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An ultra high performance, lead-free
Bi2WO6:P(VDF-TrFE)-based triboelectric
nanogenerator for self-powered sensors and
smart electronic applications†

Dhiraj Kumar Bharti, Sushmitha Veeralingam and Sushmee Badhulika *

Obtaining sustainable, high output power supply from triboelectric

nanogenerators still remains a major issue that restricts their wide-

spread use in self-powered electronic applications. In this work, an

ultra-high performance, non-toxic, flexible triboelectric nanogen-

erator based on bismuth tungstate (Bi2WO6):polyvinylidene

fluoride-trifluoroethylene (P(VDF-TrFE)) is fabricated. A hydrother-

mal technique is used to synthesize highly crystalline Bi2WO6

nanoparticles that are then incorporated inside the P(VDF-TrFE)

matrix nanofiber mat using electrospinning over an aluminum-

coated PET substrate to yield a nanogenerator with a device

configuration of Cu-coated PET/(Bi2WO6:P(PVDF-TrFE)) nanofiber

mat/Al-coated PET. The highly crystalline nature of the biconcave

shaped Bi2WO6 nanoparticles and b – P(VDF-TrFE) is confirmed by

X-ray powder diffraction (XRD) and Raman spectroscopic techni-

ques. The dielectric constant of the Bi2WO6:P(PVDF-TrFE) nanofiber

mat was studied and a high dielectric constant of 44 was observed.

The as-fabricated nanogenerator delivers a very high output vol-

tage (open circuit) of 205 V and current density (short circuit) of

11.91 mA m�2 at B0.15 kgf without any electric poling, which is

higher than all the prior reports in this field. The fabricated nano-

generator possesses very high output stability and ultra-sensitivity

with a swift response time of 60 ms. This outstanding performance

of the nanogenerator can be ascribed to the synergistic

combination of the b-phase P(VDF-TrFE) polymer and non-

centrosymmetric nature of Bi2WO6 nanoparticles. Furthermore, a

Bi2WO6-based pH sensor is driven by the energy obtained from the

as-fabricated nanogenerator and the real time demonstration of

the nanogenerator powering a calculator is also demonstrated. The

strategy outlined here presents a cost-effective, high performance

alternative for driving various portable bio-compatible self-

powered electronic devices.

Introduction

With advancement in the internet of things (IoT), devices like
smart sensors, smart patient monitoring systems, chemical and
physical sensors, and reliable displays are being increasingly
used.1,2 Powering of these devices with traditional batteries is
still a constraint due to incompatibility, short battery life and
lack of miniaturization. Triboelectric materials have gained
much attention as they are easy to synthesize, physically and
chemically stable and have potential applications in triboelec-
tric nanogenerators/energy harvesters.2–4 Triboelectric nano-
generators are superlative alternate sustainable energy
sources for powering the respective devices due to their capacity
of transforming the tiny and minute frictional and vibrational
energies into electrical signals. Due to their simple structures,
low cost and high energy conversion efficiency, triboelectric
nanogenerators are designed to convert kinetic energy created
due to beating of the heart, respiratory motion, blood pressure,
machine vibration, wind energy, etc.5 Efforts have been
made to enhance the performance of triboelectric nanogenera-
tors by doping, thermal annealing and surface/structural
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New concepts
A high performance, flexible triboelectric nanogenerator was fabricated
using lead-free Bi2WO6 nanoparticles due to their inherent properties like
very high surface area and high non-centrosymmetry for wearable
electronics applications. In recent reports, the output performance of
triboelectric nanogenerators was enhanced by modifying the crystal
structure using doping, thermal annealing, polymerization with co-
polymers, etc., which are complicated strategies and result in high-cost
and complex structures, low output voltage and current, etc. In this
regard, a low cost Bi2WO6:P(VDF-TrFE) triboelectric nanogenerator was
fabricated with very high output response, which is due to the synergistic
effect combination of the b-phase P(VDF-TrFE) polymer and non-
centrosymmetric nature of Bi2WO6 nanoparticles. Furthermore, a
Bi2WO6-based pH sensor is driven by the energy obtained from the as-
fabricated nanogenerator and a real time demonstration of the
nanogenerator powering a calculator is also demonstrated, which
proves its potential candidature in wearable electronics applications.
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modifications like self-assembled monolayers, micro/nano
structures, interfacial surface nanopatterning, polymerization,
etc.6

PbZrTiO3-based triboelectric nanogenerators with high
power output were fabricated.7 But the presence of the toxic
heavy metal restricts their use in real biomedical applications
and safe disposal of these nanogenerators remains a challenge.
Various triboelectric materials like ZnO, GaN, KNaNbO3,
BaTiO3, and CsPbBr3 were synthesized with very high tribo-
electric nanogenerator output.3 However, the non-flexible nat-
ure of these platforms and highly advanced fabrication
processes limit their use in flexible electronic applications.
Various polymer matrices like polydimethylsiloxane (PDMS),
low-density polyethylene (LDPE), high-density polyethylene
(HDPE), polystyrene (PS), polycarbonate (PC), polypropylene
(PP), polyvinyl chloride (PVC), thermoplastic polyurethanes
(TPU), polyvinylidene fluoride (PVDF), etc. have been used to
design hybrid polymer composite-based triboelectric
nanogenerators.8 Low cost, high chemical stability, durability,
ultra-flexibility and simple design of fabrication over an applied
force proves their use in wearable electronics devices. To
fabricate highly efficient triboelectric nanogenerators, the tri-
boelectric material selection and process of synthesis of the
materials are two main factors. Among all, PVDF has a high
piezoelectric coefficient and relative permittivity, which proves
its efficacy in piezoelectric sensors and energy harvesting
applications. PVDF shows very high polar crystalline b-phase
formation, which is responsible for the piezoelectricity and
ferroelectricity in the material as compared to other polymers.9

