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Figure 5. Tensile load-displacement curves of electrospun
PVDF, PVDF@S-ZnO, and PVDF@L-ZnO.

strength that can be ascribed to strong affinity be-
tween ZnO and PVDF [48]. Moreover, the linear
part strain value was utilized to determine the test-
ing range since the material can exhibit elastic
bounds back properties in the linear range for cyclic
testing.

Figure 6a shows that an output voltage and a sensi-
tivity of 42 mV and 10.0 mV/%, respectively, were
obtained using a PVDF@L-ZnO PENG, whereas
only 9 mV output voltage and 5.5 mV/% sensitivity
were achieved using a pure PVDF PENG device.
This result shows that the incorporation of large ZnO
nanoparticles improves the voltage sensitivity of
PVDF by approximately two times. The electrical
output current result shown in Figure 6b also shows
that an output current of 82 nA was generated by
PVDF@ZnO PENG, while the pure PVDF PENG
device generated only 45 nA under the same exper-
imental conditions. Moreover, the sensitivity of the
developed PVDF@L-ZnO PENG device was about
1.8 times larger than that of pure PVDF PENG. In
addition, the linear relationship between the electri-
cal output performance and the percentage of tensile
strain demonstrated a linear dependence of the har-
vested energy on the load or displacement. Figure 6¢
shows that the electrical output voltage of the
PVDF@L-ZnO PENG device increased with increas-
ing external load resistance, according to ohmic laws.

Figure 6. (a) Output voltage, (b) output current of electrospun PVDF, PVDF@S-ZnO, and PVDF@L-ZnO under tensile
strains from 4 to 10%, (c) load resistance on PVDF@L-ZnO, (d) power density value of PVDF@L-ZnO.
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Whereas the electrical output current decreased with
increasing external loading resistances. The output
power generated by the synthesized PVDF@L-ZnO
PENG was also determined, as discussed above, and
the result depicted in Figure 6d shows that the device
harvested a power density of 28 wW/m? at an exter-
nal loading resistance of 20 MQ.

3.2.4. Piezoelectric response under dynamic
bending

Figure 7 displays the piezoelectric output response
of the developed PENG devices under bending. The
piezoelectric performance of the fabricated PENG
was evaluated within the 0 to 180° bending angle
range, and the piezoelectric performance versus bend-
ing angle of 0 to 90° was provided because the result
between 90 to 180° is just the reflection of that at the
former one [66]. The developed PENG device ex-
hibited an output voltage of 2.8 V at a 90° bending
angle for the nanocomposite with large ZnO nano-
particles, as presented in Figure 7a whereas an output
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voltage of only 0.8 V was obtained using a pure
PVDF PENG device under the same conditions. This
result shows that the output voltage produced by
PVDF@L-ZnO PENG was 3.5 times that of pure
PVDF. The output current of the fabricated PENG
devices was also studied and is displayed in Figure 7b.
As observed from the results, the output currents
generated by pure PVDF, PVDF@S-ZnO, and
PVDF@L-ZnO PENG devices at 90° bending an-
gles were 150, 244, and 323 nA, respectively, under
the similar test testing condition. The improvement
in output voltage/current indicates that the developed
PVDF@L-ZnO PENG device possessed excellent
sensitivity under bending conditions and may be uti-
lized as a sensor in flexible and wearable technology.
As depicted in Figure 7c, the output voltage increased
with an increase in external loading resistance, while
the output current displayed an inverse relationship.
The output power that can be generated by the de-
veloped PENG devices was also calculated, and the
result is shown in Figure 7d, in which an output
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Figure 7. Electrical performance of fabricated PNG device under different bending angles, (a) bending angle versus output
voltage (b) output current of the piezoelectric PVDF samples, (¢) load resistance of PVDF@L-ZnO (d) power den-

sity of PVDF@L-ZnO under the bending.
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power density of 320 pW/m? can be produced under
a loading resistance of 20 MQ. These properties
show that the developed PVDF@L-ZnO PENG de-
vice is capable of harvesting mechanical energy that
can be used as a power source [84].

