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ABSTRACT

The high significance of piezoelectric materials has been highlighted recently due to the growing need for sustainable energy
harvesting applications. Zinc Oxide among all the particles is of notable interest because it exhibits excellent piezoelectric prop-
erties along the [001] crystallographic direction. Perhaps, there lies a dilemma of having synthesizing methods that are both envi-
ronmentally friendly and affordable with production of high-quality nanostructures with compatible piezoelectric performance. In
addressing these challenges, this study fabricated ZnO nanoparticles using a modified sol-gel method while being environmentally
sustainable and cost effective. Unlike existing methods that often rely on complex and costly processes or hazardous chemicals, this
approach leverages a simplified technique focused on precise substrate preparation to promote the vertical growth of nanorods. We
thoroughly characterized the synthesized nanostructures using a suite of analytical techniques. X-ray diffraction (XRD) confirmed
a high degree of crystallinity, with a predominant peak corresponding to the c-axis orientation, which is crucial for piezoelectric
performance. Scanning electron microscopy (SEM) images revealed the successful formation of vertically aligned nanorods with
diameters of approximately 1 um, a morphology essential for effective charge separation and output. Energy-dispersive spectrosco-
py (EDS) analysis further validated the high purity of the synthesized material, confirming the absence of unwanted impurities. With
this ZnO nanostructure, a piezoelectric nanogenerator (PENG) was fabricated and its performance was evaluated under mechanical
stress. The device demonstrated a remarkable peak output voltage of up to 0.75 V, a significant improvement over values typically
reported for similar nanostructures. This result demonstrates the practical efficacy of our synthesis method and device design in
enhancing the efficiency of energy harvesting. The findings lay a strong foundation for future advancements in piezoelectric devices
for applications in wearable electronics, biomedical sensors, and other smart technologies.
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1. INTRODUCTION candidate due to its distinctive piezoelectric characteristics at the
nanoscale.

The field of nanotechnology continues to yield groundbreak- Zinc oxide (ZnO) is made up of zinc metal (Zn) and oxygen
ing materials with unique properties, unlocking opportunities for (0). It is a solid often found in powdered form and is of white in
diverse applications in science and engineering. Among these color. Having a range of physical and chemical characteristics al-
materials, zinc oxide (ZnO) emerges as a particularly promising lows this material to be used in various industrial applications [1].

The diameter of this material lies in the typical 100nm range. The
catalytic activity of ZnO is high and its Surface Area to Volume
ratio can be varied, with different methods of preparation. Its ex-
citation dissociation energy is 60 meV, that is a fairly large value,
and the energy of the band gap is relatively wide, with a magnitude
of 3.2 eV at r.t.p . To be used in optical and electronic devices,

ZnO has the above qualities and more than that, a well-developed

epitaxial growth process. It is a suitable material to piezoelectric

devices if the substrate has nanowires grown along c-axis, or the
RO.C. (002) direction.
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8/5; a bit lower than ideal hcp value of 1.633. In the ideal wurtzite
structure, a single type of atom is displaced relative to others along
the threefold c-axis by a fractional value of u=0.38 within a single
hexagonal close-packed (hcp) unit. The displacement value, u, is
expressed in fractional coordinates and shows the c-axis’s bond
length, measured in terms of the lattice parameter c, or alternative-
ly, the nearest-neighbor distance divided by c. Additionally, the
bond angles o and P are approximately 109.07°, as illustrated in
Figure 1, which pertains to the ideal wurtzite structure.

Positively Charged Plane
Negatively Charged Plane
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Fig. 1 Waurtzite structure to zinc oxide nanoparticle

There are both extrinsic and intrinsic effects associated with
a semiconductor’s optical characteristics. Valence band holes and
conduction band electrons undergo intrinsic optical transitions,
which contain excitation effects brought on by the Coulomb inter-
action. Equilibrium group velocities between electrons and holes
are a prerequisite for exciton formation. There are two main types
of excitons: bound excitons and free excitons. Free excitons can
exhibit excited states as well as transitions from the ground state,
particularly in high-quality samples with minimal impurities. The
term ‘extrinsic properties’ describes the influence of dopants or
defects, which generally introduce unique electronic states within
the band gap, thereby impacting optical emission and absorption
processes.