Several methods were adopted to synthesize the b-phase of the
PVDF, like solvent casting, chemical exfoliation, solvent etching
method, hot pressing, etc. Efforts were made to synthesize the
nano-dipole aligned b-phase PVDF using post stretching and
annealing or incorporating fillers and poled with external
electrical fields.10 The percentage of b-phase formed can be
further enhanced by introducing different fillers like ZnO, Hg,
graphene, Fe3O4, ZnSnO3, MoS2, etc. during the synthesis
process.11–13 The ferroelectric property of PVDF can be
enhanced by interlinking with copolymers like trifluoroethy-
lene (TrFE), hexafluoropropylene (HFP), and tetrafluoroethy-
lene (TFE).5,14 Improvement in the b-phase is due to
dipole–dipole attraction between the hydrogen atom of PVDF
and electronegative atom of the copolymer. Among all the
P(VDF-TrFE) polymer shows the highest percent of b-phase
formation without mechanical stretching or external electrical
poling and has higher temperature stability up to 100 1C. As a
result, it is extensively used in flexible energy harvesters and
electronic sensor applications. P(VDF-TrFE) polymer films are
typically synthesized in the polar b-phase for developing high-
performance nanogenerators. The stability of the b-phase in the
P(VDF-TrFE) polymers is the major concern for developing
flexible energy harvesters and wearable electronic devices.
Various techniques like solution casting, sol–gel, spin coating,
and Langmuir–Blodgett deposition have been reported for the
synthesis of b-phase P(VDF-TrFE) polymer films.15 Further-
more, to enhance the b-phase, several efforts have been made

like surface engineering using solvent annealed processes,
mechanical stretching, and poling with high electric fields,
which make the overall process complex and expensive.16 The
P(VDF-TrFE) film is limited to very few applications due to its
small scale synthesis. The identification of suitable synthesis
methods to obtain 1D, high surface area P(VDF-TrFE) nanofi-
bers is also a matter of concern for fast response electronic
sensors.

In this work, we have synthesized a bio-compatible lead-free
triboelectric material for energy harvesting and self-powered
pH sensor applications. Direct band gap bismuth tungstate
(Bi2WO6) was adopted due to its remarkable chemical, physical
and mechanical properties like high photo-catalytic activity,
narrow band gap (B3 eV), high dielectric constant (80), swift
and long range charge separation, etc.17–19 Highly crystalline
Bi2WO6 nanoparticles were synthesized using a cost-effective
hydrothermal route. A biconcave Bi2WO6-incorporated P(VDF-
TrFE) nanofiber mat was electrospun over an aluminium (Al)-
coated polyethylene terephthalate (PET) collector. A highly
conductive, flexible copper thin film-coated PET film was
utilized as a top electrode. The self-poled Bi2WO6-embedded
P(VDF-TrFE)-based triboelectric nanogenerator generates a very
high VOC (output voltage) of 205 V and JSC (current density) of
11.91 mA m�2 at B0.15 kgf. The Bi2WO6-based pH sensor was
also fabricated by a user friendly spin coating technique and
the contacts of the fabricated pH sensor were made using silver
paste. The Bi2WO6-based pH sensor was driven by the energy
obtained from the Bi2WO6-based nanogenerator. To the best of
the authors’ knowledge, this is the first report on the fabrica-
tion of a Bi2WO6:P(VDF-TrFE) triboelectric nanogenerator and
its subsequent integration with a Bi2WO6-based pH sensor for
self-powered electronic applications.

Materials and methods
Materials

Silver (Ag; 99.999%), aluminum (Al; 99.999%), copper (Cu;
99.999%), polyvinylidene fluoride-trifluoroethylene (P(VDF-
TrFE); 99.999%), sodium tungstate (Na2WO4; 99.999%), and
bismuth nitrate pentahydrate (Bi(NO)3�5H2O; 99.999%) were
obtained from Sigma Aldrich and were used as received. Extra
pure deionized water was obtained using a Direct-Q 3UV
Millipore water purification system.

Measurements and characterization

The X-ray diffraction (XRD, X’pert PRO) technique was used to
perform the structural analysis of Bi2WO6 nanoparticles. The
microstructure analysis was performed using highly sophisti-
cated field emission scanning electron microscopy (FE-SEM,
Zeiss EVO 18) and the respective elemental investigation was
performed using energy-dispersive X-ray analysis (EDAX)
attachment of FE-SEM. Fourier transform infrared spectroscopy
(FT-IR, FT/IR-4200, Jasco USA) was used to analyse the func-
tional groups of the system. A source meter (SMU 2450, Keithley
USA) and digital storage oscilloscope (DSO3062A; Agilent
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Technologies, USA) were adopted to measure the output cur-
rent (ISC) and voltage (VOC) of the triboelectric nanogenerators,
respectively.