3.3. Applications of the developed PENG
device

The fabricated PENG device was utilized to harvest
energy from body motion and can be used to charge
wearable devices to evaluate its applicability in the
wearable technology that is gaining attention, and
the result is depicted in Figure 8. Figure 8a shows a
schematic diagram of the PDVF@L-ZnO PENG de-
vice utilized under compression, tensile, and bending
conditions from the body movement of the exercis-
ing person. The result in Figure 8b shows that the
synthesized piezoelectric material harvested an out-
put voltage of approximately 10 V from the body mo-
tion (step on it) of a 52 kg person. Furthermore, the
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results were also compared with previously devel-
oped PENG devices for wearable technology device
charging ability, and the results displayed in Table 3
show that the fabricated PVDF@L-ZnO PENG de-
vice presented outstanding energy harvesting prop-
erties compared to those reported in previous studies
[54, 60, 61]. This result shows that the PVDF@L-ZnO
PENG device can be successfully applied to wear-
able technology. Moreover, an electrical output volt-
age of approximately 0.8 V can also be harvested by
the PENG device under tensile stress when stretch-
ing is provided by leg movement (Figure 8c). More-
over, the real applicability of the fabricated PVDF@L-
ZnO PENG device was extended to harvest energy
under bending from body motion while doing regu-
lar exercise, and the finding in the Figure 8d depicts
that it can generate approximately 1.5 V of electrical
output voltage from body movement under bending
at 40-50° angles. These findings indicate the poten-
tial applicability of the developed PENG device to
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Figure 8. (a) The schematic diagram for application of PVDF@L-ZnO in harvesting energy from different body motions,
(b) output voltage obtained by walking (compression), (¢) output voltage produced by leg stretching (tensile), and
(d) output voltage generated by hand bending while doing exercise.
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Table 3. Comparison of piezoelectric electric properties of
different PENG devices in real application energy
harvesting from body movement (walking).

PENG device De\Eiccnelza;rea Outpu[tV\;oltage References
PVDF/TiO, 67.50 2.0 [85]
PVDF/BaTiO; 5.98 1.0 [80]
PVDF/BNT-ST 35.00 0.7 [86]
PVDF/ZnO 4.00 10.0 This study

scavenge energy from body motion under different
conditions, making it a favorable candidate in wear-
able energy harvesting devices, self-powered sen-
sors, and smart textiles.

The ability of the fabricated PENG device to harvest
mechanical energy and convert it to electrical energy
in practical applications was also investigated by
powering LEDs using hand tapping. The results pre-
sented in Figure 9a show that the device transferred
mechanical energy derived from hand tapping to elec-
trical energy, which turned on four green LEDs. Here-
in, we chose four green LEDs to demonstrate the
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energy harvesting properties of the developed PENG
device under a given loading. The number of LEDs
and their brightness can increase with the load and
number of PENG devices. A constant DC signal is
also required to energize electronic devices with low
power. However, PENG devices can generate only AC
signals that cannot be used to directly draw electrical
signals from energy storage devices. Therefore, the
AC output electrical performance generated by the
PENG device was rectified utilizing a bridge rectifier
circuit to convert it into DC signals. The developed
PVDF@L-ZnO PENG was also used to charge ca-
pacitors through bridge rectifiers under hand tapping.
The capacitor charging result presented in Figure 9b
shows that the different capacitors were charged by
the developed PENG device, and a smaller capacitor
was charged to 1.8 V voltage within 51 s, while a
larger capacitor required more time; for example, a
22 pF capacitor was charged to the same voltage
within 108 s. The amount of energy harvested and
stored by the PENG device using the capacitor was

—— 104F
36 —— 22uF

——— 4TyF
——— 100 pF

Charging voltage [V]
&

0.0

b)

After turn on

Before turn on
d)

Figure 9. Applications of PVDF@L-ZnO PNG device, (a) photographic images of 4 green LEDs (b) capacitor charging volt-
age, (c) charging to turn on and discharging after turn on stability of a 10 pF capacitor under hand tapping, and
(d) images of LCD timer clock turned on through a bridge rectifier with 10 pF capacitor.
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also calculated using the formula U, = 1/2-CV?
where, U, is the stored energy, C is the capacitor ca-
pacity, and V'is the generated output voltage [87, 88].
The calculated result indicates that approximately
80 wJ of energy was harvested and stored using the
developed PENG device within 120 s using a 10 pF
capacitor. The amount of energy harvested and
stored by the fabricated PVDF@L-ZnO PENG de-
vice was also compared with piezoelectric devices
in the literature [55, 62, 66, 67], and the results listed
in Table 4 show that the developed PVDF@L-ZnO
PENG device exhibited better energy harvesting
properties than those reported with PENG devices.
Moreover, the application of the PENG device was
extended to an LCD by hand tapping. Figure 9c shows
that the fabricated PENG device exhibited outstand-
ing LCD cycle charging and discharging stability.
Figure 9d indicates that the developed device turned
on the LCD at 52 s (162 hand taps) and displayed for
1 s. These results reveal that the fabricated piezo-
electric device can be utilized in wearable devices
(smart textiles) [89], flexible electronics [90], and
stretchable and self-chargeable supercapacitors [91].

Table 4. Comparison of the energy harvesting and storing
property of the PVDF@L-ZnO PNG device with
already reported PENG devices.

Device area Calculated
PENG device 2 stored energy | References
[em?]
[nJ]
PVDF@BCI 2.25 4.9 [81]
BF-PNG 1.95 39 [87]
TOCN@MoS2 4.50 12.8 [92]
PDMS@BST:La 2.25 1.6 [93]
PVDF@L-ZnO 4.00 80.0 This study
5
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3 e
= 24
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Furthermore, the electric output voltage harvested
by the developed PVDF@L-ZnO PENG device by
hand tapping was also displayed in Figure 10a, and
the result reveals that about 5 V output voltage can
be harvested by the device. Besides, the electrical
output current that can be generated by our current
by hand tapping was evaluated, and the result in
Figure 10b indicates that about 1 pA of output elec-
trical current can be produced by the synthesized de-
vice under hand tapping. These results reveal that the
fabricated piezoelectric device can be used in wear-
able devices (smart textiles) [89], flexible electronics
[90], and stretchable and self-chargeable supercapac-
itors [91].