Stated previously, Zinc Oxide is a transparent conductive
material and a direct band semiconductor. The wavelength is of the
range of 0 to 3 and 2 to 5 um. It is where ZnO films are transparent,
and depending on the concentration of the carrier, the plasma edge
lies in the range of 2 and 4 pum. It is commonly known that when
the concentration of carriers increases, the band gap edge shifts.
We refer to this shift as the Burstein-Moss shift. Numerous exper-
imental methods are employed to study the variations in the optics
of ZnO, including calorimetric spectroscopy, photonic absorption,
conduction, reflection, photo-reflection, spectroscopic ellipsome-
try, photoluminescence, and cathodoluminescence. At room tem-
perature and pressure, the zinc oxide photoluminescence spectrum
initially consists of two vital emission bands, the near UV, which

lies in 375nm, and the green 150 nm bands [3]. Although a yel-
low-orange band at 610 nm is occasionally observed, it is low in
intensity. Since being tied to the material excitation properties, the
near UV emission is particularly important. This includes replicas
of photon as well as bound and free exciton emission. Even at low
temperatures, luminescence from exciton observation is typically
challenging. Numerous factors contribute to this.

Zinc oxide is widely used in optoelectronic and electronic
devices due to its properties as a direct band-gap semiconduc-
tor with a relatively large band-gap and a binding energy of 60
meV, which is considerable for many applications. Devices made
from such materials often have a high breakdown voltage, gen-
erate minimal noise, and can operate at high temperatures, even
under high-power conditions. The behavior of electron transport in
semiconductors changes depending on the strength of the applied
electric field. At lower electric field strengths, the energy distribu-
tion of electrons in zinc oxide remains nearly unchanged, as the
electrons cannot gain much energy from the applied electric field
compared to the thermal energy. This results in a constant elec-
tron mobility, as the scattering rate remains steady. As the electric
field strength increases, the energy of the electrons reaches a point
where it matches their thermal energy, causing a significant shift in
the electron distribution function. When the temperature exceeds
the lattice temperature, the electrons are considered hot electrons,
and during this critical period, there is little energy loss to the lat-
tice. Devices with higher frequencies can be designed when the
electron’s drift velocity exceeds its steady-state value.

Research on the application of zinc oxide in piezoelectric
energy harvesters, particularly lead-free piezoelectric materials,
is ongoing. These materials can potentially exhibit much stronger
piezoelectric properties at the nanoscale than in bulk form. The
piezoelectric strain constant, or d33, which measures the ratio of
strain to the electric field (m/V) or the charge generated per unit
area to the applied stress (C/N), is a key property in piezoelectric
materials [4]. While lead zirconate titanate (PZT) ceramics exhibit
d33 coefficients in the range of 300 to 600 pm/V, depending on the
type of PZT, bulk zinc oxide (BZO) has a d33 of around 12 pm/V.
For pure ZnO nanostructures, d33 values range from 0.4 to 80.8
pm/V, with the highest values found in nanosheets (NSs), followed
by nanorods (NRs), and then nanobelts. The length (L) and diam-
eter (@) of the nanowires (NWs) play a role in determining these
values [5].

Due to their unique physical and chemical properties,
nanoparticles of ZnO are among the most widely used nanopar-
ticles in drug delivery, cancer diagnosis, and treatment [6]. Apart
from being used in the treatment of cancer, ZnO NPs have shown
great promise in treating a varied range of other illnesses and in a
number of other industries, involving textiles, electronics, and cos-
metics. Since ZnO NPs are inexpensive, safe, and easy to prepare,
they are the most noteworthy of the inorganic metal oxides that
have been produced and are currently being researched. Addition-
ally, any representative intended for human use in the treatment of
various disorders must possess the following qualities. ZnO NPs
have an above-average biocompatibility, making them suitable for
use in a beneficial environment for their antifungal, antibacterial,
anticancer, and antiviral qualities. Aside from not being toxic, it
should not react with food or the container, taste good or tasteless,
and have an unpleasant odor.

