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Abstract

The present report aims at the application of piezoelectric nanogenerators for non-destructive
material discrimination. The detailed characteristics of zinc oxide (ZnQO) nanosheet-based
piezoelectric nanogenerator and its applications in mechanical energy harvesting and sensing are
considered as major objectives of the present study. The nanogenerator is fabricated with ZnO
nanosheet film prepared by hydrothermal method with necessary electrodes. The nanogenerator
response as a function of different load resistances, different finger-tapping frequencies, different
finger-tapping pressures, bending and twisting movements are recorded. The maximum output
power of 18 nW is observed at the load resistance of 200 K2 with 60 mV output voltage. The
output voltages of ~150 mV, 350 mV, and 200 mV are observed for finger-tapping, bending,
and twisting movements, respectively. The output voltages of ~76 mV, 100 mV, and 145 mV
are observed for low, medium, and high pressures applied by the finger. Nanogenerator is also
tested for its stability of the output at different points of time after the device fabrication and
found stable over for one year. Further, the nanogenerator is used as an impact sensor for non-
destructive material discrimination application. The output voltages of 176 mV, 225 mV,

272 mV, and 300 mV were observed for acrylic, ceramic, marble, glass balls of uniform diameter
but with a different mass. The fabricated nanogenerator can discriminate the equal size materials
of different densities. Further, ZnO nanosheet-based nanogenerator has potential applications in
mechanical sensors due to the high flexibility and mechanical reliability of the ZnO nanosheets.

Keywords: ZnO, sensing, energy harvesting, nanogenerator, nanomaterials
Classification numbers: 2.00, 4.00, 5.03, 6.00, 6.08

1. Introduction

Energy harvesting technologies such as solar, thermal,
mechanical have attracted much attention due to the limited
availability of non-renewable resources/fossil fuels,
environment pollution by fossil fuel usage, and increase in
energy demand [1-3]. Among all, mechanical energy har-
vesting is more attractive due to the easy availability of
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mechanical energy everywhere and all the time. The most
utilised phenomenon used for mechanical energy harvesting
is the piezoelectric effect [4]. In the piezoelectric effect,
mechanical deformation along a particular direction induces
electrical potential in the piezoelectric material. The piezo-
electric effect has been used in many sensing applications like
touch, pressure, strain, force, vibration of systems, operating
frequency measurement. A wide range of piezoelectric
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materials are used to capture mechanical energy in bulk and
nanomaterial form, namely lead zirconium titanate (PZT) [5],
barium titanite (BaTiOs5) [6], zinc oxide (ZnO) [7], gallium
nitrate (GaN) [8], zinc sulfide (ZnS) [9], and polyvinylidene
fluoride (PVDF) polymer [10]. Among all, ZnO is the most
promising material due to its non-toxicity, cost-effectiveness,
easy synthesis in nanomaterial form, the formation of a
variety of nanostructures, and good sensing properties
[11-13]. The ZnO nanowire-based piezoelectric nanogen-
erator (PENG) was first reported by the Z L Wang research
group [14]. Since then, much attention has been given to the
development of nanogenerators for mechanical energy har-
vesting. Significant research has been published on the ZnO
nanorod-based, nanowire-based nanogenerators in the litera-
ture [12, 15]. ZnO-based nanogenerator significant potential
was demonstrated as various self-powered sensors [16—18].
However, there are very limited studies available on two-
dimensional (2D) ZnO nanosheet-based nanogenerators in the
literature [19-24]. However, these reports did not carry out a
detailed characterisation of nanogenerators such as output
behaviour with different load resistances, different fre-
quencies of applied force, different magnitudes of the applied
force, and stability of the nanogenerator over a period of time
and a large number of cyclic tests. In addition to the above,
ZnO nanosheet-based nanogenerator was not explored for
material discrimination application as of now. Our research
group also reported the flexible nanogenerator based on ZnO
nanosheets recently with simple apparatus with a cost-effec-
tive method [7]. In our previous report, fabrication of nano-
generator and verification of output voltage by various
confirmation tests were reported. In this report, a detailed
analysis of ZnO nanosheet-based nanogenerator character-
istics will be presented.