3.4. Practical applications of the fabricated
PENG for daily life energy-harvesting
Different types of machines are used in our daily life,
which produces mechanical energy such as vibration
energy during their usage. This type of energy is con-
sidered as waste energy and harvesting it is crucial.
Therefore, the developed PENG device in this study
was also applied for harvesting wasted vibration en-
ergy from different instruments such as freeze-dryer,
centrifuge machines, and air compressors used for
normal operation. Harvesting these types of avail-
able, wasted, green, and renewable energies is cru-
cial for the increasing energy demand of our world
from an economical and environment-friendly per-
spective. The result presented in Figure 11a shows
that the developed PENG device harvested waste
mechanical energy from a freeze-dryer being used
at a machine operation frequency of 60 Hz and har-
vested an electrical output voltage of 0.3 V. Figure 11b
shows that the PENG device placed on a centrifuge
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Figure 10. Electrical output performances of the developed PVDF@L-ZnO device by hand tapping (a) voltage and (b) cur-

rent.
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Figure 11. Real-time applications of PVDF@L-ZnO PENG device for harvesting waste vibrational mechanical energy.
(a) Photographs of freeze dryer and electrical voltage. (b) Photographs of the centrifuge and electrical voltage.
(c) Photographs of air compressor and electrical voltage, and (d) various commercial capacitor charging properties
of the PENG from waste vibration energy, and (¢) LCD turning on after 77 s, and cyclic charging and discharging
stability of the PENG device, respectively.
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machine being operated at 2400 rpm to harvest the
waste vibration energy, and the findings indicate that
an electrical output voltage of 1.3 V was harvested
using the developed PENG device. Similarly, the re-
sult depicted in Figure 11c¢ illustrates that the devel-
oped PENG device produced an electrical output
voltage of 0.3 V using waste mechanical energy
from an air compressor machine used for its usual
application. The harvested-waste vibration energy
from the centrifuge was used to charge different ca-
pacitors and the results (Figure 11d) depict that ca-
pacitors of various capacitance were charged by the
fabricated PENG device; for instance, a capacitor of
10 pF capacitance was charged to 2.9 V within 120 s.
The amount of energy that was harvested by the
PENG device from waste vibration energy was also
calculated, and the obtained result shows that ap-
proximately 42 pJ of wasted vibration energy was
harvested within 120 s using the developed PENG
device with a 10 uF capacitor. The harvested and
stored energy is much higher than the minimal ex-
ternal electrical energy (1.1 pJ) required to trigger
the action potential of artificially contracted heart for
animals in biomedical applications [94, 95]. Thus, the
developed PVDF@L-ZnO device may be used for
the fabrication of biomedical sensors and interfacing
with human body organs. Among these capacitors, a
10-uF capacitor was chosen for turning on the LCD
using waste vibration energy harvested from the cen-
trifuge machine, and the result in Figure 11e (inset)
shows that the LCD was turned on at 77 for 1 s by
the energy harvested from waste vibration. These re-
sults indicate the promising applicability of the devel-
oped PENG device for harvesting wasted vibration
energy, which may enable users to charge their elec-
tronic devices while carrying out their normal daily
activities [96]. Therefore, we hope that the devel-
oped PENG device will play an important role in the
utilization of green and renewable energy sources.

4. Conclusions

In this work, electrospun PVDF@ZnO membranes
composed of ZnO of different particle sizes were
prepared by solution electrospinning, and the effect
of the particle size on the piezoelectric properties of
the PVDF PENG was systematically investigated.
The piezoelectric properties of the fabricated PENG
device were evaluated under different mechanical
conditions of tension, compression, and bending.

The results indicate that the incorporation of ZnO
nanoparticles enhanced the piezoelectric response of
PVDF under all the studied conditions. In particular,
the PVDF@L-ZnO PENG device generated an elec-
trical output voltage and current of 42 mV and 82 nA,
respectively, under tension, 2.8 V and 323 nA, respec-
tively, under bending, as well as 5.6 V and 1308 nA,
respectively, under compression. Moreover, it also
generated an electrical output voltage of 10 V using
the body motion (step on it) of a 52 kg person, 0.8 V
when a stretch was provided by leg movement, and
1.5 V under bending while exercising. In addition, the
developed PVDF@L-ZnO PENG device showed an
interesting waste vibration energy harvesting ability
by storing approximately 80 uJ within 120 s, which
makes it a promising candidate for practical appli-
cations. The developed PENG device also displayed
stable cyclic charging and discharging properties in
vibration energy harvesting and played a significant
role in the generation of green and renewable energy,
which is very important for our environment.
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