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Abstract

A triboelectric nanogenerator (TENG) working on a contact electrification and electrostatic induction principle is a promising
energy source for fulfilling the energy demand of low power electronic devices by converting the ambient mechanical energy
to useful electrical energy. Here, a polymer nanocomposite film-based triboelectric nanogenerator has been designed by
embedding reduced graphene oxide (rGO) nanosheets in a polyvinylidene fluoride (PVDF) matrix as one of the friction layers.
The PVDF nanocomposite film-based TENG was constructed and examined for structural, electrical, and surface properties
with varied weight percentages of rGO nanofillers (0.0 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt%). The experimental
results demonstrate that the addition of rGO in a PVDF matrix considerably increased the output performance of the TENG
device. The TENG device with 1.5 wt% of rGO can deliver the maximum output voltage and current of 95.9 V, and 16.8
uA, respectively, which are ~ 3 and ~ 7 times the voltage and current produced by pristine PVDF film-based TENG. The
enhanced performance of the nanogenerator is attributed to the addition of conductive nanofillers in the polymer matrix which
improves the surface charge density of polymer nanocomposite films by forming a conduction network, resulting in more
effective charge transfer. Moreover, the output of the nanogenerator is stored in the capacitor and used to drive commercial

LEDs, revealing the TENGs' potential applications for designing self-powered electronic devices.
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Introduction

The global energy crisis with the technological advancement
and increase in the human population has become one of
the major problems that has motivated researchers all
over the world to actively seek for innovative solutions
to generate electricity from unconventional renewable
energy sources. In light of this, various technologies have
been developed and studies are still ongoing to harvest
energy from sustainable energy sources, such as solar,
thermal, vibration, wind, etc.'™ Among these technologies,
triboelectric nanogenerators (TENGs) operating on the
principle of triboelectrification and electrostatic induction
have garnered considerable attention as an innovative
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technology which converts mechanical energy from
diverse sources into electrical energy. Because of their
working principle, TENGs possess several advantages over
other energy-harvesting devices due to their outstanding
performance in energy harvesting with strong output signals,
cost-effectiveness, robustness, simple design, and abundant
choice of materials.>”’ Also, it is well known that the surface
charge density of triboelectric materials has a significant
impact on TENGs' output performance. Therefore, various
methods have been adopted by researchers to improve the
TENG performance, among which two major approaches
are (1) to select a suitable friction material with markedly
different polarities and structural optimization, as the
performance of the device greatly depends on the structure
and material selection, and (2) surface modification with
micro-/nanostructure formation, doping composition, and
charge injection to improve and regulate the friction ignition
effect.®~!9 Many materials, organic, inorganic, polymer,
etc., have been explored since the invention of the TENG
in 2012, and their triboelectric series have been made in
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which polymers currently dominate the triboelectric series
due to their high charge transfer capacity.!!'> PVDF is one
of the most versatile polymer materials which serves as
the negative triboelectric layer in TENGs due to its high
electronegativity and flexibility, which keeps PVDF in
the frontline of polymers to integrate with TENGs.!*"13
Up to now, several methods have been used to boost the
performance of PVDF-based TENGs by electrospinning,
microstructure formation, and porous structure formation
which increase the effective contact surface area of the
PVDF.!® Another possible way to enhance the output
performance of PVDF-based TENGSs is the addition of
optimized concentrations of nanofillers in the polymer
matrix.!”! It has been observed that reduced graphene
oxide (rGO) is preferred over other materials because of its
electron-trapping capabilities, good conductivity, and higher
electronegativity which help in efficiently capturing external
electrons.

Hence, in this study, we propose a polymer composite
film-based TENG by coupling of PVDF nanocomposite
film with nylon film. rGO nanosheets with different weight
percentages (0.5 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt%) were
incorporated into a PVDF polymer matrix and subjected to
structural and morphological characterization to confirm
successful doping of the nanofiller into the polymer matrix.
The TENG's electrical output performance was optimized
by subjecting it to tapping via a dynamic shaker at different
force and frequency parameters. A maximum voltage and
current of 95.9 V and 16.8 uA, respectively, was produced
by a device with 1.5 wt% of rGO. Furthermore, the device's
ability to harvest energy has been shown through capacitor
charging and powering of LEDs. Thus, the present studies
demonstrate an easy and efficient approach for boosting
TENGs' performance by the addition of nanofillers, thus
extending its potential application in self-powered and
wearable devices.