Synthesis of Bi2WO6 nanoparticles

A schematic of the user friendly, cost-effective hydrothermal
synthesis technique for the synthesis of Bi2WO6 nanoparticles
is shown in Fig. 1(a). A prepared aqueous solution (10 mL) of
Na2WO4�2H2O aqueous was transferred into Bi(NO)3�5H2O
(10 mL), the solution (1 : 2 specific molar ratio) was placed
under constant stirring with the separating funnel at the drop-
speed of 1 drop per second. The homogenous mixture was then

transferred to a 100 mL PP liner stainless-steel autoclave and
maintained for 24 h at 180 1C. Finally, the colourless solution
was cleaned using successive washing with ethanol and water
and oven drying at 70 1C for 1 h. The synthesis procedure is
similar to the recent report published from our lab.18

Fabrication of Cu and Al electrodes

Copper (Cu) metal was coated on a flexible PET substrate by a
vacuum thermal evaporation technique. The evaporation of Cu
nanoparticles was conducted in a high pressure (10�6 torr)
vacuum chamber using a molybdenum crucible. Cu granules
(99.999%) were thermally evaporated at 1 nm s�1 for 60 s to

Fig. 1 (a) Synthesis of Bi2WO6 nanoparticles using a hydrothermal process. (b) Step by step fabrication of the Bi2WO6:P(VDF-TrFE) triboelectric
nanogenerator. (c) Fabrication steps of the Bi2WO6-based pH sensor.
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acquire a uniform thickness. The highly flexible conductive
electrode is coated on the PET substrate. In the case of the
aluminium (Al) electrode, Cu was replaced with Al metal
granules.

Electrospinning of P(VDF-TrFE) nanofibers

0.23 g of P(VDF-TrFE) was dispersed in a mixture of acetone
(0.25 mL) and DMF (0.75 mL). The resultant solution was
stirred for 7 h. P(VDF-TrFE) nanofibers were spun on alumi-
nium (Al)-coated PET substrates. The PET collector was kept at
12 cm from the needle. The flow rate was maintained at
0.2 mL h�1 for 5 h. The voltage was fixed at 15 kV. P(VDF-
TrFE) nanofiber mats were extracted from the aluminium foil
and used for the fabrication of nanogenerators.

Electrospinning of P(VDF-TrFE)/BWO nanofibers

0.23 g of P(VDF-TRFE) was dispersed in a mixture of acetone
(0.25 mL) and DMF (0.75 mL). The solution was stirred for 7 h.
Furthermore, 0.1 g of BWO nanoparticles was added to the
P(VDF-TrFE) solution and stirred for 5 h. The obtained solution
was spun on an aluminium foil collector. The distance between
the collector and needle was kept at 12 cm. The flow rate was
maintained at 0.2 mL h�1 for 5 h. The voltage was fixed at
15 kV. Bi2WO6:P(VDF-TrFE) nanofiber mats were extracted from
the aluminium foil and used for the fabrication of
nanogenerators.

Fabrication of the Bi2WO6 triboelectric nanogenerator

The triboelectric nanogenerator was fabricated with the simple
configuration of Cu-coated PET/(Bi2WO6:P(VDF-TrFE))/Al-
coated PET as described in Fig. 1(b). Firstly, Bi2WO6 nano-
particles and P(VDF-TrFE) were homogenously mixed in
ethanol and electrospun with various concentrations of 20,
30, 40, and 50 wt% followed by heat treatment at 100 1C for
2 h. Furthermore, a space was provided in between the
Bi2WO6:PVDF-TrFE composite film and the Cu/PET counter
electrode.

Fabrication of a pH sensor

Hydrothermally synthesized Bi2WO6 nanoparticles with various
concentrations, namely 0.7, 0.6, 0.5, 0.4, 0.3, 0.2 and 0.1 wt%
were dispersed in DMF solution and ultrasonicated for
15–20 min. The uniformly distributed solution was spin coated
over a PET substrate at 400 rpm for 45 s and calcined at 70 1C
for 20 min as described in Fig. 1(c). The Bi2WO6 nanoparticles
were found to be uniformly coated over the PET substrate.
Furthermore, the contacts of the pH sensor were made using
silver paste. Initially, phosphate buffer solution of different pH
values ranging from 2 to 11 was prepared by mixing different
concentrations of disodium hydrogen phosphate heptahydrate
and sodium phosphate monobasic monohydrate.

Optimization of the Bi2WO6 nanoparticles over the PET
substrate for pH sensor applications

The wt% of Bi2WO6 over the PET substrate was increased from
0.1 wt% to 0.7 wt% to study the electron transfer resistance.

The response of the pH sensor with a solution of pH 6 was
performed and the recorded data are shown in Fig. S1 (ESI†). It
was observed that the current increases as the concentrations
of Bi2WO6 increased. When the concentration (wt%) was 0.5%,
the current reached the maximum and decreased as the
concentration of Bi2WO6 nanoparticles further increased.
Therefore, 0.5% was selected to be a suitable Bi2WO6 concen-
tration for the following measurements. The decrease in cur-
rent with 0.7 wt% of Bi2WO6 in response to the pH of the
solution can be attributed to the reduction in active surface
area available for interaction with the pH of the solution.