Furthermore, ZnO is also suitable for gas sensing applica-
tions, such as being used in an alcohol sensor [7]. At 150°C, the
ZnO showed the highest response of 15, which was towards H2S.
At 100°C, the response was 3, towards NH3, 2 at 50°C, and there
was no response to CO2. This indicates that the pure ZnO thick
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film sensor is not affected by CO2, NH3, or LPG [8]. Numerous
reports describe the sensor’s gas-sensing mechanism.

Other than that, ZnO has been reported to show excellent
piezoelectric behavior, and its vertically well-aligned nanorods
can be effectively used to synthesize piezoelectric nanogenerators
[9]. It is reported that when a 4 Newton force at a frequency of
one to five Hz is applied on the single-layered PENGs, a voltage
of 11V is produced, this output voltage increases on increasing
frequency and the improvement in the produced voltage with the
applied frequency initiates from the effect of early speed during
impact [9].

Zinc oxide nanoparticles exhibit effective piezoelectric prop-
erties according to several researchers. While fabrication of piezo-
electric materials, there is a broad choice of substrates, but the
inexpensive one is the substrate of zinc oxide. Zakariya et al. [10]
reports that for surface acoustic wave detection piezoelectric layer
is quite crucial. The advantage of using ZnO in this research is that
it is a n-type semiconductor and it used for many devices consider-
ing its sensitivity and simple doping to enhance sensing capability.
In this research, two types of sources were used for deposition:
granular and pellet sources. Then the sources were spin-coated
onto the substrate, and it was annealed at 500 °C for 2 hours. The
AFM showed cone-like topography with average roughness of
20.3 nm and 546 nm grain size using pallet source and Ra 28.74
nm and 1029 nm grain size for granular source. For the Sol-Gel
analysis the samples exhibit 20 peak at 31.8°, 34.3° and 36.4°,
and 47.6°. Perhaps, at 34.4° the peak with the strongest intensity
was perceived that linked to preferred (002) c-axis ZnO crystal
alignment. When ZnO reflection peaks are present, the thin film
creates the ideal orientation of c-axis for piezoelectric thin films.
The average ZnO particle size increased with higher annealing
temperatures, as determined by SEM analysis. The range wave-
length in the UV-VIS analysis is between 300 and 400 nm, with a
band gap of 3.3 eV. According to the results, the best layer in terms
of coarseness and absorbance is the granular source. The SAW
Biosensor application can take advantage of these ZnO thin films.

Many reports show that zinc oxide NPs prepared by sol gel
method have resulted in controlled particle size and improved
crystallinity. Hasnidawani [11] prepared ZnO NPs using sodium
hydroxide and zinc acetate. Distilled water was utilised as reagent
medium and zinc acetate as a precursor. The XRD figure of the
prepared ZnO powder showed sharp peaks which imply crystal-
linity in nature [12]. The two highest peaks were located at an
angle of 33.86° at (101) plane with intensity 4847.45 and an an-
gle of 36.27° at an angle of 4069.8. Zinc oxide, comprising 63%
of the chemical, was generated as ZnO nanopowder. The results
indicated that the Zinc Oxide rod-like structure was successfully
made with the use of sol-gel technique, where the size of the par-
ticle lay in the nanoscale range, approximately 84.98 nm. The re-
sulting nanoparticles of ZnO demonstrated excellent crystallinity.
Alvarado et al. [13] in 2013 synthesized ZnO NPs by the sol-gel
method and the spin coating technique with methanol as a reagent
and Zinc acetate as a precursor. The thin film of zinc oxide formed
by the sol-gel process is a system of layers. Yet, as this work has
shown, the ZnO thin film that results from providing the film with
an appropriate annealing treatment—that is, the right temperature
and duration—has an interface between nearby nanoparticles and
has actually formed an entire layer of nanoparticles. Thin films
are with preference oriented along the c-axis, as indicated by the
nanoparticle morphology. The most thermodynamically advanta-
geous growth direction is along the c-axis orientation, which is
named after the (002) plane due to its minimum surface energy.
Perfilometry was used to analyze the thickness of the films ob-

tained in this work. It was observed that the maximum thickness
of 3600 nm was reached by depositing 30 layers, while the min-
imum thickness of 200 nm was obtained by depositing a film of
5 layers. Because of the 002 plane’s lower energy, the deposited
nanoparticles are preferentially oriented near its c-axis, resulting
in an optical transmittance of up to 75%.