2. Materials and Methods

First, graphene oxide (GO) was synthesized via a modified
Hummers' method,?° and rGO was synthesized using a
hydrothermal method, as reported in our previous study.?!
Initially, an aqueous solution of GO (1.5 mg/mL) was
subjected to ultrasonication to achieve a homogeneous
dispersion of the GO. Subsequently, this prepared solution
was transferred to an autoclave and heated to 180°C for 12
h. The resulting solution was then washed with distilled
water and ethanol and kept in oven at 60°C overnight to
obtain rGO powder. For the synthesis of the PVDF polymer
nanocomposite films, various weight percentages of rGO
(0.5 wt%, 1.0 wt%, 1.5 wt% and 2.0 wt%) were mixed in
10 ml of N,N-dimethylformamide (DMF) and stirred

@ Springer

vigorously until the rGO completely dispersed in the solvent.
Then, 1 g of the PVDF powder was slowly added to the
prepared solution of rGO-dispersed DMF and stirred for
30 min to form a homogenous composite solution. Using a
micropipette, the prepared solutions were drop-casted onto
glass substrates and dried in an oven at 90°C. After natural
cooling of the oven, the films were immersed in distilled
water to obtain free-standing composite films (Fig. 1). The
same procedure was adopted for synthesis of the PVDF film
without addition of rGO.

The nylon films were synthesized by phase-inversion
processes reported by Soin et al.??

Furthermore, a TENG device was fabricated by
assembling the PVDF and the PVDF/rGO nanocomposite
with the nylon film in vertical contact separation mode. For
this, the PVDF/rGO nanocomposite and nylon films were
cut into 2 X 2 cm? and used as the two active triboelectric
layers. Aluminum tape was applied to the back side of each
film to act as electrodes, while copper wire was utilized to
establish electrical connections.

Characterization

The crystallinity of the synthesized powder and thin films
were analyzed using x-ray diffraction (XRD; DY 3733
Analytical Xpert pro) with the Cu Ka x-ray source of 1.54 A
wavelength. Fourier-transform infrared (FTIR; PerkinElmer
spectrum-II) spectroscopy of the thin films was carried out
to ascertain the amount of f-phase present in the polymer
nanocomposite films and to verify the existence of various
functional groups. Field-emission scanning electron
microscopy (FESEM; Zeiss GeminiSEM 500) was used
to analyze the surface morphology of the samples. Raman
spectroscopy of the rGO was carried out using a WiTec
alpha 300 RA spectrometer with a 514-nm wavelength laser.
The dielectric measurements of the samples in the frequency
range of 20 Hz- 10* Hz were performed using an LCR meter.
The output performance of the TENGs were analyzed
using an MDO34 Tektronix Oscilloscope by tapping the
nanogenerator with the Micron MV-0025 electrodynamic
shaker with an MPA-0200 function generator. A Keithley
6514 electrometer was used to carry out the short-circuit
current and charge measurements. A force sensor was used
to measure the force applied on the TENGs.

4, Results and Discussions

Several characterizations techniques have been used
to confirm successful synthesis of the rGO. Figure 2a
illustrates the synthesized rGO sample's XRD pattern,
which is dominated by two broad peaks at 25.4° and 43.5°
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Fig. 1 Schematic showing the synthesis of PVDF/rGO nanocomposite film via drop-casting and fabrication of a TENG.
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Fig.2 (a) XRD pattern, (b) Raman spectra, and(c) FESEM micrograph of rGO.

corresponding to the (002) and (001) planes, respectively.
The peak at 25.4° is attributed to the 2D structure of rGO,
indicating that the sp? network structure of graphene is
formed during the reduction process. The peak's position
and width indicate that GO was successfully reduced to rGO,
which is consistent with the rGO's defective and amorphous
structure. Additionally, a less intense peak at 43.5° can be
observed, and this peak is associated with the turbostratic
band of disordered carbon material.>>>*

Raman spectroscopy is an effective technique that
has been used widely to identify the structure, disorders,

defects, and the number of graphitic layers in carbon-based
materials.”> Raman spectra of rGO which consists mainly
of two characteristic bands D and G band located at ~1347
cm~!, and ~1590 cm™' respectively, are shown in Fig. 2b.
The G band emerged from the in-plane vibrations of the sp>
-bonded carbon atoms, whereas the D band also referred
to as the defective band is linked to structural defects.
Furthermore, the intensity ratio of the D and G bands, i.e.,
Ip/1g, respectively, has been calculated to determine the
degree of structural defects and disorder in the rGO, and has
a value of 1.01 indicating that more defects are introduced
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in the carbon structure and the effective reduction of GO to
form rGO. In addition to two major peaks corresponding
to D and G bands, a less intense broad 2D peak around
2700 cm™! is also observed, indicating the formation of
multilayered graphene material.