Results and discussion

The crystal structure of the synthesized Bi2WO6 nanoparticles
was analyzed using XRD spectroscopy using a Cu Ka radiation
source (l = 1.54 Å). XRD spectra recorded over a 2y range of 201
to 851 for Bi2WO6 nanoparticles were obtained in Fig. S2(a)
(ESI†) and Fig. S2(b) (ESI†) illustrates the corresponding crystal
structure. The bright intense peaks were well associated with
JCPDS Card No. 39-256, which confirms its orthorhombic
structure with lattice constants a = b = 5.45 Å, c = 16.40 Å,
a = b = g = 901 and the attained space group Pca21 (29) suggests
the non-centrosymmetric nature of Bi2WO6 nanoparticles.18

The synthesized nanoparticles possess a layer type structure
of (Bi2O2)n

2+ and (WO4)n
2� along the c-axis, which is described

in the crystal structure as shown in Fig. 2(b). Lone-pair elec-
trons of one tungsten (W) octahedron and two bismuth (Bi)
octahedra were bonded with a common oxygen (O) atom. Due
to different electronic orbital states of Bi and W, the orientation
of the Bi ion lone pair is shifted by 3 A from the cryptographic
position of the O atom. Asymmetry between the orientation of
lone pairs of Bi and W gives rise to a non-centrosymmetric
crystal structure.19

The synthesis mechanism of biconcave shaped Bi2WO6

nanoparticles was explained on the basis of a nucleation and
crystallization phenomenon. Primary nucleation particles
(Bi2O2)n

2+ and (WO4)n
2� during the reaction process form a

circular orientation along the c-axis due to electrostatic inter-
action (van der Waals forces). Simultaneously, in plane nuclea-
tion growth of Bi2WO6 nanoparticles due to the Ostward
ripening effect was accountable for the formation of Bi2WO6

biconcave nanoparticles.20

The ferroelectric phase confirmation of P(VDF-TrFE) nano-
fibers was studied using XRD spectroscopy. The XRD spectrum
of the hybrid composite matrix of Bi2WO6 nanoparticles incor-
porated in a P(VDF-TrFE) polymer matrix is shown in Fig. 2(a).
All the intense peaks observed in the plot have good agreement
with the XRD spectrum of Bi2WO6 nanoparticles, except for the
peak at 20.28. The peak centered at 20.28 corresponds to the
b-phase of P(VDF-TrFE) and confirms its high polar ferroelec-
tric property across the c-axis orientations.21 The high electric
field induced during the electro-spinning process of the nano-
fiber was responsible for the formation of the b-phase. The
detailed structural and chemical analysis of Bi2WO6

Communication Materials Horizons

Pu
bl

is
he

d 
on

 0
2 

D
ec

em
be

r 
20

21
. D

ow
nl

oa
de

d 
on

 4
/2

6/
20

24
 2

:2
0:

58
 P

M
. 

View Article Online

https://doi.org/10.1039/d1mh01606g


This journal is © The Royal Society of Chemistry 2022 Mater. Horiz., 2022, 9, 663–674 |  667

Fig. 2 (a) X-Ray diffraction spectrum of Bi2WO6:P(VDF-TrFE) composite film. (b) Raman spectra of P(VDF-TrFE) composite film and Bi2WO6:P(VDF-TrFE)
composite film. (c) Low magnification resolution and (d) high magnification FE-SEM images of the Bi2WO6:P(VDF-TrFE) nanofiber mat. (e) Low
resolution-TEM image of the Bi2WO6:P(VDF-TrFE) composite film. (f) and (g) Low magnification TEM images of a Bi2WO6:P(VDF-TrFE) nanofiber. (h) SAED
spectrum of Bi2WO6 nanoparticles. (i) Variation of the dielectric constant with frequency of P(VDF-TrFE) and the Bi2WO6:P(VDF-TrFE) composite film.
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nanoparticles is provided in ESI,† Section S1. The morphologi-
cal analysis and particle size distribution are provided in ESI,†
Section S2 in detail.

The chemical and intermolecular analysis of the P(VDF-
TrFE) nanofiber and Bi2WO6:P(VDF-TrFE) nanofiber were
examined by Raman spectroscopy as described in Fig. 2(b).
The Raman spectrum shown corresponds to those of the b-
P(VDF-TrFE) polymer and Bi2WO6:b-P(VDF-TrFE), respectively.
The peak centred at 844 cm�1 is attributed to F–C–F antisym-
metric stretching and H–C–H rocking vibration of the b-phase
of P(VDF-TrFE) as revealed in Fig. 2(b). But in the case of the
Bi2WO6 reinforced P(VDF-TrFE) hybrid composite, a red shift is
observed and the peak is shifted from 844 to 840 cm�1, which
confirms that the formation is F–C–F stretching vibration and
results in an increment in the b-phase. Likewise, O–W–O
stretching vibration and stretching modes of Bi3+ also experi-
ence a red shift from 295 cm�1 to 290 cm�1, which indicates
that the non-centrosymmetry of Bi2WO6 also increases inside
the matrix due to hydrogen bonding between H and O or F.