It has been demonstrated that doping ZnO nanoparticles can
promote highly oriented vertical growth and improve piezoelectric
efficiency. Liu et al. [14] showed that doping and interfacial mod-
ifications have a combined positive impact on ZnO-based piezo-
electric nanogenerators (PENGs). In this study, chlorine-doped
ZnO nanowire (NW) films were found to be favorably oriented
perpendicular to the material or substrate. X-ray diffraction (XRD)
measurements were employed to analyze the lattice structures of
both CI-doped and non-doped ZnO (nanowire) films. All chlo-
rine-doped samples exhibited ZnO (002) peaks that shifted pro-
gressively compared to the undoped ZnO sample, which was
grown without NaCl in the solution. As the concentration of NaCl
in the nutrient solution increased (4, 8, and 10 mM), the ZnO (002)
peaks shifted to lower diffraction angles. This shift provided evi-
dence of chlorine incorporation and modification of the lattice pa-
rameters in the doped ZnO, in contrast to the undoped ZnO. Based
on the diffraction data, the lattice spacings for the undoped ZnO
and the Cl-doped ZnO (with 10 mM NaCl) were found to be 5.206
A and 5.221 A, respectively.

For reasons of both occupational and road safety, it is critical
to identify the brain’s alcohol content. As a quick way to gauge the
degree of alcohol poisoning impairment, blood alcohol concentra-
tion (BAC), which is the proportion of alcohol in the blood, is used
to quantify the amount of alcohol in the brain tissues. Xu et al.
[7] investigated how ZnO nanoparticles, nanorods, and other ma-
terials sensed LPG gas, H,S, CO, H,, and Cl,. ZnO nanorods are
more sensitive to LPG than to N2 and CO2, while ZnO nanoparti-
cles are more sensitive to H,S compared to CO, H,, etc. The ZnO
nanostructure on multilayer graphene upon exposure to 100 ppm
of acetone shows a response value of 35.8.

In gas sensing, ZnO nanoparticle interconnectivity is more
important than particle size and the surface-to-volume ratio. After
the test, gas molecules are adsorbed and desorbed from the sample
surface, ZnO nanoparticles can create ionic species there. Import-
ant factors to consider when assessing the sensor’s potential uses
are response and recovery times. The ZnO nanostructured material
responds quickly. A zinc oxide-based sensor may detect changes in
the environment as a result of test gas molecules’ adsorption and
desorption (a surface defect). When heated, the ZnO nanoparticle
sensor exhibits a significant chemical affinity for certain gas mol-
ecules. Oxygen atoms are adsorbed into the ZnO surface prior to
exposure to the host gas; they remove electrons from the surface
and transform into O— (release oxygen). On the host surface, this
O-ion contributes to the formation of the depletion layer. More
oxygen may be absorbed as a result, and sensory responses are
therefore identified.

The creative inclusions of the study are presented below:

* To explore the nanostructure of ZnO through innovative meth-
ods.

* To study its characterizations using XRD, SEM for surface mor-
phology and topology.

* Using acid to evaluate its effects on the structure, electrical prop-
erties.

* Performing Raman and EDS to confirm the presence of our sub-
stance ZnO.

* Apply the substrate in optimized form on the piezoelectric nano-
generator.
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* Analyze piezoelectric and reverse piezoelectric effects.

The residual sections of this research are structured as fol-
lows: In 2nd section, the materials and equipment used throughout
the project are discussed, along with the method and procedures
followed to prepare a Piezoelectric Nanogenerator using Zinc Ox-
ide. Moreover, some of the characterization techniques used to
study the material are also briefly discussed. Section 3 deals with
the results of the characterization of our material, along with an
analysis of those results. The final conceptions are encapsulated in
section 4 with an introduction to viable future directions.