FESEM was utilized to investigate the surface
morphology of the rGO, and the corresponding FESEM
micrograph is shown in Fig. 2c¢, demonstrating that rGO
exhibits a laminated structure, comprising multiple thin
sheets with distinct edges and a wrinkled texture spanning
across the entire surface. These thin and semi-transparent
layers revealed that rGO nanosheets are composed of
multiple layers rather than a single layer, as in case of
graphene.

Furthermore, synthesized rGO nanosheets with different
concentrations of 0.0 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%, and
2.0 wt% rGO were mixed with PVDF to form the polymer
nanocomposite films and were labeled P, PR1, PR2, PR3,
and PR4, respectively. The crystallinity of PVDF and its
composite films with varied concentrations of rGO (0 wt%,
0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt%) were analyzed by
XRD (Fig. 3a). All the films exhibit two characteristic peaks
at diffraction angles of 260 =18.3° and 20.4°, respectively.
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The peak at 18.3° corresponds to the (020) reflection plane
and is associated with the o phase, whereas the peak at
20.4° is attributed to the  phase of the (110/200) reflection
plane.zs’26 As we increased the concentration of rGO, the
peak intensity associated with the B phase rose, but fell
after 1.5 wt%. Furthermore, the peak conforming to rGO
was not observed in the XRD spectra, which may be due to
a relatively lower diffraction intensity and concentration of
rGO in the PVDF nanocomposite film. For further better
understanding of the crystallographic phase in the polymer
nanocomposite films, FTIR spectroscopy was further used to
quantify the rise in the content of the  phase of PVDF after
doping it with rGO. Figure 3b shows that several vibrational
groups are present in the FTIR spectra of the films, while
absorbance peaks corresponding to different phases («, f,
and y phases) are indicated in the spectra.”” Moreover, when
we doped rGO in the polymer matrix, the intensity of the
peak corresponding to non-polar o phase was diminished
and the relative fraction of electroactive polar  phase was
determined using:
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Fig.3 (a) XRD patterns, (b) FTIR spectra, (c) content of electroactive polar f phase, and (d) dielectric constant of PVDF nanocomposite films

with different weight percentages of rGO.

@ Springer



rGO-Embedded Polymer Nanocomposite Layer for Improved Performance of Triboelectric...

Fig.4 FESEM micrographs of (a—e) PVDF and PVDF nanocomposite films with varied concentrations of rGO.
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where A, and A are the absorption intensities at 762 and
840 cm™! | respectively. The calculated values of the relative
fractions of the electroactive polar phase F(f) of P, PR1,
PR2, PR3, and PR4 were 58%, 64.4%, 71.1%, 77.1%, and
75.3%, respectively, and the related results are illustrated in
Fig. 3c. The percentage of the § phase content in the PVDF
nanocomposite films was significantly enhanced with the
increase in rGO concentration up to 1.5 wt%, while further
addition of the nanofillers reduced its value. The possible
reason behind the initial increase in the value of F(f) up
to a certain concentration and thereafter decreasing can
be understood by the fact that, when we add rGO in the
PVDF matrix, the crystallinity of the nanocomposites first
increases due to the interaction between surface charges
(i.e., oxygen-containing functional group and delocalized
n electrons) of rGO with the CH, and CF, dipoles of

PVDF which help in the gradual enhancement in the
nucleation of the polar § phase by maximizing all trans
molecular conformations.?’"?® However, after a certain
concentration of rGO nanosheets (i.e., 1.5 wt% in our case),
the alignment of the polymer chain became disturbed,
resulting in suppressing the tendency of p phase formation
arising because of a poor dipole arrangement in the PVDF
chain.?®? Also, it has been reported in the literature that
the dielectric constant of the triboelectric material is an
important property which helps in improving the TENG
device performance. Therefore, the dielectric constant of
PVDF and its composite films were measured as a function
of frequency with the help of the LCR meter (Fig. 3d). With
increases in the rGO concentration, the dielectric constant
of the PVDF film increases from 2.4 to 3.3, 4.1, 5.7, and 5.2
corresponding to the 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0
wt%, respectively, of the rGO nanofillers. As expected, 1.5
wt% (i.e., PR3) has the maximum dielectric constant which
is consistent with the XRD and FTIR studies. This increase