FE-SEM was used to perform the microstructural study of
the Bi2WO6 reinforced P(VDF-TrFE) hybrid composite film.
Fig. 2(c) shows the low magnification SEM image of the
Bi2WO6:P(VDF-TrFE) nanofiber, which shows the nanofiber like
morphology throughout the sample. The inset shows the
P(VDF-TrFE) nanofiber mat with an average diameter of
30 nm. Fig. 2(d) shows the high magnification SEM image that
confirms that the biconcave-shaped Bi2WO6 nanoparticles are
encapsulated in the P(VDF-TrFE) nanofiber. The detailed
morphological analysis was performed using an HR-TEM
microscope. Fig. 2(e) shows the HR-TEM image of the
Bi2WO6:P(VDF-TrFE) composite nanofibers. The Bi2WO6 nano-
particles are strongly bonded and incorporated inside the
P(VDF-TrFE) nanofiber. Fig. 2(f and g) show the low magnifica-
tion TEM images of the Bi2WO6:P(VDF-TrFE) nanofiber wherein
Bi2WO6 nanoparticles are completely encapsulated within the
P(VDF-TrFE) polymer. The electrospun grown nanofiber has an
average diameter of 30 nm and the incorporated Bi2WO6

nanoparticles show a spherical biconcave type morphology with
an average diameter of 90 nm, which is in good agreement with
those of the SEM micrographs. The selected area diffraction
pattern (SAED) was also recorded where the bright spots
demonstrate the highly crystalline nature of the Bi2WO6 nano-
particles as shown in Fig. 2(h). The dielectric constant of the
Bi2WO6 nanoparticles was calculated and a very high dielectric
constant of 228 was observed at low frequency regions as shown
in Fig. S3(d) (ESI†). As the particles size decreases from bulk to
nano, the particle density per unit area also increases, which
increases the number of nanodipoles in the system. Thus, an
increase in the number of dipoles per unit area gives rise to an
increase in the dielectric constant. As the frequency increases
the nanodipoles are unable to cope with the change in the
electric field and a decrease in the dielectric constant was
observed. Likewise, dielectric studies of the Bi2WO6:P(VDF-
TrFE) composite film were performed and the spectrum
recorded over the frequency range from 100 Hz to 2.5 kHz, as
shown in Fig. 2(i). The dielectric constants of P(VDF-TrFE) and

the Bi2WO6:P(VDF-TrFE) composite film at 100 Hz (lower
frequency region) attain high dielectric values of 27 and 44,
respectively.

Highly conductive copper (Cu) and aluminium (Al) metals
have been utilized as electrodes of the Bi2WO6:P(VDF-TrFE)-
based triboelectric nanogenerator as shown in Fig. 3(a). The
conductivities of Cu and Al were also measured and gave very
high sheet resistance values of 8 O sq�1 and 10 O sq�1,
respectively. The photographical image of the nanogenerator
is shown in Fig. 3(b) and the inset shows the configuration of
Cu-coated PET/(Bi2WO6:P(VDF-TrFE))/Al-coated PET. The ultra-
flexible nature of the nanogenerator is shown as the pictorial
representation of the nanogenerator on the wrist of a human
arm as illustrated in Fig. 3(c). The cross-sectional view of the as
grown Bi2WO6:P(VDF-TrFE) composite film on an Al substrate
was recorded as shown in Fig. 3(d). It is evidenced that the
electrospun composite film has a uniform thickness of B19 mm
throughout the substrate. The inset shows the top view of the
Bi2WO6:P(VDF-TrFE) nanofiber mat, which shows that the
P(VDF-TrFE) was encapsulated over the Bi2WO6 nanoparticles.

The output response of the fabricated Bi2WO6:P(VDF-TrFE)-
based triboelectric nanogenerator was recorded. Fig. 4(a) illus-
trates the output voltage achieved by the nanogenerator at
various Bi2WO6 nanoparticles weight percent concentrated into

Fig. 3 (a) Schematic diagram of the Bi2WO6:P(VDF-TrFE) triboelectric
nanogenerator. (b) Dimensions of the nanogenerator. The inset shows
the configuration of Cu-coated PET/(Bi2WO6:P(VDF-TrFE))/Al-coated PET.
(c) Ultra-flexible nature of the nanogenerator. (d) Cross-sectional view.
Inset shows the top view of the Bi2WO6:P(VDF-TrFE) composite film
grown on Al foil.
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the P(VDF-TrFE) polymer. The output voltages at 20, 30, 40 and
50 wt% were measured and the output voltages of 15 V, 40 V,

82 V and 60 V were obtained (Fig. 4(b)). With increase in the
concentration of the Bi2WO6 nanoparticles the output

Fig. 4 (a) Concentration-dependent output voltage of the Bi2WO6 triboelectric nanogenerator. (b) Output voltage at different wt% concentrations of
Bi2WO6 nanoparticles inside the P(VDF-TrFE) polymer. Open circuit output voltages generated from a 40 wt% Bi2WO6:P(VDF-TrFE) triboelectric
nanogenerator under different pressure forces at (c) forward connection and (d) reverse connection. Short circuit current densities of the nanogenerator
in (e) forward connection and (g) reverse connection modes. Magnified plot of the current densities of the nanogenerator in (f) forward connection and
(h) reverse connection modes.
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performance increased and reached its maximum value at
40 wt% and immediately started decreasing with further incre-
ments in the concentration. Initially, the output voltage
increases with increase in concentration up to 40 wt%, which
could be probably due to the Maxwell–Wagner–Sillars interfa-
cial polarization due to the high dielectric nature of the Bi2WO6

nanoparticles. Further increase in the concentration beyond
40 wt% results in the dielectric breakdown due to weak insula-
tion of the Bi2WO6:P(VDF-TrFE) composites. 40 wt% concen-
tration in P(VDF-TrFE) polymer was considered for all
substituent measurements.

