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Abstract
Reducing the cost of the synthesis process and device fabrication plays an essential role inmodestly
developing products. In the present report, a simple and low-cost approach for the synthesis of ZnO
nanosheets and the fabrication of a piezoelectric nanogenerator is developed. The ZnOnanosheets are
synthesized by hot plate assisted hydrothermalmethod and characterized for theirmorphology,
crystallinity, composition. The fabricated nanogenerator device produced an open-circuit voltage of
∼220mVupon finger tapping. The series connection of seven such devices produced an open-circuit
voltage of∼1.2 V. The ZnOnanosheets films synthesized at a growth temperature of 85 °C for a
growth duration of 4 h are found to be optimumparameters formaking the nanogenerator device
with high output. The nanogenerator response is recorded for different frequencies offinger tapping
and different finger-tapping pressures. Further, the fabricated nanogenerator exhibited a stable output
response over 1100 cycles confirms the high durability of the fabricated device. The fabricated
nanogenerator is explored further for pressure sensing application.

1. Introduction

Recently,most of the research focused on energy harvesting due to environmental issues, carbon emissions, and
the limited availability of fossil fuels [1, 2]. To address these difficulties, a new researchfield known as
‘nanogenerators’ has emerged, which uses piezoelectricmaterials to harnessmechanical energy [3–5]. The ease
withwhichmechanical energy could be converted to electrical energy utilizing awell-known piezoelectric
propertymakes it evenmore attractive and potential. Themain advantages ofmechanical energy are widely and
easily available everywhere in nature at all times. Nanogenerators have been used as actuators, sensors,
photodetectors, self-powered devices [6–9]. Among all piezoelectricmaterials, zinc oxide (ZnO) is selected in the
current work to fabricate the nanogenerator. ZnOhas several advantages viz. non-toxicity, environmental
friendly, biocompatibility, and excellent optical and electrical properties [10, 11]. Synthesis of ZnO
nanostructures is easy, established, and involves a simple process compared to all othermaterials synthesis.
Among different synthesismethods, the hydrothermal synthesis of ZnOnanosheets is simple, inexpensive,
single-step process, and low-temperature process [12, 13]. The obtained nanosheets exhibited highmechanical
durability as well [14]. Hydrothermal synthesis is adapted in this report for the synthesis of ZnOnanosheets.

Hydrothermal synthesis of ZnOnanosheets is a well-establishedmethod, and it deals with synthesis at a
temperature less than 100 °Cusing a hot air oven inmost of the literature [15]. A hot plate was used in the
current work instead of a hot air oven to provide growth temperature to the growth precursor solution. The cost
of the process was reduced appreciably by adapting thismethodology. To the best of our knowledge, the
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synthesis of ZnOnanosheets using a hot plate has not been investigated so far, which forms the novelty of this
paper. The novelty of the paper lies in the use of a low-cost hot plate for the ZnOnanosheets synthesis. It is a
simple technique to synthesize nanostructures by directly heating of growth solution at the desired temperature.
The hot plate-assisted hydrothermalmethod can be easily implemented formass production of ZnOnanosheets
films and larger areafilms for commercial applications. Themain advantages of this newmethod are simple, low
cost, rapid growth, catalyst-free, single-step synthesis.

In this work, we report a cost-effective and straightforwardmethod to synthesize ZnOnanosheets using the
hot plate-assisted hydrothermalmethod. Further nanogenerator was fabricated formechanical energy
harvesting and characterized for its electrical characteristics and sensing applications.