2. TECHNIQUE AND MATERIALS

Materials Utilized:

* Zinc nitrate hexahydrate (Zn(NO3)2. 6 H20, 98%, Riedel de
Haen, Germany) (Zinc precursor)

* Methanol with 99.8% purity from Sigma Alrdich, USA.(Solvent)

* Zinc acetate dihydrate (Zn(CH3COO)2 - 2H20), Sigma Aldrich,
USA. (Zinc precursor)

* Glass Substrate

* Indium tin oxide coated PET substrate with surface resistivity
60€Q/sq by Sigma  Aldrich, USA.

* Potassium Hydroxide Pellets by Riedel de Haen, Germany. (Pre-
cipitating Agent / pH Modifier)

* De ionized Water (H20). (solvent)

Equipment:

* Hot plate with magnetic stirrer (Wise Stir MSH 20 A)
* Beam Balance (SHIMADZU ATX-224)
* Vacuum Oven (Gallenhamp)

* Spin Coater VTC 50-A

* Industrial Furnace

 Dropper

* Beaker

* Thermometer

* Aluminum foil and petri dish

¢ Thin film holder

* CRO

* Multimeter

* Wires

* Conducting Tape

* Plastic sheet

Experimental technique:

Synthesis By Spin Coating or sol gel
method

7

Take a 2 by 2 PET
substrate

Growth and Seed layer is
precursor Solutions applied by spin
are prepared coating

Substrates are dried
and annealed

Peel off the lamination
of PET substrate 3 to 5 layers are

deposited on each
substrate

For the:
trate, HM

Fig.2 Steps diagram of experimental technique used.

Zinc Oxide on PET substrate by sol gel method:

ZnO NPs were prepared by the sol-gel method, and for that
purpose, 0.021g zinc acetate was mixed in methanol with constant
stirring at 60°C for 3 hours and 30 minutes. This was the seed-lay-
er solution. For growth solutions, 0.03M Zinc nitrate was used
with 0.03M potassium hydroxide. The exact masses were 0.89g
zinc nitrate in 100 mL of DI water and 0.168g potassium hydrox-
ide in 100 mL of DI water. Now, a 2x2 sheet of PET substrate was
cut, and its lamination was removed from the conducting side, and
a seed layer of zinc acetate in methanol was spin-coated on it us-
ing a dropper. The settings of the spin coater were 300rpm for the
first 10 seconds and 3000 rpm for the next 60 seconds. With these
settings, 3 subsequent seed layers were applied on the substrate
with drying at 60°C after each coating. After that, equal volumes
of growth solutions were mixed in a beaker, and the PET substrate
with the seed-layer was immersed in the growth solutions and was
grown at 80°C for 2 hours, and was later dried in the furnace at
80°C for 2 hours. At the end, a small portion of the substrate was
cut and was characterized, and the other part was used in making
Piezoelectric nanogenerator. In PENG, PET substrate with ZnO
nanowires is placed at bottom and another layer of bare PET sub-
strate is placed at the top and the electrical wires are attached to
both by conducting tape and the whole device is then covered with
medical tape [15] and finally Piezoelectric effect was measured
with a multimeter and Cathode Ray Oscilloscope.

Fig.3 Schematic Images from Lab Substrates and IV mea-
surement on left and PENG on Right.

Characterization Techniques

Before the construction of the device, a small piece of sub-
strate was cut and characterized by various characterization tech-
niques, which included Raman Spectroscopy, SEM Analysis, EDS
Analysis, XRD, and IV measurements using a Cathode Ray Os-
cilloscope.
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Raman Spectroscopy

Raman Spectroscopy is a non-invasive method for chemical
analysis that offers a brief idea of lattice structure, phase, and poly-
morphisms, molecular relationship, and crystallinity of the mate-
rial. This technique relies on the mixing of light with the chemical
bonds present in the substance [16].

JZnO/sapphire ZnO/PET
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Zn0(456.68)

Intensity (a.u.)
Intensity (a.u.)

*Raman shift con’) I

ZnO/PPC ZnO/Si
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Zn0(433.59)
b

$i(303.15)

Intensity (au.)
Intensity (au.)

0. aman shift ') 1000

500 s
Raman Shift (cm”)

Fig. 4 Some Examples of Raman Shifts of ZnO grown on
various substrates [17].