Furthermore, the optimized concentration was considered
and the force-dependent very high output voltage was

investigated using a function generator controlled dynamic
shaker. The output voltage of the triboelectric nanogenerator
in forward connection mode (Fig. 4(c)) and reverse connection
mode (Fig. 4(d)) were recorded and successive positive and
negative pulses were observed. The output voltages at different
forces of 0.05 kgf, 0.1 kgf and 0.15 kgf were recorded and very
high output values of 62 V, 102 V, and 205 V, respectively, were
observed. This polarity check investigation as demonstrated in
Fig. 4(d) proves that the high relative permittivity of the hybrid
nanocomposite film is accountable for such high performance of
the Bi2WO6:P(VDF-TrFE) triboelectric nanogenerator. The short
circuit currents of the Bi2WO6:P(VDF-TrFE) triboelectric nanogen-
erator were also measured at 0.15 kgf force as shown in Fig. 4(e–h).

Fig. 5 (a) Interaction mechanism of Bi2WO6 nanoparticles and the P(VDF-TrFE) polymer. (b) The working mechanism of the Bi2WO6:P(VDF-TrFE)-based
triboelectric nanogenerator.
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The stability test of the Bi2WO6:P(VDF-TrFE) triboelectric nano-
generator under a compression force of 0.15 kgf was recorded.
Fig. 4(e) depicts the very high forward connection mode output
current density of 11.91 mA m�2 for 10 000 cycles and the inset
shows the current density for 10 seconds. Fig. 4(f) shows the
highly magnified plot of the respective output. A switching
polarity test was performed and the inverted output current
density of 11.91 mA m�2 was recorded in the reverse connec-
tion mode as shown in Fig. 4(g) and the magnified plot is
shown in Fig. 4(h). The stability of 10 000 cycles was again
recorded as shown in Fig. 4(g) and the inset shows the current
density for 10 seconds. The high stability of the nanogenerator
was due to the robust and strong binding nature of the Bi2WO6

nanoparticles and P(VDF-TrFE) polymer chains. The sensitivity
of the nanogenerator was also calculated and a high response
time of 60 ms was observed, as shown in Fig. S4 (ESI†). An
ultralow response time of 60 ms was obtained, owing to the
strong synergistic effect between the b-phase P(VDF-TrFE)
polymer and non-centrosymmetric Bi2WO6 nanoparticles. For
comparison, the P(VDF-TrFE)-based triboelectric nanogenera-
tor was fabricated and the same study was also performed and
an open circuit output voltage of B51 V was recorded in the
forward and reverse connections, as illustrated in Fig. S5(a) and
(b) (ESI†), respectively. This confirms that the presence of the
Bi2WO6 nanoparticles in the P(VDF-TrFE) nanofiber increases
the output performance by 400%.

The high performance of the fabricated triboelectric nano-
generator was due to high non-centrosymmetry of the
Bi2WO6:P(VDF-TrFE) hybrid composite film as compared to
those of the pristine Bi2WO6 and P(VDF-TrFE) polymer. This
enhancement in the ferroelectric polarization of the composite
can be explained on the basis of interaction of Bi2WO6 nano-
particles and P(VDF-TrFE) polymer. The lone pair present in the
Bi2WO6 nanoparticles offers a nucleation site to the P(VDF-
TrFE) polymer. (Bi2O2)n

2+ and (WO4)n
2� lone pairs could inter-

act with weak van der Waals forces, ion–dipole interaction and
the hydrogen bonds present in the polymer. Fig. 5(a) shows the

interaction of the hydrogen (H) atom of the linker (PVDF)
polymer and oxygen (O) atom of the Bi2WO6 nanoparticles.
The negatively charged O is attracted towards the positively
charged H atom due to the difference in electronegativity
resulting in the formation of a hydrogen bond. This lone
pair–bond pair interaction results in the dislocation of O or/
and H atoms from their original positions giving rise to
enhancement in non-centrosymmetry in the Bi2WO6 nano-
particles or/and the b-phase of the P(VDF-TrFE) polymer.
Enhancement of the b-phase in the P(VDF-TrFE) can be owing
to the formation of hydrogen bonding between the linker
(PVDF) and copolymer (TrFE) within the P(VDF-TrFE) matrix.

