd tensiometer (Ametek,
RSC Adv., 2024, 14, 38416–38425 | 38417
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Fig. 1 Schematically the working mechanism of lab-made TENGs.
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USA) equipped with a 2500 N load cell. The force and elongation
at the point of membrane failure were recorded. X-ray diffrac-
tion (Malvern Panalytical, Malvern, United Kingdom) was
employed to identify the a, b, and g phase distribution of PVDF-
HFP in the electrospun mats. Dielectric constants were deter-
mined with an M6632 apparatus (Microtest, Taipei, Taiwan),
while charge transfer was assessed using a Keithley 6517B
electrometer (Beaverton, OR, USA). In addition, the perfor-
mance of electrospun graphene/PVDF-HFP mats was conducted
on a lab-made TENG. The working mechanism was shown
schematically in Fig. 1.25 A Tektronix DPO 3040 oscilloscope was
employed to record the voltage and current outputs from the
triboelectric device. Additionally, a magnetic shaker (Sinocera
Fig. 2 Microimages of electrospun nanofibers with different contents o

38418 | RSC Adv., 2024, 14, 38416–38425
JZK-20) was used to apply dynamic mechanical pressure, with
varying forces from 1 to 40 N and frequencies from 1 to 10 Hz.
An Arduino UNO R3 with an Atmega 328p microcontroller was
employed to construct the LED dimmer switch.

3. Results and discussion

Fig. 2 shows SEM images of electrospun graphene/PVDF-HFP
nanobers with different graphene concentrations. With the
addition of graphene, encapsulated beads become visible in the
images. Previous study32 has shown that these additional beads
can improve electrical performance by increasing surface
roughness. When the graphene content was increased to 25%,
irregularly shaped beads and a rough distribution of nanobers
were observed. The tensile properties of the graphene/PVDF-
HFP nanober mats were measured and are shown in Fig. 3.
The electrospun nanobrous mats demonstrate good exibility
and extensibility, with 20% elongation before breaking.

Fig. 4 presents the XRD patterns of graphene-lled PVDF-
HFP nanobrous mats produced with different weight
percentages. The XRD proles of the pure PVDF-HFP nano-
brous mats exhibit distinct peaks corresponding to the a, b,
and g crystal phases of PVDF. Specically, the peak at 17.9° is
associated with the PVDF a-phase, while the broad vibration at
19.2° represents the overlapping diffraction of the b-phase. A
characteristic peak of graphene is observed at 26.5°. With the
increase of graphene amount in nanobers, the intensity of the
graphene peaks increases compared to those of the pure PVDF-
HFP.

The electrical properties of the graphene/PVDF-HFP mats
were investigated. Fig. 5 illustrates how different weight
percentages of graphene affect the dielectric constant of nano-
brous mats under various frequencies of an externally
imposed electric eld. Additionally, the polarizability of
a dielectric material depends on the frequency of the imposed
electric eld, which in turn impacts its capacitance and relative
permittivity. Dipoles in a dielectric material align with an
f graphene.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Stress–strain curve of the 15% graphene-filled PVDF-HFP
nanofibers.

Fig. 4 XRD patterns of the PVDF-HFP nanofibers filled with different
percentages of graphene.

Fig. 5 Frequency-dependence of the dielectric constant of graphene/
PVDF-HFP nanofibrous mats.

Fig. 6 Transferred charge of different percentage graphene/PVDF-
HFP nanofibrous mats.
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external electric eld, contributing to the material's polariza-
tion. At lower frequencies, the eld alternates slowly, giving
dipoles sufficient time to reorient and align with each change in
eld direction, resulting in higher dielectric permittivity.
However, as frequency increases, the time available for dipoles
to realign with the rapidly changing eld decreases. Eventually,
at high enough frequencies, dipoles can no longer keep pace
with the eld's oscillations, leading to a decrease in
permittivity.33,34

Based on the correlation between dynamic capacitance and
transferred charge in TENGs, an increase in interfacial polari-
zation enhances TENG performance. Furthermore, the dielec-
tric constants increased with the addition of graphene
nanollers, attributed to interfacial polarization, which boosts
TENG output. However, the dielectric constants of all spun
nanobrous mats remained comparatively low due to their
highly porous structures, which contain air—a substance with
© 2024 The Author(s). Published by the Royal Society of Chemistry
a low dielectric constant—thereby reducing the overall dielec-
tric properties.