2. Experimental

2.1. ZnOnanosheets synthesis and characterization
TheZnOnanosheets filmwas synthesized onAl substrates using the hot platemethod, as shown in the
schematic diagramoffigure 1(a). In thefirst instance, the aluminium substrates were ultrasonically cleanedwith
acetone and deionized (DI)water for 10 min, then dried under a hot-air blower. Initially, zinc nitrate
( ( ) )Zn NO H o. 6 ,3 2 50mM) and hexamethylenetetramine (C H N ,6 12 4 HMTA, 50mM)were dissolved in 100ml of
DIwater and stirred for 10 min separately at room temperature. These two solutions weremixed in another
beaker and stirred till the combined solution became transparent. One side of the aluminium substrate was
sealedwithKapton tape and suspended in the growth solution, as shown infigures 1(b)–(c). The beaker
containing the growth solutionwas coveredwith aluminium foil. A small openingwasmade to insert a
thermocouple, as shown infigure 1 (d), for continuouslymonitoring the temperature. This small opening in the
aluminium foil has beenmade such that it can be closed or opened depending on the requirement. Before
performing synthesis, the growth precursor solution temperaturewas calibrated for 50 °C, 60 °C, 70 °C, 85 °C,
95 °Cagainst applied hot plate temperature by inserting a thermocouple in the growth precursor solution.
Finally, the beaker containing the growth precursor was kept over the hotplate at different growth temperatures
for 4 h., ZnO-coated films on aluminium substrates were taken from the solution after 4 h of growth, rinsedwith
DIwater, and driedwith a hot-air blower.

Figure 1. (a) Schematic of the preparation steps of ZnOnanosheets and experimental set up of hot plate synthesis of ZnOnanosheets.
Real-time images during various stages of preparation steps of ZnOnanosheets (b) bare aluminium substrate, (c) aluminium substrate
sealedwithKapton tape (d) substrate suspended into the growth solution in a sealed glass beaker, (e)–(f) growth solution beaker
placed over the hot plate and solution temperature observed by using digital thermometer and thermocouple (g)–(h) aluminium
substrate after the growth of ZnOnanosheets with the removal of Kapton tape.
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Further, ZnOnanosheets growthwas performed at different growth durations of 1, 2, 3, 4, 5, 6 h at a one
selected optimumgrowth temperature of 85 °C. Several characterization techniqueswere performed to study
the ZnOfilms. The ZnO films surfacemorphology and compositionwere analysed using a scanning electron
microscopy (SEM,VEGA3TESCAN) attachedwith energy dispersive spectroscopy (EDS). The crystallinity of
thefilmswas checked using by x-ray diffraction (XRD, BrukerD8) technique. Themicrostructure and
crystallinity of the individual ZnOnanosheets were done using a transmission electronmicroscope (TEM,
TecnaiG2 20).

2.2. Nanogenerator fabrication and testing
The fabrication of the nanogenerator required two conducting electrodes and piezoelectric nanostructure film.
The schematic of the device fabrication is shown infigure 2(a). The uncoated region of aluminium foil shown in
figure 1(h) is act as the bottom electrode, and ITO coated PET sheet acts as the top electrode. The ITO coated
PET sheet was placed over the ZnOnanosheet filmwithoutmaking any short-circuit with a bottom aluminium
electrode. This sandwiched (PET:ITO/ZnOnanosheets/Al) structure is sealedwithKapton tape rigidly tomake
proper contacts and avoid the triboelectric effect. Two conductingwires were connected to both the electrodes,
as shown infigure 2(b).

The nanogenerator response againstfinger tappingwas recorded using digital storage oscilloscope
(Tektronix TBS1102)with the help of interfacing software (Tekvisa) to the computer. The response of the
nanogenerator was recorded across different load resistances tofind out the optimumpower of the
nanogenerator. Further, the response of the nanogenerator was also recorded for different finger-tapping
pressures to apply the fabricated nanogenerator for practical pressure sensing applications.

3. Results and discussion:

Figures 3(a)–(d) shows the surfacemorphology of the ZnO thin films prepared at different growth temperatures
of 50 °C, 60 °C, 70 °C, 85 °C, respectively. In all the cases, ZnOnanosheets are present all over the substrate
except at 50 °C.These sheets are relatively vertically with respect to the substrate and also randomly distributed.
Nanosheets are connected among them in a non-uniformway.

Figure 2. (a) Schematic of the device, (b)Actual image of the fabricated device.