Scanning Electron Microscopy (SEM)

It was performed with FESEM, MAIA-3, and TESEAN.
SEM is used for studying the microstructure and morphology of
nanomaterials. In this technique, an electron beam with a moder-
ate amount of energy is irradiated onto the material, resulting in
a scan in image form after several interactions and the emission
of photons and electrons from or near the material’s surface [17].

Energy Dispersive Spectroscopy EDS

A scanning electron microscope, combined with an ener-
gy-dispersive X-ray system, enables chemical analysis of sam-
ples displayed on the screen. The SEM utilizes secondary and
back-scattered electrons to create images that reveal the sample’s
morphology. Additionally, the EDS system identifies and quanti-
fies elements present in the sample by detecting X-rays emitted
when the sample is struck by the electron beam, allowing for the
analysis of chemical composition at detectable concentrations
[18].

X-ray Diffraction (XRD)

XRD is a technique where the sample does not need to be de-
stroyed, tells us about the phases, structures, preferred crystalline
orientations, such as texture, and also tells us about the size of the
particle synthesized, the defects of the lattice [19]. XRD peaks are
produced by the interference (constructive) of a monochromatic
beam of X-rays scattered at specific angles from each set of lattice
planes in a sample. These peaks are like a fingerprint of a material
with standards established such as JCPDS cards for the correct
assumption of the material.

3. RESULTS AND DISCUSSION

3.1 Inquiry of XRD

The X-ray diffraction of ZnO on glass substrate shows us
sharp peaks, and by using the Sherrer equation, the particle size
was found to be an average of 7nm. The comparison from litera-
ture and scholarly articles shows us that peak labelled (111) is of
bare ITO glass substrate [20] and rest are of the zinc oxide [21].

Zinc Oxide nano wires by KOH

4.0+
0 S.2

3.5

3.0

102

2.5

201

2.04

Intensity

1.5
1.0

0.54

0.04

] 1 T 1 T |l |l Ll T T 1 Ll T T T 1
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
2 Theta

Fig. 5 XRD of ZnO nanorods grown on Glass substrate.

3.2 Analysis of SEM and EDS

The SEM result shows nanorods from above, the first 2 im-
ages at top show SEM at 2 and Spm and the bottom are at larger
magnification of about 500nm and in the images we can see the
hairs of ZnO nano-rods which are of the size 1 to 2um and have
subsequent spaces between them which means the wires are grown
vertically with adequate spaces and the morphology is almost cir-
cular or flower like.
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Fig. 6 Top two SEM images at 5 and 2 pm scale and bottom
two are at Ipm & 500nm scale.

3.3 Inquiry of EDS

Figure 7 below shows the EDS analysis of ZnO nanorods
grown on PET substrate, it is observed that there is no other sub-
stance than Zinc, Oxygen and Indium which concludes that there
are no unwanted impurities present in our sample.

3.24K Zn
2.88K|
2.52K]
2.16K]
1.80K]
1.44x]
1.08K]
0.72¢} Zn
0.36K]| In
00 13 26 39 52 65 78 91 104 n7 130
Lsec: 174 0Cnts 0.000 keV' Det: Octane Elite Super Det
(a)
1.70K;
1.53K;
1.36K;
1.19K]
1.02K;
0.85K;
0.68K:
0.51K]
03] o
0.17K; m
R e e
00 13 26 39 52 65 78 91 104 17 130
Status: Idle CPS: 7887 DT:117 Lsec: 181 0Cnts 0.000 keV' Det: Octane Elite Super
(b)
Fig.7 EDS spectra of ZnO on PET Substrate (Indium Oxide
coated)
Element Weight % Atomic % Net Int. Error % Kratio 74 R A E
OK 948 3187 94.14 13.43 0.0240 12936 0.8360 0.1957 1.0000
T me e e am oee oew gwe e e |
ZnK 7267 59.77 536.74 386 0.7509 0.9899 1.0013 0.9900 1.0544
(a)
Element Weight % Atomic% NetInt. Emor%  Kratio z R A F
InL 497 289 113.06 16.65 0.0438 0.8910 1.1048 0.9434 1.0482
T I e e e
(b)

Fig.8 Atomic percentage by weight of the composition of the
material

The EDS tables of the samples show that only Zinc and Oxy-
gen are present in the material and there is 4.97 atomic percentage

by weight indium in sample at spot 1 and 17.84 percent at spot 2
this impurity is the result of coating of Indium on our PET sub-
strate and no unwanted impurity is recorded.