Fig. 6 shows that the transferred charge increased with the
graphene content up to 15 wt%, aer which it decreased, likely
owing to higher dielectric loss as the nanoller content was
increased to 25 wt%. The 15 wt% graphene/PVDF-HFP nano-
brous mats exhibited the highest transferred charge because
of their elevated dielectric value and reduced dielectric loss. The
rise in transferred charge was due to enhanced seize and
management of triboelectric electrons, which subsequently
boosted the performance.

The electrical output of spun graphene/PVDF-HFP nano-
bers with different weight percentages was measured, and the
results are presented in Fig. 7a. The data clearly show that the
generated voltage and current arise with the graphene content
up to 15%, owing to greater amounts of transferred charge, aer
RSC Adv., 2024, 14, 38416–38425 | 38419
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Fig. 7 Maximum output voltage and current density of the nanofibrous TENGs subject to different (A) graphene percentage, (B) applied external
force, and (C) operating frequency. (Nanofibrous mats with 15% graphene/PVDF-HFP were used).
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which they begin to decline. The 15 wt% graphene/PVDF-HFP
electrospun nanober TENG achieved a peak voltage of
1024 V, accompanied by a current density of 1.11 mA cm−2. As
a nanoller, graphene's outstanding electrical conductivity
facilitates efficient charge transfer, enhancing the overall
energy conversion efficiency of TENGs. Consequently, the elec-
trical properties of PVDF-HFP nanobers improved with the
addition of graphene. However, when the graphene content is
too high, the structure of the electrospun nanobers deterio-
rates, leading to irregular nanober distribution, as shown in
Fig. 2. This irregular distribution can impede the transfer of
38420 | RSC Adv., 2024, 14, 38416–38425
electrical charges, ultimately reducing the generated voltage
and current of the TENGs.

The inuence of the operating frequency and applied
external force on the electrical output was investigated. The
measured results in Fig. 7b suggest that the electrical output
increased slightly with the operating frequency from 2 Hz to
4 Hz, but thereaer, the output decreased as the frequency
increased. Meanwhile, the effect of the applied force on the
performance was limited (Fig. 7c). Wu et al.26 created ceramic
powder-based TENGs featuring electrospun brous surfaces
made from PVDF-HFP, which included dispersed Eu2O3-doped
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Output voltage and current density, and (B) power density of TENGs composed of different-weight-percentage graphene filled PVDF-
HFP nanofibers.

Fig. 9 Long-term cycling test of TENGs (operating conditions: 4 Hz,
10 N, 20 000 cycles).

Fig. 10 Stability of output performance of TENGs for 14 days.
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BaTiO3 nanollers. They discovered that enhancing the
compressive force or operating frequency led to a substantial
increase in electric charges. The experimental outcomes in this
© 2024 The Author(s). Published by the Royal Society of Chemistry
study suggested that the inuence of applied force or operating
frequency is limited. This might be because, compared to
ceramic materials, graphene is an excellent conductor of elec-
tricity due to its high charge carrier mobility, which can exceed
200 000 cm2 V−1 s−1 at room temperature—much higher than
that of traditional conductors like copper and silicon. The
addition of graphene to PVDF-HFP can thus signicantly
enhance the electrical properties of the TENGs, enabling high
output even with a small force and low operating frequency.
Based on these results, for the subsequent experiments, we
determined that applying a cyclic compressive force of 10 N at
a frequency of 4 Hz provided the optimum operating
parameters.

Fig. 8a and b illustrate the electrical characteristics of the
15 wt% graphene/PVDF-HFP nanobrous TENG under different
external load resistances ranging from 470 to 1000 MU, when
operated at 4 Hz and subjected to a 10 N force. As the load
resistance exceeded roughly 10 MU, the output voltage rose,
while the output current density diminished with the increasing
resistance. Based on the theory of impedance matching, the
output power reaches its maximum when the external load
resistance matches the internal resistance of the power supply
(in this case, the TENG's internal resistance). The 15 wt%
graphene/PVDF-HFP TENG achieved a peak output power
density of 1.95 W m−2 at 50 MU.

