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Abstract

Nowadays, triboelectric nanogenerators (TENGs) are one of the most emerging technologies owing to their easy and cost-
effective device structure. TENGs can harvest mechanical energy from our living environment. Herein, we synthesized
dielectric zinc tin oxide (ZnSnO;) nanoparticles (NPs) by a hydrothermal technique. The ZnSnO; NPs provide a dielectric
and piezoelectric effect, which can efficiently enhance the output electrical performance of the proposed TENG. The prepared
ZnSnO; NPs were embedded into a polyvinylidene fluoride hexafluoropropylene (PVDF-HFP) polymer to prepare ZnSnO,/
PVDF-HFP nanofibrous films to fabricate a TENG. The output performance of TENG was investigated and optimized by
varying the loading concentration of ZnSnO; NPs in PVDF-HFP fibrous films. The highest voltage, current, charge density,
and power density from the fabricated TENG were achieved as ~ 138 V, ~5 A, ~ 52 uC/m?, and ~ 1.6 W/m?, respectively.
Additionally, the robustness of the TENG was studied via the long-term mechanical stability test. Finally, the practical and
real-time application of the TENG was demonstrated by harvesting mechanical energy to power low-power portable elec-
tronic devices. Furthermore, the materials used in the TENG were combined into a skipping rope to harvest biomechanical/
mechanical energy while exercising.

Keywords ZnSnO; nanoparticles - ZnSnO,/PVDF-HFP fibrous films - Triboelectric nanogenerators - Mechanical energy
harvesting

Introduction superiority to convert any type of mechanical energy into

electricity based on the combined effects of triboelectrifica-

Energy plays a crucial role in the day-to-day lives of humans,
and it is mostly extracted from conventional fossil fuels. Due
to the huge energy demand, the limited amount of fossil
fuels, and their adverse effects on the environment/human
life, it is essential to find alternative sustainable energy
sources [1-3]. Mechanical energy is one of the renewable
green energy sources, which is abundantly available in sur-
rounding nature and can be converted into electricity using
various technologies like piezoelectric, triboelectric, and
electromagnetic nanogenerators [4, 5]. Triboelectric nano-
generators (TENGs) have gained a lot of interest due to their
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tion and electrostatic induction [6]. Moreover, TENG pos-
sesses numerous advantages including cost-effectiveness,
simple device architecture, easy fabrication process, high
output power, safety, etc. [7-9]. The electronic gadgets
used in day-to-day life consume more electricity than that
produced by TENG. Therefore, many efforts were taken to
improve the electrical output of the TENG through various
strategies like improvement in the dielectric property of tri-
boelectric material, surface engineering, hybrid device struc-
ture, etc. Fabrication of composite films that utilize a com-
bined synergistic effect (piezoelectric/triboelectric) is one
of the efficient ways to enhance the electrical output from
resultant energy harvesting systems [10, 11]. The surface
area as well as the surface charge density of the triboelectric
film is crucial parameter directly proportional to the electri-
cal output from the TENG [12, 13]. Electrospinning which is
one of the most prominent thin film fabrication techniques
has been used in many fields including energy storage,
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sensing, textiles, filtration, etc. [11, 12, 14, 15]. The advan-
tageous characteristics of electrospinning nanofibrous films,
such as large specific surface area, inherent roughness, hier-
archical porous structure, homogeneously distributed fibrous
network, etc., can significantly increase their surface charge
density. Moreover, the diameter of the nanofibers can also be
easily altered by varying the applied electric field and flow
rate [16, 17]. This further enhances the overall electrical
performance and wearability of the corresponding TENGs.
In the electrospinning technique, a high electric field is usu-
ally employed to create nanofibers from the viscous liquid
material. In the case of ferroelectric materials (e.g., poly-
vinylidene fluoride hexafluoropropylene (PVDF-HFP)), the
applied high electric field during the electrospinning tech-
nique polarizes its dipole and hence removes the necessity
of the polling process to obtain an efficient electrical output
from the corresponding TENG [18]. Lin et al. fabricated
reduced graphene oxide-PVDF composite fibrous film and
utilized it for the fabrication of high-performance TENG.
They observed that the TENG with fibrous film produces
enhanced electrical output as compared to conventionally
fabricated composite film-based TENG [20]. Similar results
were reported by Byeong et al. for electrospun ion gel-based
mechanical energy harvesters [21].