Material discrimination plays a significant role in mat-
erial processing industries and plants [25]. The existing
techniques, such as acoustic pulses [26], spectral X-ray ima-
ging [27], optical spectroscopy techniques [28], are expen-
sive, time-consuming, require sophisticated instruments and a
trained person. The existing techniques are not suitable for
regular laboratory experiments, medium and small-scale
industries. Among various applications of nanogenerators,
material discrimination by nanogenerators was not explored
till now in the literature to the best of the authors’ knowledge.
However, ZnO thin film impact sensor was demonstrated for
non-destructive material discrimination in literature [25]. In
this report, expensive RF reactive magnetron sputtering for
ZnO thin film deposition and thermal evaporation for top
electrode deposition were used. The plane ZnO thin film is
prone to cracks under repeated impacts and bending, which
leads to failure of the device. In the present manuscript, a low-
cost hydrothermal method was employed for ZnO nanosheet
synthesis compared to the literature [25]. The ZnO nanosheet
film is highly stable and has high mechanical strength under
repeated impacts and bending. The ZnO nanosheets’ high
stability is attributed to the morphologically networked ZnO
nanosheets and the high mechanical strength of nanosh-
eets [21].

The present manuscript reports the non-destructive and
straight-forward method for material discrimination using a
nanogenerator to overcome the above difficulties. In this
manuscript, a detailed study of nanogenerator characteristics
such as output behaviour with different load resistances,
different frequencies of applied force, different magnitudes of
the applied force, and long-term stability tests is reported.
Further, nanogenerator is demonstrated for material dis-
crimination application based on their densities and pressure
sensing application.

2. Experimental

2.1. Materials and methods

The experimental procedure of ZnO nanosheets on aluminium
substrates is similar to our previous reports [7, 29]. Clean
aluminium substrates (2cm by 3 cm) were placed over the
equimolar solution mixture of zinc nitrate hexahydrate (Zn
(NO3),.6H,0) and hexamethylenetetramine (HMTA, CgH;,
N,) in a glass beaker. The small portion of the substrate was
masked with Kapton tape for the bottom electrode purpose for
the device fabrication. The glass beaker was sealed with
aluminium foil and kept inside a laboratory oven at 80 °C for
4h to achieve ZnO nanosheet growth. Substrates were
removed from the growth solution after 4 h and rinsed with
de-ionised water, then dried with a blower. A scanning
electron microscope (SEM, VEGA3 TESCAN) was used to
study the surface morphology of the obtained thin films on the
substrates. The SEM images were captured with a secondary
electron detector at a working distance of 9mm and an
accelerating voltage of 10kV. A transmission electron
microscope (TEM, Thermo Fisher, Talos F200 S) was used to
study the individual ZnO nanosheet size, microstructure,
crystallinity, and composition.

2.2. Nanogenerator device fabrication

The aluminium substrate masked portion was removed and
used as the bottom electrode for the device fabrication. The
nanogenerator device was fabricated by placing indium tin
oxide (ITO) coated polyethylene terephthalate (PET) on the
ZnO nanosheets without any short-circuit with the bottom
electrode. Copper connecting wires were connected to the
bottom aluminium and top ITO electrode. The fabricated
nanogenerator device was sealed with a Kapton tape to avoid
external static charge and discharges in the testing process.
The schematics of the fabricated nanogenerator device and
original fabricated devices are shown in figures 1(a) and (b),
respectively. The fabricated nanogenerator was tested against
different mechanical forces. The nanogenerator’s response
(open circuit voltage) was recorded with Tektronix-digital
storage oscilloscope interfaced with the computer using the
KickStart software.
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Figure 1. (a) Schematic of the fabricated nanogenerator device, (b) Three nanogenerator devices prepared with the ZnO nanosheet films

grown under identical conditions.

2.3. Material discrimination experimental setup

The homemade experimental setup was used for the material
discrimination application. In this setup, a hollow pipe is held
vertically with a retort stand, and PENG is placed at the
bottom end of the hollow pipe on the base plate. In this testing
procedure, the same diameter balls made up of different
materials were dropped from a constant height through a
hollow pipe onto the nanogenerator. The response of the
nanogenerator voltage was recorded using a digital storage
oscilloscope for every drop test. Four experiments (drop tests)
were performed for each ball impact, and the average value of
the output voltage was calculated. Details of the balls such as
diameter, weights are given in table 1.

3. Results and discussion

The morphology of the obtained ZnO nanosheet networks
grown on the aluminium substrate is shown in figure 2(a). A
uniform and dense nanosheet network is formed on the sub-
strate. Individual ZnO nanosheet size, microstructure, crys-
tallinity, and composition were studied by TEM. High
magnification TEM images of individual ZnO nanosheets are
shown in figures 2(b)—(c), confirming the 2D nature of ZnO
nanosheets. The size of the nanosheets is in the range of
0.5-1 pm. The high-resolution TEM (HR-TEM) image and
selected area electron diffraction (SAED) pattern recorded on
the single ZnO nanosheet are shown in figures 2(d)—(e). The
HRTEM and SAED confirm the polycrystalline nature of the
nanosheets. The lattice spacing of a nanosheet is determined
from the inset of figure 2(e) and found 0.289 nm of the
wurtzite ZnO. The crystallinity of the ZnO nanosheets was
affected by the irradiation damage by the electron beam. The
electron beam’s irradiation damage of ZnO nanosheets is
similar to the reported literature [29-31]. Figure 2(f) shows
the EDX spectrum recorded on individual ZnO nanosheets.
The EDX spectrum confirms the presence of Zn, O, Al ele-
ments, and the presence of Al reveals that the ZnO nanosheets
were doped with aluminium, which is similar to the reported
literature [32, 33].