The working mechanism of the Bi2WO6:P(VDF-TrFE)-based
triboelectric nanogenerator is discussed in detail, as shown in
Fig. 5(b). Initially, under unbiased conditions the triboelectric
nanogenerator layer was separated with some distance from
each other resulting in zero output in the external circuit. As a
vertical force was applied on the Cu-coated PET side of the
triboelectric nanogenerator, due to different electron affinities
and triboelectric effects, opposite charges were formed around
the interface of the nanofibers and the Cu electrode. Positive
charges were developed on the Cu side and equal negative
charges were generated toward the nanofiber side of the tribo-
electric nanogenerator. As external pressure was released, the
separation of charged particles gave rise to a potential differ-
ence between the Cu and nanofiber, which permits the flow of
electrons from the nanofiber to Cu across the external circuit.
This flow of electrons was collected at the bottom electrode
owing to electrostatic induction and similar positive charges
were located on the Al electrode. As the vertical force was again
applied on the Cu side of the nanogenerator, the interaction of
the Cu electrode and nanofiber disappears and the electrostatic
induction and collected electrons at the Cu electrode were
transported back to the Al electrode. Successive compression
and relaxation of the nanogenerator alters the electrical
potential difference giving rise to alternating current and
voltage across the output.

Table 1 A comparative study of performance of the as-fabricated Bi2WO6:P(VDF-TrFE)-based triboelectric nanogenerator with recent reports of PVDF-
based triboelectric nanogenerators

S.
no. Device configuration

Synthesis
technique Electrode

Output performance

Ref.
Voltage (open circuit)
(in V)

Current/current density
(short circuit)

1 PVDF-TrFE Solvent casting Cu 55 0.8 mA 22
2 Human skin-P(VDF-TrFE) Solvent casting ITO 4 0.7 mA 23
3 rGONRs-PVDF Drop casting Al 0.3 — 24
4 CsPbX3-PVDF Solvent etching Ag 192 16 mA 25
5 AC doped PVDF Solvent casting Al 157.06 20.47 mA 26
6 PVDF nanofiber Electrospinning Conductive fabric (PF39B) 113.21 1.23 mA m�2 27
7 PVDF nanofiber Electrospinning Cu 13.2 1.41 mA 28
8 PVDF-HFP Electrospinning Conductive fiber 141.6 20.4 mA 5
9 Fe3O4-PVDF Electrospinning Al 138 2.27 mA m�2 29
10 MoS2-PVDF Electrospinning Cu 50 30 nA 30
11 Hg-doped PVDF Electrospinning Cu 15.5 300 nA 31
12 Bi2WO6 P(VDF-TrFE) Electrospinning Cu 205 11.91 mA m�2 Our work

without
poling

rGONRs – reduced graphene oxide nanoribbons; AC – activated charcoal
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Table 1 shows the comparative study of the fabricated
Bi2WO6:P(VDF-TrFE)-based triboelectric nanogenerator device
with earlier reported PVDF-based triboelectric nanogenerators.
In most reports, the output performance of the PVDF polymer-
based triboelectric nanogenerators was enhanced by modifying
the crystal structure using doping, thermal annealing, poly-
merization with a co-polymer, etc. which are complicated
strategies and resulted in high-cost and complex structures,
low output voltage and current, etc. In contrast, an ultra-high
performance, non-toxic, flexible Bi2WO6-embedded P(VDF-
TrFE)-based nanogenerator was fabricated in this work. The
device generated a very high VOC of 205 V and JSC of
11.91 mA m�2 under a low force of (0.15 kgf), which is far
greater than all those of the prior art in this field.

Motivated by the excellent surface area and electrochemical
properties of the synthesized biconcave Bi2WO6, the nano-
particles were used as a pH sensor.18 0.5 mL of the prepared
solutions of various pH levels were spiked subsequently on the
optimized (0.5 wt% of Bi2WO6-coated PET) pH sensor and the
corresponding change in current was measured. Fig. 6(a) illus-
trates the amperometric response of the sensor upon increase
in pH of the solution in the acidic pH range. The current was

found to decrease with increase in pH of the solution. The
obtained results can be attributed to the interaction of H+ ions
with the n-type Bi2WO6 nanoparticles wherein the H+ ions
accept the electrons of Bi2WO6 nanoparticles and the number
of electrons in the conduction band reduces, which further
reduces the current flowing through the sensor. Similarly,
Fig. 6(b) displays the response of the pH sensor in the basic
range. The amperometric response displayed an increase in
current with increase in pH of the solution, which is due to the
donation of OH� ions by the basic solution to the Bi2WO6

nanoparticles. This increases the number of free electrons and
decreases the resistance across the pH sensor. Thus, the
fabricated pH sensor exhibited an excellent response towards
the complete pH range of acidic, neutral and basic solution.

Integration of the fabricated pH sensor with a Bi2WO6:P(VDF-
TrFE) triboelectric nanogenerator

The self-powered pH sensor was configured by connecting the
Bi2WO6-based two-terminal pH sensor in parallel with the
Bi2WO6:P(VDF-TrFE) triboelectric nanogenerator and the pic-
torial representation for the same is shown in Fig. 6(c). The
photograph of the self-powered pH sensor is shown in Fig. S6 (ESI†).