On the other hand, PVDF-HFP is a well-known piezoe-
lectric polymer with outstanding stability and high flexibility
that can be utilized as a negative triboelectric film for TENG
fabrication [22]. PVDF-HFP has three phases, i.e., a, 3, and
y. Among them, P phase exhibits the highest piezoelectric
coefficient, which makes it a suitable material for TENG fab-
rication. ZnSnOj is a well-known inorganic lead-free metal
oxide material that possesses advantageous physical proper-
ties like high dielectric constant, piezoelectricity, electrical
conductivity, etc. The ZnSnO; exhibits strong piezoelectric
properties and large spontaneous polarization [23]. The pres-
ence of large polarization is due to the large displacement of
the zinc (Zn) based on a strong covalent bond between three
oxygen (O) and Zn atoms and is significantly larger than
other oxides like ZnO, BaTiO;, KNbO;, etc. [24]. Therefore,
combining it with PVDF-HFP could result in a composite
film with a very high piezoelectricity coefficient [25].

In this work, we proposed a ZnSnO,/PVDF-HFP nanofi-
brous film-based TENG for efficient mechanical energy
harvesting. Initially, ZnSnO; nanoparticles (NPs) were syn-
thesized and loaded into the PVDF-HFP polymer to form
various composite solutions. The prepared composite solu-
tions were further electrospun to fabricate various ZnSnO,/
PVDF-HFP fibrous films. The applied high voltage during
the electrospinning process electrically polarizes the fibrous
film which removes the necessity of the post-poling process
to get the enhanced electrical output from the TENG [26,
27]. Various TENGs were fabricated by utilizing the com-
posite fiber films attached to aluminum (Al) electrode as a
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negative triboelectric medium which was operated against
the positive Al triboelectric film. All the fabricated TENGs
were operated under constant external force in contact-sep-
aration mode and the produced electrical output was thor-
oughly investigated to find an optimum concentration of
ZnSnOj; inside the composite film. The optimized ZnSnO/
PVDF-HFP composite film-based TENG produces superior
electrical output as compared to the other TENGs consisting
of PVDF-HFP and ZnSnO,/PVDF-HFP composite fibrous
films. The fabricated TENG produced highly stable electri-
cal output, showing its reliability in real-life applications
to harvest mechanical energy into electricity. The highly
efficient electrical output produced by the TENG was fur-
ther supplied to power a small liquid crystal display (LCD)
timer as well as light-emitting diodes (LEDs). Furthermore,
biomechanical energy generated from the various human
movements was successfully harvested utilizing the opti-
mized TENG device. A number of similar TENGs were fab-
ricated to check the reproducibility of the proposed device
and further integrated inside the skipping rope to mechanical
movements generated while skipping into electricity. The
proposed TENG can be utilized as a reliable mechanical
energy harvesting device over a large scale to fulfill the
requirement of electricity in daily life.

Experimental Section
Materials

Zinc acetate dihydrate (Zn(CH;COO), 2H,0), tin chloride
pentahydrate (SnCl,-5H,0), sodium hydroxide (NaOH), and
PVDF-HFP pellets with a purity of >98% were purchased
from Sigma-Aldrich Co. Ltd., South Korea. Dimethyl sul-
foxide (DMSO) with a purity of 99.8% and Al adhesive tape
were purchased from Junsei Chemical Co., Ltd., Japan and
Ducksung Hightech Co., Ltd., South Korea, respectively.
Acetone (C;H¢O) and ethanol (C,H;OH) with a purity of
99.8% were purchased from ChemiTop Co. Ltd., South
Korea. All the chemicals and reagents were used directly
without any purification.

Synthesis Process of ZnSnO; NPs

Figure 1 shows the synthesis procedure of the ZnSnO; NPs
via a hydrothermal chemical method and the fabrication of
the TENG. Figure la shows the preparation of precursor
solutions A and B. Solution A was prepared by mixing 0.05
molar (M) of NaOH and 0.05 M of SnCl,-5H,0 into 45 mL
de-ionized (DI) water, and solution B was prepared by add-
ing 0.05 M Zn(CH;COO),2H,0 to 45 mL DI water. Solu-
tion A and solution B were mixed vigorously under constant
magnetic stirring at 400 rotations per minute (rpm) for 30
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Fig.1 Schematic representation and fabrication process of the
ZnSnO5/PVDF-HFP fibrous film-based TENG. a-d Synthesis pro-
cess of the ZnSnO; NPs by a hydrothermal method. e, f Preparation
process of ZnSnO;/PVDF-HFP precursor solution and electrospin-

min. Thereafter, as shown in Fig. 1b, solution B was added
dropwise to solution A and magnetically stirred at 400 rpm
for 1 h. The well-dissolved precursor solution was trans-
ferred to a 120 mL Teflon liner which was further kept inside
the autoclave and temperature was maintained at 150 °C for
10 h as shown in Fig. 1c. After completing the hydrothermal
process, the autoclave was allowed to cool down to room
temperature, and the obtained precipitate was washed several
times with DI water and ethanol for the removal of residual
impurities. The obtained ZnSnO; precipitate was dried in a
hot air oven at 100 °C for 12 h. Finally, as shown in Fig. 1d,