Reliability, durability, and stability are crucial for the prac-
tical application of any TENG. To assess the mechanical
stability of our device, we monitored the electrical output
voltage of the 15 wt% graphene/PVDF-HFP electrospun nano-
ber TENG over 20 000 cycles; as shown in Fig. 9, the device
demonstrated excellent durability. Fig. 10 shows that the
TENG's performance remained consistent even aer being
stored for 2 weeks.

Finally, the 15 wt% graphene-lled nanobrous TENGs were
also able to power a 1000-LED bulb array, as depicted in Fig. 11.
Fig. 12 presents the voltage curves recorded while charging
capacitors with various capacitances (0.1, 1, 2.2, 4.7 and 10 mF)
RSC Adv., 2024, 14, 38416–38425 | 38421
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Fig. 11 The 15 wt% graphene-filled nanofibrous TENGs could power a 1000-LED bulb array.
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using the graphene/PVDF-HFP TENG. Notably, the 0.1 mF
capacitor charged quickly to 25 V in just 38 seconds. The energy
stored in these capacitors was 0.031, 0.153, 0.106, 0.135 and
0.076 mJ, respectively, calculated using the formula E = 1/2 ×

capacitance × (voltage)2.
To date, several studies have been conducted on the devel-

opment of graphene-based TENGs. Shankaregowda et al.35

developed a exible, transparent nanogenerator using graphene
Fig. 12 The voltage curves recorded while charging capacitors with vari
HFP TENGs.

38422 | RSC Adv., 2024, 14, 38416–38425
grown via chemical vapor deposition as one of the friction
layers. The graphene, deposited on copper, was transferred onto
polyethylene terephthalate (PET) using a wet transfer tech-
nique, giving the TENG both electrical conductivity and high
optical transparency. To enhance its performance, a uoro-
carbon plasma-treated thin polydimethylsiloxane (PDMS) layer
was fabricated as the second friction layer. The graphene-based
TENG achieved a maximum output voltage of 650 V and
ous capacitances (0.1, 1, 2.2, 4.7 and 10 mF) using the graphene/PVDF-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a current of 12 mA at a frequency of 4.3 Hz, sufficient to power 50
commercial blue LEDs. Shabbir et al.36 introduced an innovative
rolling-type TENG featuring a metal layer and graphene
nanoplatelet-doped PDMS. The incorporation of thesematerials
enhanced the TENG's dielectric value and charge custody
capacity, resulting in higher electrical output and reduced
surface wear. Compared to a pristine device, the modied TENG
produced an open-circuit peak voltage of 75.2 V and a short-
circuit peak current of 7.36 mA. Furthermore, with a dual-side
double-belt conguration, the output increased to 164 V and
10 mA. Pillai et al.37 explored the energy-harvesting capabilities
of graphene oxide decorated with silver nanoparticles (GO-
AgNPs) in a freestanding nanogenerator setup, utilizing GO-
AgNP paper combined with Teon fabric. Their results
demonstrated that the device could produce a peak output
power of 40 mW at a voltage of 0.2 V. Jelmy et al.38 proposed
a triboelectric nanogenerator (TENG) employing PDMS
enhanced with binary hybrids of GO and conducting polymers
(CPs) like polyaniline or polypyrrole. These hybrids were
incorporated into PDMS through an ultrasonication-assisted
dispersion method at room temperature. They found that
varying the GO and CP ratios altered the dielectric characteris-
tics of the PDMS composite through different mechanisms
including electronic, vibrational, orientation, ionic, and inter-
facial polarization. Additionally, the electron donor–acceptor
interaction between PDMS and the GO/CP llers increased the
surface charge density, thereby improving the overall TENG
output. Their tests demonstrated a current of 40 nA and 208 V
from nger tapping, and a short-circuit current of 2 mA and
27 V from foot stamping or walking. Sahoo et al.39 engineered
a multilayer TENG incorporating graphene, designed using
a layer-by-layer assembly approach. To boost charge density,
they innovatively introduced an Al2O3 charge trapping layer
(CTL) between the positive triboelectric layer and the conduc-
tive electrode, resulting in a highly exible TENG. The device
demonstrated remarkable durability, maintaining stability aer
more than 2000 continuous cycles of operation and successfully
powering 20 green LEDs. Domingos et al.40 developed TENGs by
combining graphene with polymers like PDMS using cost-
effective solution processing techniques. The resulting TENG
devices exhibited open-circuit voltages around 233 V and short-
circuit currents of approximately 731 nA when operated at
a frequency of 1.5 Hz. Additionally, a power density of 13.14 mW
cm−2 was achieved under a load resistance of 200 MU. Ejehi
et al.41 developed a exible TENG using GO paper as the elec-
trode. In vertical contact-separation mode, the device achieved
a power density of 1.3 W m−2, an open-circuit voltage of up to
870 V, and a current density of 1.4 mA cm−2. Stanford et al.42