Fig. 6 The current vs. time responses of the two terminal Bi2WO6-based pH sensor for different pH values ranging from (a) acidic to (b) basic.
(c) Schematic diagram of the pH sensor driven by the energy obtained from the Bi2WO6-based nanogenerator. Output voltages generated from the
Bi2WO6-based pH sensor driven by the nanogenerator for different pH values ranging from (d) 2 to 6 and (e) 7 to 11. (f) Schematic diagram of rectification
of the AC input signal generated from the nanogenerator to charge a capacitor and power a calculator. (g) Charging of the capacitor and (h) powering of
the calculator using a nanogenerator.
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Initially, the potential drop (base voltage) across the pH
sensor device was measured to be 10 V. The obtained voltage
can be attributed to the high resistance of the Bi2WO6 pH
sensor connected in parallel to the nanogenerator, following
which the pH sensor was sensitised with different pH values
(2–11) and the corresponding output responses were measured
after stabilizing the pH sensor with acid or alkali solution as
displayed in Fig. 6(d and e). Fig. 6(d) illustrates the response of
the nanogenerator upon increase in pH of the solution in the
acidic range. With the interaction of the acidic solution there is
a change in surface states and the depletion region of the
Bi2WO6 nanoparticles tends to reduce which results in altera-
tion of the output voltage. The voltage across the pH sensor was
found to increase from B10 V to B15 V with interaction with
acidic solution. The obtained results can be attributed to the
interaction of H+ ions with the n-type Bi2WO6 nanoparticles
wherein the H+ ions accept the electrons of the Bi2WO6 nano-
particles and the number of electrons in the conduction band
reduces, which further reduces the current flowing through the
sensor. Fig. 6(e) displays the response of the pH sensor to pH
variation in the range of 7–11. At higher pH values, the
negatively charged species i.e. OH� ions increase the depletion
region at the Bi2WO6 surface resulting in a decrease of voltage
from B10 V to B4 V. The output of the self-powered device is
directly related to the change in resistance of the Bi2WO6

nanoparticles owing to the excellent interaction of biconcave
nanostructures with different pH solutions. Thus, the fabri-
cated nanogenerator was successfully utilized to power the pH
sensor to obtain distinguished responses in the entire pH
range. The chemical stability of the Bi2WO6-based pH sensor
was monitored by performing the normalized pH sensing
studies for 30 days and Raman studies using the same pH
sensor, as depicted in the Fig. S7 (Section S3) and Fig. S8
(Section S4) (ESI†), respectively.

Furthermore, to demonstrate the ability of the as-fabricated
triboelectric nanogenerator for powering electronic devices, a
capacitor was charged with the output of the nanogenerator.
The AC output of the nanogenerator was converted to DC
output using a full wave rectifier circuit to charge the capacitor
as presented in Fig. 6(f). The rectified spectrum at 0.15 kgf force
is recorded and the positive pulse-rectified output response of
the triboelectric nanogenerator is shown in Fig. S9 (ESI†) with a
very high output voltage of 200 V. The energy harvesting
capacity of the triboelectric nanogenerator was investigated
by charging capacitors of 1 mF, 2.2 mF, and 4.7 mF with constant
tapping force of 0.15 kgf. The capacitors were made to charge
up to the full capacity and the spectra of different saturation
voltages at different capacitor loads were observed and are
shown in Fig. 6(g). The capacitors of capacities of 1 mF,
2.2 mF, and 4.7 mF were charged up to different capacities of
4.4 V, 2.9 V and 1.9 V using a nanogenerator with high charging
rates of 18 s, 32 s, and 60 s, respectively. As observed in the
spectra, the capacitor with the lower capacitance value has a
fast charging speed as compared to the capacitor with the
higher capacitance value. Furthermore, a calculator is placed
in parallel with the 1 mF capacitor to demonstrate that the

nanogenerator can drive it and the assembly is shown in
Fig. 6(f). The photographs of the real time operation are shown
in Fig. 6(h). The live demonstration of driving the calculator
using the nanogenerator is shown in Video V1. The pictorial
representation of rectification, charging of the capacitor and
powering of the calculator using the triboelectric nanogenera-
tor are shown in Fig. S10 (ESI†). This proves that the proposed
nanogenerator can be utilized for powering electronic devices.
The total cost of the as-fabricated nanogenerator driven self-
powered pH sensor is estimated to be B$ 2 (details shown in
Section S5, ESI†).

Conclusion

In summary, we fabricated a high performance flexible bio compa-
tible lead-free Bi2WO6:P(VDF-TrFE)-based triboelectrical nanogen-
erator. A very stable and high output voltage of 205 V and current
density of 11.91 mA m�2 were obtained under the vertical pressure
of 0.15 kgf without any external electrical poling. The synthesized
PVDF shows very high polar crystalline b-phase formation that is
responsible for the high piezoelectricity and ferroelectricity in the
material. The efficient and reliable conversion of strain energy into
electrical energy is due to the synergistic effect of the P(VDF-TrFE)
polymer and Bi2WO6 nanoparticles. In addition, a Bi2WO6

nanoparticle-based self-powered pH sensor was fabricated and
validated in a wide pH range from 2 to 11. The proposed tribo-
electric nanogenerator was also utilized for the powering of a digital
calculator. The work demonstrated here paves the way to developing
cost-effective, high performance, and fast response, bio compatible
nanogenerators that can drive a wide range of self-powered smart
gadgets.
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