(i)
i
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' SEM Image of ZnSnO;/PVDF-
HFP nanofibers

ZnSnO,/PVDF-HFP

Substrate

Structural composition and photographic
image of the fabricated TENG

ning process of solution on the Al foil. g Photographic image and
h magnified FE-SEM image of the electrospun ZnSnO5/PVDF-HFP
fibrous film. i Components and photographic image of the fabricated
TENG

the synthesized powder was ground smoothly and used for
further characterization.

Preparation Process of ZnSnO;/PVDF-HFP Fibrous
Films

To prepare the ZnSnO,/PVDF-HFP fibrous films, initially,
10 mL of DMSO and 10 mL of acetone were mixed. After-
ward, as shown in Fig. le, 10 wt% of PVDF-HFP pallets
were added to the DMSO/acetone solution and magnetically
stirred (300 rpm) for 30 min at 100 °C. The synthesized
ZnSnO; NPs with various concentrations (i.e., 0, 1, 2, 3, 4,
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and 5 wt%) were loaded into the prepared PVDF-HFP solu-
tion and magnetically stirred for 30 min at 100 °C to form a
homogeneous composite solution. Figure 1f shows the elec-
trospinning process where the prepared ZnSnO,/PVDF-HFP
polymer solution was electrospun on an Al foil. Initially, the
prepared ZnSnO,/PVDF-HFP composite solution was care-
fully transferred into a glass syringe consisting of a metallic
23-gauge needle. Besides, the Al foil was wrapped around
the electrospinning rotational drum which is electrically
negative. The electrospinning voltage was maintained at 10
kV to form the fibrous films. The distance between the col-
lector and the syringe needle was maintained at 15 cm. The
solution flow rate during the electrospinning was maintained
at 1 mL/h. Afterward, a thin fibrous film was obtained on
the Al foil which was dried in an oven at 40°C for 1 h. The
ZnSnO,/PVDF-HFP fibrous film was peeled off from the Al
foil and cut into the desired dimensions for further experi-
mental use. The photographic image and field-emission
scanning electron microscope (FE-SEM) image of the pre-
pared ZnSnO,/PVDF-HFP fibrous film are shown in Fig. 1g,
h, respectively. The bare PVDF-HFP fibrous film was also
prepared in the same procedure as the composite film with-
out adding the ZnSnO; NPs.

Fabrication Process of TENG Device

The TENG structure and its components are shown in
Fig. 1i. Initially, the prepared ZnSnO,;/PVDF-HFP fibrous
films were cut with a 2 X 2 cm? dimension and attached
to the Al electrode (2 X 2 cm?), which was operated as a
negative triboelectric film. Besides, the same dimension of
another Al electrode was used as a positive triboelectric film
as well as an electrode. The two triboelectric films were
attached to 3D-printed plastic acrylonitrile butadiene sty-
rene (ABS) supporting substrates with the dimension of 4
X 4 cm?. The photographic image of the fabricated TENG
device is shown in Fig. 1i.