3.4 Raman Analysis

The attachment below is the Raman shift plot of ZnO na-
norods synthesized and grown on the PET substrate the data when
compared with literature, shows [22] us that the peaks at 623 and
853 correspond to the Raman Shifts of ZnO and the rest of the
peaks 1276, 1600 and 1712 are of the bare PET substrate [23].
However, there is an overlap of Raman shifts of PET and ZnO, but
the results here show the peaks matching our materials.

4500 A
4400 4 Zn0O on PET

4300

4200
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4100 1716

Intensity
5
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3900 1276

3800 g53 1088

626
3700

3600

3500

T T T T T T 1
600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Fig. 9 Raman Shift plots of ZnO nanorods on PET (Indium
coated) Substrate.

3.5 Voltage Measuement

First for control experiment the CRO was run with sinusoi-
dal AC voltage without applied force the PENG then Voltage was
measured with attaching the device with cathode ray oscilloscope
and the piezoelectric part was provided the constant force [24] and
upto 0.75v was measured, hence confirming the piezoelectric ef-
fect. The readings were taken after one and then two days of ma-
terial synthesis so that sustainability is assured [25].

‘]
5
4
3
24
1
IRYAYAVAV AV
_1 -
_2 -
_3 -
_4 -
_5 -
_6 -
-7 T T T T
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

voltage/v

progress-time/s



Aman Elahi Khan and Zahid Ali and Zeeshan Aslam Khan and Adiqa Kausar Kiani: Environmentally Sustainable Synthesis of Zinc Oxide Nanostruc- 7
tures via Modified Sol-Gel Method for Enhanced Piezoelectric Energy Harvesting Applications

0.25
0.20 0.75v
0.15
0.10
0.05

0.00

Voltage

-0.05 4
-0.10
-0.15
-0.20

-02

-0.25 -0.23v

-0.30 T T T T T T T T T T
-1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 1.00 1.25

time

Fig. 10 Top: Voltage amplitude spike at S0hz frequency. Bot-
tom: voltage peaks measurement when the force is
applied.

4. CONCLUSION AND FUTURE WORK

In this study, ZnO was successfully synthesized by different
growth solutions such as HMTA, Zinc nitrate, and KOH on dif-
ferent substrates such as ITO glass, then FTO glass, and finally
on a plastic substrate. The XRD characterizations of the samples
showed that high-temperature annealing increases crystallinity but
also increases particle size. The morphology of ZnO on PET is
of platelets, with almost no overlapping, showing a zinc acetate
seed layer, and potassium hydroxide and zinc nitrate are optimal
for wire growth. The EDS confirmed the purity of our sample.
Furthermore, the goal was to demonstrate the piezoelectric effect
of the material in device form, which was achieved. The readings
suggest that one time tapping the substrate yields a voltage of up
to 0.5 to 1 volt. The PNG produces a dc current in one direction
in compression mode and in the opposite direction in relaxation
mode in response to mechanical force, whereas the maximum
voltage reaches 0.7V [26]. The voltage varies depending on what
specific mode is being measured and the amount of force that’s ap-
plied. Next, we plan to study more on these materials, make them
more sensitive, and at the root of making the growth of nanowires
as vertical as possible, and their morphology to be as thin as pos-
sible, so that a slight vibration can generate enough current to run
a device. The uses of these piezoelectric substances are enormous,
such as pacemakers for the heart, ultra-sensitive microphones,
smart door locks, and a piezoelectric Bluetooth keyboard. We have
an ambition to manufacture these devices for both vehicles and do-
mestic homes. The relevant field of work on green nanomaterials
can be further collaborated with artificial intelligence using differ-
ent machine learning techniques to optimize the vertical growth of
zinc oxide nanowires and identify the best wurtzite structure for
maximum voltage output in future work. In this aspect, the frac-
tional model applied to machine learning techniques can prove in-
sightful in biomedical sensors and nanodevices, i.e, (piezoelectric
pacemaker) as demonstrated in the following references [27-34].
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