@ Springer



S.Rana, B. Singh

10

(a) 60 (b)10 (c) 40
PR3 PR3
401 PR4 N . R4 "
S 20+ g_ » PR1 g [
Y -
g0 g0 £ 20-
2 20 5 s &
-20- 3 -5 g
10
_40-
-10-
-60 T T T T 1 T T T T 0 1
0 5 10 15 20 25 0 5 10 15 20 25 0 8 10
Time (s) Time (s) Tlme (s)
(d) (© 15 ®
60+
40 19
& 20l < 5
< 20 S -
g 0 £ 01 x ST
S £ o
-20- 5 5.
> U 2Hz
I
s 04 il
0 3 6 9 12 15 18 0 3 6 9 12 15 18 0 6 12 15
Time (s) Time (s) . Time (s)
(€9) (h) 15 (@) 60
60+ 50N o 50N
40 N 10+ . 50+
™ < 54 20N ) 0N
S 209 jon 2N 2 7] wx £ 401
gn 0 E 01 §° 304 30N
= - ~
S -201 S 5 201 o
-40' -104 10N
0
. Ml
-80 T T v r { T y T T 1 0
0 5 10 15 20 25 0 5 10 15 20 25 0 2 8
Time (s) Time (s) Time (s)

Fig.5 Measured open-circuit voltage, short-circuit current, and charge waveforms of the TENG obtained by (a—c) varying the concentration of
rGO in the PVDF, (d-f) varying the input frequency, and (g-I) the impact force on the TENG with 1.5 wt% of rGO.

Tablel Comparison of PVDF/
rGO-nylon-based TENG
performance with various
earlier reported TENGs.

Materials Device area (cm?) V.. (V) I.(uA) Power density Reference
(uW/cm?)
PVC-rGO, aluminum 4.8%5 423 4.56 2.04 18
GO:PPy-PDMS, copper 27 0.359 - 32
CF-CNT, PTFE 25%25 60 1.8 11.06 33
SC-rGO, PTFE 3x3 81.5 - 255 34
PI/rGO, nylon 10x 1.5 130 7.5 - 35
PDMS-rGO, water droplets 2x2 2 0.002 - 36
GO-AgNPs cellulose paper, PTFE 7.5 X 7.5 4 400 0.71 37
Ti@MoS,/PP, nylon - 29.3 - - 38
ZnONRs@CB/NF, PTFE - 28 4.5 80 39
PVDF/rGO, nylon 2x2 95.9 16.8 95 This work

in dielectric constant value after the addition of nanofillers
is due to the formation of microscopic dipole and micro
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capacitor network formation which increases the capacitance
of the nanocomposite film. However, the subsequent
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Fig.6 (a) Output voltage and power density as a function of load resistance, (b) charging of capacitors by a nanocomposite film-based TENG
with 1.5 wt% of rGO , and (c) images of LEDs powered by TENGs with a schematic circuit diagram.
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Fig.7 The durability of the PVDF/rGO TENG with 1.5 wt% of rGO.

decrease in value from 1.5 wt% to 2.0 wt% occurs due to
the establishment of a conductive pathway, leading to a
reduction in the film's capacitance. Hence, 1.5 wt% of the
nanofillers is the optimum amount for the generation and
retention of a significant quantity of triboelectric charges
on the dielectric layer. The surface morphologies of PVDF
and its composite films with varied concentrations of rGO
are illustrated in Fig. 4a—e. It can be clearly seen from the
figures that the rGO nanosheets are uniformly dispersed
within the PVDF matrix without any agglomeration.