Figure 3. (a)–(d)Morphology of the ZnO films obtained at different temperatures, (e)–(h)EDS spectra of the ZnOnanosheetfilms.
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The formation of the ZnOnanosheet is similar to the hydrothermal growth of ZnOnanosheets using a hot
air oven [16]. Growth temperature plays a significant role in obtaining ZnOnanostructures. At lower
temperatures of 50 °Cand below, growth of nanosheets was not observed due to insufficient thermal energy for
the decomposition ofHMTA [16]. The uniformnanosheets growthwas observed from60 °Conwards and
continued till 85 °Cand above (See SI, S1 (available online at stacks.iop.org/ERX/3/035022/mmedia)). The
differences observed in themorphology are due to the different densities and heights of the nanosheets, which in
turn depends on the growth temperature. The growth rate of nanosheets increases with an increase in growth
temperature as sufficient thermal energy is provided. Further, x-ray diffraction study confirms the
polycrystalline nature of the ZnOnanosheetfilms (See SI, S2). Further, the purity of prepared filmswas studied
by energy dispersive spectroscopy (EDS) and shown infigures 3(e)–(h). The EDS spectra of all thefilms showZn,
O, Al, and no other detected elements.

Figure 4(a) shows TEM image of the fewnanosheets on the copper grid. The transparent nature of the
nanosheets confirms the lesser thickness of the sample. Further, the selected area electron diffraction (SAED)
pattern recorded onZnOnanosheet exhibited the polycrystalline nature of the ZnOnanosheets. EDX spectrum
recorded on the ZnOnanosheets further confirms the purity of the nanosheets.

The response of the nanogenerators fabricated from the ZnOnanosheet films synthesized at different
growth temperatures is shown infigure 5(a). This response was recorded at uniform finger tapping pressure on
the device under open-circuit conditions. It is clear from figures 5(a)–(b) that output voltage is increasedwith an
increase in the growth temperature and saturated above 85 °C.The change in the output voltage can be
correlated to ZnOnanosheet deformation’smagnitude under applied pressure. At lower temperatures films,
minor deformations can be expected due to sheet heights were small. At higher growth temperature films, large
deformation can be expected due to significant sheet heights. The saturation in the output voltage at 85 °C and
abovemay be due to the similar thickness of the nanosheetfilms. Therefore, a growth temperature of 85 °C is
found to be the optimumgrowth temperature for higher nanogenerator output voltage. Further, the
nanogeneratormade up of ZnOnanosheet films synthesized at 85 °Cwere used for all other studies in the
subsequent sections.

Figures 5(c)–(d) shows the typical response of the nanogenerators, whichwere fabricatedwith ZnO
nanosheetsfilms obtained at 85 °C for different growth durations of 1–6 h.Nanogenerator output is increasing
with increasing growth duration and saturated for 4 hZnOnanosheetfilms onwards. The ZnOnanosheets
length increases with an increase of growth duration and saturates after a particular time. ZnOnanosheet length
saturationwith growth time due to consumption of all the -OH ions and +Zn 2 ions in the growth solution [17].
The saturation of ZnOnanosheets height was observed for 4 h of growth films and above. The height saturation
of ZnOnanosheets results in the same deformation under applied pressure and produces the same output.

Figure 4. (a)TEM image of the ZnOnanosheet, (b) SAEDpattern recorded on the ZnOnanosheets, (c)EDX spectrum recorded on the
ZnOnanosheet.
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Figures 6(a)–(b) shows the response of nanogenerators under switching polarity test and linear
superposition of voltage test. These tests were performed to confirm the output voltage generated from the
nanogenerator alone, not by the oscilloscope or noise in the instrument [18–21]. In the switching polarity test:
the forward and reverse connections were established by interchanging nanogenerator connections to the
measuring device. The nanogenerator has shown exactly opposite voltage output signal in reverse connection
with respect to the forward signal, as shown infigure 6(a) (See SI Video S1, S2). In both configurations, the
output voltage of the nanogenerator is nearly the same. In the second test, the seven nanogenerator devices were
connected in series to add up the voltages. The output voltages generated by the series-connected seven
nanogenerators are shown infigure 6 (b), and an output voltage of∼1.2 V beingmeasured (See SI Video S3, S4).
These tests confirmed the output voltage generated fromnanogenerator alone not by the oscilloscope or noise in
the instrument.