Results and Discussion

Figure 2 shows the material characterization of the pre-
pared ZnSnO; NPs and the bare PVDF-HFP and ZnSnO,/
PVDF-HFP composite films. Figure 2a and b shows the FE-
SEM image of the synthesized ZnSnO; NPs and the 3 wt%
ZnSnO,/PVDF-HFP fibrous film. To ensure the homoge-
neity in the synthesized ZnSnO;, energy dispersive X-ray
(EDX) spectroscopy was employed as shown in Fig. Sla—c
of the Supporting Information (SI). The EDX mapping
images of Zn, tin (Sn), and O subelements in ZnSnO; NPs
are shown in Fig. S1d—f of the SI. It is clear that the subele-
ments of ZnSnO; are uniformly distributed over an acquired
region. The surface topography of the fabricated PVDF-HFP
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and various ZnSnOs/PVDF-HFP fibrous films was analyzed
by the FE-SEM images as shown in Fig. S2a—f of the SI.
It was observed that all the fabricated PVDF-HFP-based
fibrous films had a homogeneous and uniform distribution
of fibers with the same diameter. Furthermore, to confirm
the ZnSnO; loading in PVDF-HFP fibrous films, the top-
view FE-SEM image of 3 wt% ZnSnO;/PVDF-HFP fibrous
film was obtained at high magnification as shown in Fig. 2b.
Fig. S3a of the SI shows the uniform distribution of all the
subelements including carbon (C), fluorine (F), Zn, Sn, and
O in the prepared 3 wt% ZnSnO,/PVDF-HFP fibrous film.
The EDX spectrum analysis confirmed the Zn, Sn, O, C, and
F elements in the synthesized ZnSnO,/PVDF-HFP fibrous
film, as shown in Fig. S3b of the SI. Figure 2¢ shows the
XRD patterns of the ZnSnO; NPs and the PVDF-HFP and
3 wt% ZnSnO,/PVDF-HFP fibrous films and their compari-
son with standard reference XRD data (ICDD-00-028-1486).
The diffraction peaks of ZnSnO; NPs were observed to be
24.973°, 33.203°, 37.768°, 51.134° and 64.678° [28-30].
The XRD pattern of ZnSnO,;/PVDF-HFP nanofibers exhib-
ited both PVDF-HFP and ZnSnO; peaks, which implies
the coexistence of PVDF-HFP and ZnSnO; NPs in the
fabricated composite nanofibers. These results also sug-
gest that the perovskite structure of ZnSnO; NPs remained
undisturbed during the electrospinning process. To find the
chemical oxidation states and elemental composition of the
synthesized ZnSnO; NPs, X-ray photoelectron spectros-
copy (XPS) analysis was performed as shown in Fig. S4 of
the SI and Fig. 2d—f. The obtained XPS spectra were cali-
brated according to the characteristic peak of C at the bind-
ing energy of 284.8 eV. The complete scan spectrum of the
ZnSnO; in Fig. S4 of the SI shows the presence of Zn 2p, Sn
3d, and O 1s subelements. Furthermore, Fig. 2d shows the
Zn 2p core-level spectrum consisting of two separate peaks
of Zn 2p,,, and Zn 2p5, at 1043.98 and 1020.88 eV, respec-
tively [31]. As shown in Fig. 2e, the Sn 3d core-level spec-
trum revealed intense binding energy peaks at the binding
energies of 493.98 and 485.58 eV for Sn 3d;, and Sn 3ds,,
valance states, respectively with a splitting energy of 8.4 eV
[32]. Figure 2f shows the core-level XPS spectrum of O Is.
The peaks located at 529.48 and 530.78 eV are attributed
to the lattice oxygen (O, ) and available oxygen vacancies
(Oy), respectively [33]. It is well-known that the ZnSnO;
has a relatively high dielectric constant at room temperature.
To verify this, the frequency-dependent dielectric constant
of the synthesized ZnSnO; NPs was measured as shown in
Fig. S5a of the SI. As observed, the synthesized ZnSnO;
NPs exhibited a high dielectric constant value of ~2,338.37
at a low frequency of 100 Hz, which decreased to ~8.056
at a higher frequency and was further stable. Besides, Fig.
S5b of the SI shows the measured dielectric loss of the syn-
thesized ZnSnO; NPs. The dielectric loss measurement also
displays a similar trend with high dielectric loss at a low
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Fig.2 a, b FE-SEM images of ZnSnO; NPs and ZnSnO,/PVDF-HFP
fibrous films. ¢ XRD patterns of the prepared ZnSnO; NPs, PVDF-
HFP, and ZnSnO;/PVDF-HFP. XPS spectra of d Zn 2p, e Sn 3d,

frequency of 100 Hz and it gradually decreases with increas-
ing the frequency range up to 8§ MHz. Fig. S5c of the SI
shows the measured alternating current (AC) conductivity
of the synthesized ZnSnO; NPs. It was observed that the
AC conductivity of the pallet increased while increasing the
applied frequency and reached the maximum value of 21.2
S/m at § MHz.

The electrical output from any TENG is highly depend-
ent on the dielectric properties of the utilized triboelectric
film in it. As the dielectric constant of the triboelectric
film increases, the electrical performance of the TENG
should also increase [42]. Mixing high dielectric constant
ZnSnO; NPs as a filler material inside the PVDF-HFP
could enhance the electrical output from the respec-
tive TENG as well as its dielectric constant. Therefore,
the dielectric properties and the AC conductivity of the
various ZnSnO;/PVDF-HFP fibrous films were studied

and f O 1s. g-i Dielectric constant, dielectric loss, and AC conduc-
tivity values of the ZnSnO,/PVDF-HFP fibrous films with different
ZnSnO; concentrations (i.e., 0, 1, 2, 3, 4, and 5 wt%)