Figure 1 shows a schematic of the as-fabricated
TENG formed by the coupling of PVDF and PVDF-rGO
nanocomposite films with nylon as two highly negative and
positive triboelectric layers operating in a simple vertical
contact separation mode. In order to assess the TENG’s
performance, a series of tests were carried out by tapping
nanogenerators with the help of an electrodynamic shaker.
Initially, the electrical outputs including open-circuit voltage
(Voe)s short-circuit current (/) and transferred charges were
measured with different concentrations of rGO, as depicted
in Fig. 5a—c. A TENG with 1.5 wt% loading amount of rGO
(i.e., the PR3-based TENG) generates the highest V¢, Iy,
and charges of 959 V, 16.8 yA, and 28.1 nC in contrast to
a pristine PVDF-based TENG which can generate Vi, Ic,
and charges of 35.4 V, 2.3 uA, and 11.6 nC, while PRI,
PR2, and PR4 film-based nanogenerators can produce V-
and Ig- 0of 48.1 V, 749V, 819V, 54 uA, 8.9 uA, and12.7
A, respectively. The maximum output performance of 1.5
wt% of rGO is also supported by the FTIR and dielectric
studies which show the maximum content of the § phase
and dielectric constant corresponding to 1.5 wt% of rGO
doping in the PVDF matrix. Moreover, the impact of
the input excitation force and frequency on the TENG
output performance with 1.5 wt% of rGO (PR3) was also
investigated and the corresponding V¢, I5c, and charge
waveforms are shown in Fig. 5d-1. The frequency of tapping

@ Springer



S.Rana, B. Singh

was also varied from 2 Hz to 10 Hz, with a highest value of
voltage and current of ~ 107 V and 22 yA being attained at
10 Hz frequency. In the same vein, the impact of the applied
force on the output capabilities of the TENG with 1.5 wt%
rGO was explored through force variations ranging from
10 N to 50 N (Fig. 5g-I). At a forceful impact of 50 N, the
TENG yielded a maximum voltage and current of around
113 V and 20 uA, respectively. It is clearly illustrated from
Fig. 5d-I that both the frequency and force follow similar
rising patterns for voltage, current, and charge. The enhanced
open-circuit voltage and short-circuit current in relation to
the operating frequency and force may be attributed to the
following reasons. First, the faster charge transfer at higher
tapping frequency, and second, when we increase the impact
force, there is an increase in the elastic deformation and
effective contact area in the polymer nanocomposite film
causing a rise in TENG capacitance which may be helpful in
storing more triboelectric charges, and as a result improved
the TENG performance.>*! Table I shows the comparison
between the effect of nanofillers on the output performance
of the TENG. To investigate the ideal output condition of
the as-fabricated TENG, the generated voltage was also
measured as a function of load resistance ranging from 1
MQ to 100 MQ, as shown in Fig. 6a. The optimal TENG can
deliver a maximum power density of ~95 yW/cm? across a
matching load resistance of 10 MQ. Furthermore, to confirm
the practical energy-harvesting potential of the fabricated
TENG, capacitors of 1.0 uF, 4.7 uF, and 10 uF were
charged by the PR3 film-based TENG after rectification.
The corresponding voltage charging curves of capacitors
are illustrated in Fig. 6b, showing the voltage buildup over
a brief period during their charging process. According to
the results, the 1 uF capacitor demonstrated swift charging,
reaching up to 6.4 V within 50 s. In contrast, the 4.7 yF
and 10 uF capacitors only attained charges of 2.8 V and
3.8 V, respectively, within the same timeframe. Apart from
charging the capacitior, the energy-harvesting performance
of the TENG is illustrated via lighting of commercial LEDs
and corresponding circuit diagram with an image of the
LEDs shown in Fig. 6¢. The video demonstration of the
LEDs lighting with the help of the electrodynamic shaker
is shown in Movie 1. The durability of the as-fabricated
TENG is illustrated in Fig. 7, which shows excellent stable
cyclic operation of TENG over 1200 cycles with negligible
change in the value of the current. These results demonstrate
the good durability of the TENG for long-term applications.

Conclusions
We successfully fabricated PVDF/rGO nanocomposite

film-based TENGs and examined the impact of rGO
doping on TENG performance by coupling of PVDF
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nanocomposite films with nylon film. The results showed
that the addition of rGO in the PVDF matrix greatly
improved the nucleation of crystalline § phase, dielectric,
and charge transfer properties of PVDF film, resulting
in the improved performance of the TENG device. A
maximum voltage and current of 95.9 V, and 16.8 uA,
respectively, was obtained by the PR3 film-based TENG
(i.e., 1.5 wt% of rGO), whereas a pristine PVDF film-
based TENG could only generate 35.4 V voltage and 2.4
uA current. Also, this device produced the highest power
density of ~ 95 yW/cm? when connected to a matching
load resistance. The generated power was stored within
the capacitor and employed to illuminate commercial
LEDs, showing the potential application of TENGs
in future low-power portable and wearable electronic
devices.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s11664-024-11426-w.
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