Nanogenerator output voltagewas recorded at different load resistances ranging from10KΩ to 100MΩ

under uniformhand tapping tomeasure the optimumoutput power. Figure 6(c) shows the variation of output
voltage under different load resistances.With an increase in load resistance, the voltage increases and saturates at
a value of approximately∼200mV. The saturated output voltage at higher resistance (>10MΩ) is close to the
open circuit output voltage. Inset of the figure 6(c) shows themagnified view of output voltage up to 3MΩ load
resistance. The nanogenerator output voltage behaviourwith load resistance can be understoodwith the help of
a simple equivalentmodel proposed by Z LWang and other research groups in the literature [22–25] (See SI, S3).
Now,we can assume the nanogenerator device is equivalent to a voltage source, and load resistance (RL)
connected parallel to the device tomeasure voltage. The voltage drops across the RL increase until the optimum
RL and saturate at the theoretically infinite load resistance similar to open-circuit voltage [26]. The load
resistance dependence of output voltage shows a similar trend as reported in the literature for piezoelectric
nanogeneratorsmade of differentmaterials [26–30].

The output power =( )( )
Power V

RL

2

of the nanogenerator with different load resistances was calculated and

depicted infigure 6(d). Themaximumoutput power of 65 nWwas observed for the nanogenerator at 100KΩ of

Figure 5. (a)Response of the nanogenerators fabricatedwith ZnOnanosheetsfilms synthesized at different growth temperatures, (b)
average output voltage of nanogenerators fabricatedwith ZnOnanosheetsfilms synthesized at different growth temperatures, (c)
response of the nanogenerators fabricatedwith ZnOnanosheetsfilms synthesized at different growth durations, (d) average output
voltage of nanogenerators fabricatedwith ZnOnanosheets films synthesized at different growth durations.
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Figure 6.Nanogenerator output characteristics against finger tapping (a) forward and reverse connection response, (b) output voltage
of the series-connected seven nanogenerators, (c) average output voltage of the nanogenerator across different load resistances, (d) the
output power variationwith variable load resistance, (e) response of the nanogenerator against different finger-tapping pressures, (f)
average output voltage of the nanogenerator as a function of different finger-tapping pressures.

Figure 7. (a)nanogenerator response over 1100 cycles offinger tapping, (b)–(c)Magnified viewof the selected region of the cycle test,
(d)nanogenerator output at different cycle numbers.
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load resistance R .L Inset of thefigure 3(d) shows themagnified view of output power up to 5MΩ load resistance.
The output power characteristics of the nanogenerator can be understood from themaximumpower
transmission theorem [31]. It states thatmaximumpower transmission occurs when the load resistance value
equals the source internal resistance. In the present report, the peak in output power occurred under
impendencematched conditions across a load resistor value∼100KΩ. The output power decreasedwith the
load resistance values greater than 100KΩ due to the saturated output voltage. The saturated output voltage at
higher load resistance decreases theV2/RL ratio (power) value. The dependence of output powerwith load
resistance shows a similar trend as reported in the literature for piezoelectric nanogeneratorsmade of different
materials [32–34].

Further nanogenerator was explored for pressure sensing application. Figures 6(e)–(f) shows the response of
the nanogenerator under differentfinger-tapping pressures of a low,medium, and high. Themeasured voltages
are∼40mV,110mV, and 200mV for low,medium, and high tapping pressures. The amount of deformation in
ZnOnanosheets rises as the pressure acting on the nanosheet increases, resulting in an increase in output
voltage.

Further, the response of the nanogenerator tested over 1100 cycles is shown infigure 7(a). Figures 7(c)–(d)
shows themagnified view of the nanogenerator response offigure 7(a). Further, the nanogenerator output
voltage at different cycle numbers is plotted and shown infigure 7(d). It is concluded from figure 7, the
nanogenerator has shown high stability and durability similar to the reported literature [35–37].

4. Conclusion

In this work, hot plate-assisted hydrothermal growth of ZnOnanosheet networks is reported for the first time. A
growth temperature of 85 °Cand a growth duration of 4 h is optimum for uniform and dense ZnOnanosheets.
XRD andTEMstudy confirms the crystallinity and purity of the ZnOnanosheetfilms. The nanogenerator is
fabricated by placing ITO coated PETon the top of the ZnOnanosheetsfilm. The switching polarity test and
linear superposition of voltage tests confirms the generated voltage fromnanogenerator. The proposed
nanogenerator produced an open-circuit voltage and an instantaneous power of∼220mVand 65 nW.The
proposedwork demonstrated the ease of process, simplicity, and cost-effectiveness. Further, this nanogenerator
performance can be improvedwith doping and composite ZnOfilms.
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