The detailed characterisation of ZnO nanosheets and the
nanogenerator output voltage’s confirmation tests can be
found in the previous report [7]. Figure 3(a) shows the
piezoelectric nanogenerator (PENG) response with repeated

Table 1. Details of the different balls used for the ball drop test.

Sl No. Material type  Diameter (mm) Weight (gm)
1 Glass 13 33
2 Marble 13 3.0
3 Ceramic 13 24
4 Acrylic 13 1.4

finger tapping under an open circuit and different external
load (R;) conditions. A maximum output voltage of
~150mV is observed for finger tapping under open-circuit
conditions. To find out the maximum output power of the
PENG, the variation of piezoelectric output voltage under
different external loads ranging from 20 KQ-100 M is
recorded under constant finger tapping pressure. Figure 3(b)
shows the variation of the average value of output voltage
under different external load conditions. The output voltage is
increasing with the increase of load resistance. The saturation
of output voltage is observed at higher load resistances of 10
MQ and above. The saturated value of output voltage at
higher resistance is near to the open-circuit voltage. Similar
behaviour of nanogenerators was reported earlier in the lit-
erature [34, 35].

The power of the PENG device is defined as P = V?/R;
where V is the output voltage and R; is load resistance. The
variation of the output power of the PENG with external load
resistance is shown in figure 3(c). The maximum output
power of 18 nW was obtained at the load resistance of 200
Kohms with 60 mV output voltage. The power density values
reported in the literature were 37, 50 nWem 2 for a few
nanogenerators [36, 37], and 0.6, 2.4, 11.8 MWm*2 for other
nanogenerators [22, 24, 38]. The power density obtained in
the present work 12 nwcm ™2 is lower compared to the lit-
erature. The variation in the power density values for 2D ZnO
may be due to the difference in the morphology, different
areas of the devices, and different applied forces.

Mechanical energy harvesting of PENG was tested for
bending and twisting movements. The response of the PENG
for bending and twisting motions is shown in figures 4(a)
—(b). The output voltages of ~350mV and 200 mV were
observed for bending and twisting movements of the device.
The high output voltage for bending PENG is associated with
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Figure 2. (a) SEM image of the ZnO nanosheets grown on aluminium substrate, (b)—(c) Individual ZnO nanosheet TEM images, (d) SAED
pattern, (¢) HRTEM image of the ZnO nanosheet, (f) EDX spectrum of the ZnO nanosheet.
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Figure 3. (a) Response of the nanogenerator under stable finger tapping with different load resistances, (b) Variation of output voltage under
external variable load resistance under uniform finger tapping, (c) Power profile of the nanogenerator with load resistance variation.

a higher degree of deformation of nanosheets compared to
twisting PENG.

Further, PENG response was recorded under different
frequencies/speeds of finger tapping such as low (1 Hz),
medium (3 Hz), high (6 Hz). The response of the PENG for
the different frequencies of finger tapping is shown in
figure 4(c). It is clear that reliable and stable output is
observed under different finger-tapping frequencies. The
slight decrement in the open-circuit voltage at higher fre-
quencies is due to the inability to apply the same finger tap-
ping force. Further, PENG’s pressure sensing application is
tested against different finger-tapping pressures (low, med-
ium, and high). Figure 4(d) shows the response of the PENG
for different finger-tapping pressures. It is evident from
figure 4(d) that PENG output voltage increased with the
increase of applied finger pressure. The output voltage has
been increased from ~76 mV to ~145 mV with the increase
of finger tapping pressure. The PENG can be further imple-
mented for practical pressure sensing if the output of the
nanogenerator is calibrated against known pressure with a
load cell.