systematically under different frequencies ranging from
100 Hz to 3 MHz, as shown in Fig. 2g—i. The frequency-
dependent dielectric constant values of the ZnSnO5;/PVDF-
HFP fibrous films with various filler concentrations (i.e., 0,
1,2, 3,4, and 5 wt%) are shown in Fig. 2g. The dielectric
constant was reduced with increasing the frequency, which
is due to the characteristics of interfacial polarization. The
dielectric constant of the prepared ZnSnO,;/PVDF-HFP
fibrous films was enhanced by increasing the filler amount
up to 3 wt%, and the highest value of ~0.651 at 100 Hz
was archived. With further increasing the filler amount
up to 5 wt%, the dielectric constant value decreased to
~0.547. This might be due to the aggregation of the filler
at higher concentrations [34]. Figure 2h shows the dielec-
tric loss values of the various ZnSnO,/PVDF-HFP fibrous
films measured at room temperature in the frequency range
from 100 Hz to 3 MHz. Similarly, the AC conductivity
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for all the ZnSnO5;/PVDF-HFP fibrous films with various
ZnSnO; concentrations was measured as shown in Fig. 2i.
Similar to the dielectric constant, the AC conductivity of
the PVDF-HFP fibrous films was increased with increas-
ing the ZnSnO; concentration up to 3 wt%. This can be
attributed to the enhanced interface conductivity between
the ZnSnO; NPs and PVDF-HFP polymer matrix [35].
Further increase in concentration (>3 wt%) of ZnSnO;
in PVDF-HFP results in reducing the dielectric constant
of the fibrous film. Increased concentration of ZnSnO;
filler inside the PVDF-HFP matrix causes an agglomera-
tion of them with nonhomogeneous nature. This could be
one of the reasons behind the decreased AC conductivity
in fibrous films with higher ZnSnO; concentration [36].
The dielectric loss gradually decreased with increasing
the filler concentration, which is related to the interfacial
polarization between the ZnSnO; NPs and PVDF-HFP
polymer. All the prepared ZnSnO5;/PVDF-HFP fibrous
films exhibited a low dielectric loss by increasing the
applied frequency [37].

The P phase of the PVDF is also the most favorable
parameter to get an enhanced electrical output from the
respective TENG. As discussed earlier, the synthesized
ZnSnO; exhibits a high dielectric constant. Mixing it in a
PVDEF-HFP polymer matrix could enhance the dielectric
constant and § phase of the resultant PVDF-HFP-based
fibrous films. As discussed above, the dielectric constant
of the PVDF fibrous film increased with the increasing the
ZnSnO; concentration in it. The ZnSnO,;/PVDF-HFP with
3 wt% ZnSnO; concentration exhibited the highest dielec-
tric constant. Therefore, the bare PVDF-HFP and 3 wt%
ZnSnO5/PVDF-HFP fibrous films were analyzed through
the Fourier transform infrared spectroscopy (FTIR) tech-
nique to find out the change in the amount of p phase.
The obtained FTIR spectra of the bare PVDF-HFP and 3
wt% ZnSnOs/ PVDF-HFP fibrous films are shown in Fig.
S6 of the SI. Thereafter, by utilizing a and f crystal peak
intensities and Beer-Lambert’s law, the formed B phase
fraction (Fp) in the fabricated thin films was calculated.
The mathematical equation for the calculation of §§ phase
of the thin films is shown below [38, 39].

Ap
Ky
(K—“)A“A[j

where A, and Ay are the absorbed energies at 766 and 840
cm™ !, whereas the ratio of absorption coefficient observed at
a respective wavelength from the FTIR spectrum is Ky/K,, =
1.262. The maximum Fj value for PVDF-HFP is ~38.54%.
Meanwhile, for the 3 wt% ZnSnO,/PVDF-HFP fibrous film,
it reaches to 41.15% which is higher than that of the PVDF-
HFP film. This is mainly due to the interaction between the

Fg = %X 100%

ey
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PVDF-HFP polymer and ZnSnO; NPs, which leads to the
improvement of Fj.