explored laser-induced graphene (LIG) composites as a prom-
ising class of triboelectric materials for TENGs. By applying
infrared laser irradiation, the surfaces of two carbon-based
materials, polyimide (PI) and cork, were transformed into LIG.
Using a LIG/PI composite, they fabricated TENGs with both
conductor-to-dielectric and metal-free dielectric-to-dielectric
congurations, achieving open-circuit voltages exceeding 3.5
kV and peak power outputs greater than 8mW. Parandeh et al.43

fabricated a exible TENG utilizing a silk broin (SF) brous
© 2024 The Author(s). Published by the Royal Society of Chemistry
layer combined with a polycaprolactone/graphene oxide
composite. Their results demonstrated that surface modica-
tion with GO nanosheets greatly enhanced the device's perfor-
mance. The optimized GO-modied layer achieved a voltage
output of 100 V, a current of 3.15 mA, and a power density of 72
mW. Recently, Hatta et al.44 introduced a composite TENG
consisting of a PDMS polymer matrix, barium titanate nano-
powders as dielectric llers, and graphene quantum dots as
conductive elements. The device demonstrated enhanced
performance, with an open-circuit voltage of approximately
310 V, a short-circuit current of 23 mA, and a power density of
1.6 W m−2. However, despite these efforts, the TENGs either
involved a complex manufacturing process or used multi-
component materials, which ultimately made their production
more challenging. Compared to these devices, we developed
a high-output TENG using a simple and versatile electro-
spinning technique with commercially available PVDF-HFP and
graphene llers. This offers the advantages of high performance
and low cost, making it an efficient device for energy harvesting.

Finally, it is important to note that the dispersion quality and
homogeneity of graphene within the PVDF-HFP matrix are
essential for optimizing charge transfer and dielectric proper-
ties in TENGs. Graphene aggregation can lead to uneven charge
distribution, a reduced effective surface area, and potentially
hinder overall device performance. Further examination of
dispersion techniques would be valuable, with approaches such
as ultrasonication, surface functionalization of graphene, or the
use of surfactants to enhance graphene distribution within the
PVDF-HFP matrix. Characterization methods such as trans-
mission electron microscopy (TEM) or Raman mapping could
offer insights into the dispersion quality and its impact on
TENG performance. These will be the focus of our future
studies.
4. Conclusions

We have successfully engineered a high-performance TENG by
incorporating graphene nanollers into PVDF-HFP via electro-
spinning to create a nanobrous mat. Our 15 wt% graphene/
PVDF-HFP electrospun nanober TENG achieved a peak
output voltage of 1024 V and a current density of 1.11 mA cm−2.
The impressive electrical performance of this system is attrib-
uted to its high dielectric constant and signicant charge
transfer, which enhance its ability to capture and store tribo-
electric electrons. Additionally, the TENG demonstrated
a maximum output power density of 1.95 W m−2 at 50 MU and
maintained stable performance over extended periods, showing
no degradation aer 2 weeks. The graphene-based TENGs may
offer a sustainable power solution for small devices and have
the potential to serve as large-scale generators for harvesting
energy in the future.
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