Long term stability test has been conducted to confirm
the mechanical reliability and endurance of the PENG.
Figure 5(a) shows the response of the nanogenerator under
1440 cycles of repetitive finger-tapping with a few seconds
break of every 250 finger tapings. The fabricated PENG has
shown excellent response over all the cycles. The variation in
the output voltage within the 1440 cycles is due to the var-
iation in the applied pressure by manual finger tapping. The
generated output voltage from PENG does not alter much
even after 1440 cycles. The stability of PENG output was
tested at different times, such as immediately after the device
fabrication, after 3, 6, and 12 months as shown in figure 5(b).
These results show that the PENG device can work for a
longer period without any degradation in the response. The
long-term stability, mechanical reliability, and endurance of
the PENG were studied only in few reports in the literature,
and our results well match with the literature [24, 37]. It is
evident from figure 5(b) that the response of the PENG is
exceptionally stable over one year. It is concluded that PENG
is very stable in the aspect of material and response. The high
stability of the ZnO nanosheet-based PENG is attributed to
the morphologically networked ZnO nanosheets and the high
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Figure 4. Open circuit voltage of the nanogenerator under (a) repeated bending of the device, (b) repeated twisting of the device, (c) different
frequencies of finger tapping, (d) finger tapping with different impact magnitudes (low, medium, and high).
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Figure 6. (a) Photographs of the different balls; Output voltage of nanogenerator for the different magnitudes of impacts by (b) glass, (c)

marble, (d) ceramic, (e) acrylic balls.

mechanical strength of nanosheets as reported in the litera-
ture [21].

Figure 6(a) shows the photographs of different spherical
balls, namely glass, acrylic, ceramic, marble (top to bottom).
The ball drop test has been performed a minimum of four
times for a fixed height of 35 cm for each ball for accuracy
and repeatability (see multimedia file). Figures 6(b)—(d) show
the nanogenerator’s response for different impacts applied by
the glass, marble, acrylic, and ceramic material balls,
respectively. When the test ball was dropped from the height,
it exerts a force on the ZnO nanosheets of the nanogenerator.
The force applied by the impact causes the mechanical
deformation of nanosheets and produces a piezoelectric
voltage. The output voltage was decreased from an average
value of 300mV to 176 mV with a decrease in the mass
(weight) of balls. The density of material (ball) depends on
the mass of the material and volume. Since the volumes of all
balls are the same in our experiment, the density variation of
different balls depends on the mass of the balls. Therefore, we
can conclude that the change in the magnitude of the output
voltage is a function of the material’s density. Higher mag-
nitude output corresponds to the higher density material. This
study will be useful in the preparing database for the materials
of different densities provided all materials are in the same
shape and diameter. This database can be used for finding the
density of the unknown materials using scaling analysis.

Figure 7(a) shows the variation of output voltage in
response to the impact applied by different balls of equal

diameter but with a different mass. The magnitude of the
impact depends on its mass and drop height. As the drop
height is constant in our case, the magnitude of the impact
depends only on the mass of the balls. The response output
voltage was increased proportionally to the increase in the
magnitude of impact due to different masses of balls as
expected.

Figure 7 (b) shows the variation of output voltage in
response to the impact applied by the same acrylic ball,
dropped from different heights of 5cm, 10 cm, 20 cm, and
35 cm. The magnitude of the impact depends on its mass and
drop height. As the mass of the ball is constant in this case,
the magnitude of the impact depends only on drop height. The
response output voltage is increased proportionally to the
increase in the impact due to different drop heights of the ball
as expected. The above results will be useful in non-
destructive material discrimination in small and medium-scale
industries.

4. Conclusions

In conclusion, the ZnO nanosheets are grown on conducting
aluminium substrate by a cost-effective hydrothermal method
at 80 °C in a hot air oven. The SEM and TEM studies confirm
the uniform growth of nanosheets, and the size of sheets is in
the range of ~0.5-1 um. The polycrystalline nature of the
individual nanosheets is confirmed with TEM studies. A
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piezoelectric nanogenerator is fabricated using two dimen-
sional ZnO nanosheet network and its different characteristics
are studied. The fabricated nanogenerator was demonstrated
for the mechanical energy harvesting using bending and
twisting motions. The output voltages of ~350mV and
200 mV were observed for bending and twisting movements
of the device. The maximum output power of 18 nW was
obtained at the load resistance of 200 Kohms with 60 mV
output voltage. Similarly, the fabricated nanogenerator was
demonstrated for the low, medium and high-pressure sensing
applied by the finger. The output voltages of ~76 mV,
100 mV, and 145 mV were observed for low, medium, and
high pressures applied by the finger. The PENG has shown
excellent stability and repeatability of its response to finger
tapping over 1440 cyclic tests, over a period of one year.
Finally, the fabricated nanogenerator also demonstrated the
possible application of material discrimination by a ball drop
test. The output voltage generated for each ball discriminating
them based on their density. The nanogenerator output can be
calibrated using different densities of materials and can be
used as a reference database for the density of the materials.
The present results open up a new strategy for material dis-
crimination in a non-destructive way with reference to a
calibrated database. Further, a touch sensor, electronic skin
applications can be explored from the reported nanogenerator
in the future.
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