Figure 3a shows the schematic diagram illustrating the
working mechanism of the vertical contact-separation
mode TENG. The TENG consists of ZnSnO,/PVDF-HFP/
Al employed as the negative triboelectric material (—ve)
vs. Al foil as the positive triboelectric material (+ ve). At
first, both the triboelectric friction layers are in full con-
tact with each other by an externally applied force, and the
corresponding —ve and + ve charges are induced on their
surfaces as shown in Fig. 3a—i. When an external force is
removed, the ZnSnO;/PVDF-HFP/Al layer starts to separate
from the Al electrode as shown in Fig. 3a—ii. The electrons
from the bottom Al electrode flow through an external cir-
cuit towards the top Al electrode layer. The two triboelectric
friction layers completely separate as shown in Fig. 3a-iii.
The TENG results in a charge equilibrium state where there
is no flow of charges. Once again, when an external force
is applied to the TENG, the two triboelectric layers come
into contact with each other in Fig. 3a—iv, and the charges
flow back through an external circuit, thus leading to an
electrostatic equilibrium between both electrodes. Likewise,
with the periodically applied external mechanical force on
the TENG, the ZnSnO,/PVDF-HFP/Al and Al triboelectric
friction layers continuously contact and separate to generate
electricity. The electrical potential generated during each
complete cycle of the TENG was investigated by a finite
elemental simulation tool (COMSOL Multiphysics simula-
tion software), as shown in Fig. 3b. The TENG was designed
with an area of 2 X 2 cm2, and Al adhesive tape was attached
to the ZnSnO,/PVDF-HFP fibrous film with a dielectric con-
stant (g,) of 0.65 calculated at 100 Hz and a thickness of 35
um, which serves as a top triboelectric layer. Besides, Al
film with €. =9.5 and a thickness of 60 um acts as a bottom
triboelectric layer. Both the friction layers move at a finite
distance. The optimal performance is obtained. However, the
ZnSnO,/PVDF-HFP-based TENG shows a higher potential
difference compared to the bare PVDF-HFP-based TENG.
From the simulation result, the minimal potential is gener-
ated across the TENG during the full contact and separated
states. Meanwhile, the maximum potential is generated dur-
ing the separation and approaching states. This confirms the
generated electric potential across the two triboelectric fric-
tion layers.

The generated electrical voltage, current, and charge den-
sity curves of the TENGs based on the PVDF-HFP fibrous
films with various ZnSnO; NPs concentrations (i.e., 0, 1, 2,
3,4, and 5 wt%) were measured, as shown in Fig. 3c—e. By
adding the filler material in the PVDF-HFP polymer up to
3 wt%, the output performance of the TENG was enhanced
from ~35 V, ~1 pA, 15 uC/m? to ~ 138 V, ~5 pA, 52 uC/m?,
respectively. This enhancement in the electrical performance
is mainly achieved due to the enhanced dielectric constant
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Fig.3 a Working mechanism of the TENG and b COMSOL Multiphysics simulation results of the ZnSnO,/PVDF-HFP-based TENG. c-e Elec-
trical output performance of the TENGs based on the PVDF-HFP fibrous films with various ZnSnO; NPs concentrations

and surface charge density of the PVDF-HFP nanofibers
while adding ZnSnO; NPs. Besides, when the filler concen-
tration was increased more than 3 wt%, the output electrical
performance of the TENG gradually decreased, i.e., to ~98
V, ~3.8 pA, and ~40 uC/m?2, respectively. This might be
attributed to the reduced dielectric properties as mentioned
before. The 3 wt% ZnSnO,/PVDF-HFP fibrous film-based
TENG exhibited the highest output electrical performance,
which is considered as an optimal TENG device.

The electrical output performance of the proposed
ZnSnO,/PVDF-HFP fibrous film-based TENG was com-
pared with various TENGs consisting of commercially avail-
able negative triboelectric films. Various negative triboelec-
tric materials like polytetrafluoroethylene (PTFE), Kapton,
polyethylene terephthalate (PET), fluorinated ethylene pro-
pylene (FEP), etc. were procured and utilized to fabricate
various TENG devices with the same structure and dimen-
sion as that of the ZnSnO,/PVDF-HFP fibrous film-based
TENG. The electrical output from all the fabricated TENGs
was investigated at constant mechanical force as shown in
Fig. 4a and Fig. S7a—d of the SI. The generated electrical
output from the optimized ZnSnO;/PVDF-HFP fibrous

film-based TENG was relatively high as compared to that of
the commercially available triboelectric film-based TENGs.
Fig. S8a and b of the SI shows the peak output voltage and
current values of the optimized TENGs measured for various
external load resistances from 100 Q to 1 GQ. The output
voltage of the TENG increased with the increase of load
resistance, and the output current decreased with increasing
the resistance. Using the measured current at different load
resistances, the corresponding power density was calculated.
The following equation was used to calculate the effective
power density (W) of the PVDF-HFP and ZnSnO,/PVDF-
HEFP fibrous film-based TENGs [40—42].

I’R
Wy =—" )

Here, R; denotes the external load resistance, I repre-
sents the peak output current of the TENG at the corre-
sponding R;, and A is an active area of the device (i.e., 4
cm?). Figure 4b depicts the optimized output power den-
sity of the PVDF-HFP TENG as W ;=~0.1352 W/m? at
800 MQ and ZnSnO4/PVDF-HFP TENG as W z=~1.6
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Fig.4 a Electrical output voltage comparison for the PET, PTFE,
Kapton, FEP, and ZnSnOs/PVDF-HFP fibrous film-based TENGs.
b Output power density curve of the PVDF-HFP and ZnSnO,/PVDF-
HFP fibrous film-based TENGs by varying the external load resist-
ance from 100 Q to 1 GQ. ¢ Stability in the electrical output pro-

W/m? at 200 MQ. The optimized 3 wt% ZnSnO,/PVDF-
HFP-based TENG exhibited the highest electrical output.
Additionally, the long-term stability and sustainability
measurements of the TENG were further studied as shown
in Fig. 4c. The electrical output performance of the TENG
was studied for a long duration of 70 days and the meas-
urements were taken periodically. The voltage was meas-
ured every 6th day. The obtained output voltage remained
almost the same (~ 138 V) of the TENG over 42 days.
Thereafter, a similar stability measurement was done every
4th day from the 120th day of the TENG fabrication and it
was observed that the output voltage still remained stable
even on the 138th day as shown in Fig. 4c. Furthermore,
the electrical output from the TENG was analyzed to find
the size of the triboelectric film utilized on its electrical
output performance. Initially, various optimized ZnSnO;/
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duced by the TENG over more than three months. d Photographic
images of the TENGs with different sizes. e Photographic image of
four identical TENGs (2 X 2 cm?). Voltage curves of f the TENGs
with different active areas, g four similar TENGs, and h the TENGs
with the increased number of devices

PVDF-HFP fibrous films were fabricated in a square shape
with side lengths of 2, 4, 6, 8, and 10 cm. All the films
were utilized for the fabrication of different TENGs and
operated with constant vertical mechanical force (13.5 N/5
Hz). The photographic image of the ZnSnO,;/PVDF-HFP
fibrous film-based TENGs with different sizes is shown
in Fig. 4d. To confirm the reproducibility of the ZnSnO5/
PVDF fibrous film-based TENG, four similar TENGs with
an active area of 2 X 2 cm? were fabricated and their pho-
tographic image is shown in Fig. 4e. The produced electri-
cal output from all the TENG with the increased length of
the triboelectric active film in a square was analyzed. The
electrical performance from the TENG with increasing
the active triboelectric area is shown in Fig. 4f and Fig.
S9a and b of the SI. It was observed that the electrical
output from the TENG increased with an increased surface
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area of the triboelectric active film. Furthermore, the elec-
trical output produced by four similar TENGs (Fig. 4e)
was analyzed at constant applied vertical mechanical
force, as shown in Fig. 4g and Fig. S10a and b of the SI.
The electrical output from all four TENGs was almost the
same, indicating the reproducibility of the proposed TENG
device. Thereafter, the electrical output was observed by
connecting all the TENGs one by one in parallel connec-
tion as shown in Fig. 4h and Fig. S11a and b of the SI.
The electrical output from all four TENGs (combined
active area of 16 cm?) connected parallelly generated an
electrical output of ~250 V and ~21 pA. As previously
observed, the TENG with a triboelectric active area of 16
cm? produced an electrical output of ~ 160 V and 5.5 pA,
which is very less compared to the electrical output from
the four TENGs connected parallelly. The enhancement in
the electrical output from the TENGs connected in parallel

connection is well-matched with the previously reported
results [43-46].

The electrical output performance of the TENG under
different conditions (such as force, frequency, and area) was
also studied. Figure 5a—c shows the measured voltage, cur-
rent, and charge density curves of the TENG under various
applied forces. The electrical output was enhanced from ~ 55
V, ~1.8 yA, and ~30 pC/m2 to ~195V, ~7.4 yA, and ~76
uC/m? when the external force was increased from 4.5 to
27 N. However, the electrical output from the TENG got
saturated with the applied forces more than 27 N as shown
in Fig. 5a—c. The enhanced electrical output from the TENG
is mainly due to the increased surface area of the utilized
triboelectric film [47, 48]. However, the complete utiliza-
tion of the available surface area in the triboelectric film
results in saturated electrical output from the TENG irre-
spective of the increment in an applied force [46, 49, 50].
Figure 5d—f shows the electrical performance of the TENG
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Fig.5 Measured output voltage, current, and charge density curves of the TENG under various a—c applied forces and d—f applied frequencies.
g Long-term mechanical stability test of the output voltage of the TENG
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Fig.6 Mechanical energy harvesting in real-time and commercial
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a Photographic images of the 80 commercially available green LEDs
before and after powering using the TENG. b Measured rectified out-
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when operated under different frequencies while the applied
force was maintained constant. Figure 5g shows the meas-
ured output voltage of the TENG, which was continuously
measured for more than 10,000 compression cycles. This
confirms that the output performance of the TENG is more
stable even after a long-term compression cycling test and
there is no significant drop in the electrical output. There-
fore, the generated highly stable electrical output of TENG
is more beneficial for practical and commercial applications.

Figure 6 shows the practical and real-time applications
of the proposed TENG. The obtained electrical output per-
formance of the TENG was directly connected in a series
to power various commercially available LEDs. Figure 6a
and Video S1 of the SI show the photographic images of
80 green LEDs before and after glowing, powered by the
TENG. Figure 6b shows the rectified electrical voltage using
a bridge rectifier from the TENG, which was stored in a
capacitor with a capacitance of 10 pF and used to power
an LCD timer. This indicates that the bridge rectifier cir-
cuit successfully converts AC signals to direct current sig-
nals without any loss of the generated output voltage of the
TENG. Figure 6¢ shows various commercially available
capacitors with 4.7, 10, 22, 47, and 68 pF, charged by the
TENG under the stable applied force and frequency of 13.5
N and 5 Hz, respectively. The TENG device can also be
utilized to harvest various biomechanical energies involved
in everyday human life, such as finger tapping, arm folding,
walking, and osculating arm, as shown in Fig. 6d—g and
Video S2 and Video S3 of the SI. Besides, Fig. 6h shows
the charging and discharging curve of the commercial 10 puF
capacitor charged by the TENG using a full wave bridge rec-
tifier circuit to power the portable electronic gadgets. After
charging the capacitor, the stored energy was directly used
to power an LCD timer as shown in Fig. 6i and Video S1 of
the SI. As observed previously, connecting multiple TENGs
parallelly is more efficient than increasing the area (size) of
the active triboelectric film for their fabrication. Therefore,
multiple TENGs with similar dimensions were fabricated,
connected parallelly, and integrated inside the skipping rope
to harvest mechanical energy generated while skipping into
electricity. Figure 6j—1 and Video S4 of the SI show the har-
vesting of mechanical energy using the TENG from daily life
human activities (skipping). Figure 6j shows the schematic
diagram representing the human body while skipping and
TENG connected to the skipping rope. Figure 6k shows the
fabricated TENG and its individual components (such as
plastic shell, Al electrodes, and ZnSnO,/PVDF-HFP) con-
nected to the skipping rope. Furthermore, the electrical out-
put from the skipping rope TENG was investigated with var-
iation in skipping speeds (slow, medium, and fast) as shown

in Fig. 61. An obvious increment in the electrical output from
the skipping rope TENG was observed with increasing the
skipping speed. The output voltage reached ~25 V from
the skipping rope at high speeds. Therefore, the fabricated
TENG is a promising device for powering low-power port-
able electronic gadgets and harvesting mechanical energy
from daily human activities.

Conclusions

In summary, a high-performance TENG was successfully
fabricated using ZnSnO;/PVDF-HFP nanofibrous films.
The ZnSnO; NPs were prepared by a simple hydrothermal
method and further embedded into a PVDF-HFP polymer
solution to form ZnSnO;/PVDF-HFP fibrous film-based
TENGs. The 3 wt% ZnSnO;/PVDF-HFP fibrous film-based
TENG exhibited the highest output performance, and the
obtained output results of voltage, current, charge density,
and power density were ~ 138 V, ~5 pA, and ~52 uC/m?,
and ~ 1.6 W/m?, respectively. The highest electrical perfor-
mance of the TENG was obtained mainly due to the effects
of dielectric properties and enhanced surface charge density
of the prepared nanofibrous films. Moreover, the robust-
ness analysis of the TENG was investigated under various
applied forces and frequencies, and the mechanical stabil-
ity test was also performed under long-term compression
cycles. Additionally, the generated electrical output from
the TENG was able to instantaneously power various low-
power portable electronic gadgets. Finally, the TENG was
successfully demonstrated by generating electrical energy
from mechanical energy harvesting while human skipping
and another biomechanical harvesting. From all the above
results, the proposed TENG integrated with ZnSnO,/PVDF-
HFP nanofibrous films can be employed for mechanical
energy harvesting and powering various low-power portable
electronics. The fabricated TENG that is easily scalable,
highly efficient, and robust could be successfully imple-
mented for harvesting various mechanical energies into
electricity.
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