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Abstract: Energy harvester devices have garnered enormous attention in various
technologies, such as wearing and portable devices. The current study aims to design and
fabricate tribo/piezoelectric hybrid nanogenerators with electrodes made of Aluminum
and Copper and Zinc Oxide nanostructures composite embedded in the PDMS. According
to the morphology studies, Zinc Oxide nanosheets grew uniformly in the (103) crystal
direction on the Aluminum substrate. In contrast, the nanorods that grew on the Copper
substrate were disorderly with a large angle to the surface. The results indicate that the
1000 rpm deposition PDMS layer sample with Aluminum electrodes and Zinc Oxide
nanosheets generated the highest voltage and current equal to 120 V and 24 pA,
respectively. Both Copper and Aluminum electrodes coupled with ZnO nanosheets
nanogenerator had the lowest voltage, current, and power generation. The hybrid
nanogenerator with two aluminum electrodes and Zinc Oxide nanosheets generated the
highest power equal to 0.97 Wm-2. According to the obtained results from the
characterization of hybrid piezo/triboelectric nanogenerators, Aluminum electrodes with
Zinc Oxide nanosheets embedded in PDMS exhibited better performance, hence a suitable
option for harvesting mechanical energy for self-charging devices.
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1. INTRODUCTION

Economic and technological developments are the
outcomes of global industrial revolution. The
globalization procedure raises the problem of electrical
energy consumption which is the main source of
different industries. Owing to the reduction in fossil
fuels resources, as the main energy resources, harvesting
energy from renewable resources is a valuable approach
to meet the global energy demands (Olabi &
Abdelkareem, 2022; Sen & Ganguly, 2017). Exploiting
energy harvesting devices not only offers a solution to
energy crisis but also plays a considerable role in human
survival. Mechanical Energy is the most abundant and
accessible energy in human environment and daily
activities that can be harvested by nanogenerators.
Amongst all types of nanogenerators, Triboelectric and
piezoelectric  nanogenerators  exhibit  significant
potential due to their unique advantageous
characteristics. Triboelectric nanogenerators function
based on electrostatic induction principles (Deng et al.,

2022; Luo et al., 2021; Pyo et al., 2021). They can
effectively aggregate ambient mechanical energy and
convert it into electricity endlessly. Some of their
advantages such as broad material availability, small
volume, low cost, low-frequency response, and
relatively high electrical output make them appropriate
for powering self-powered sensors (Kim et al., 2021;
Tan et al., 2020). On the other hand, piezoelectric
nanogenerators are introduced as one of the important
techniques for environmental mechanical vibration,
stress, and strain. Thanks to the electromechanically
coupling effect in inherent piezoelectric material,
nanogenerator based on piezoelectric materials can
convert vibration into electricity. Piezoelectricity exists
in different material categories such as in ceramics,
single crystals, and polymers. Piezoelectric ceramics
including ZnO, BaTiO3 (BTO), and PZT have attracted
interest in piezoelectric-based generators (Azimi et al.
2021; Pusty & Shirage, 2022; Zaszczynska, Gradys, &

Sajkiewicz, 2020).
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Zinc Oxide (ZnO) is a non-ferroelectric material
with a wurtzite crystal structure and polarization along
the c-axis [35, 36]. Although Zinc Oxide has a lower
piezo-electric constant than those of PZT and BTO, its
low dielectric () and moderate piezoelectric strain
constant (e) result in a higher piezoelectric voltage
constant. Additionally, ZnO can be synthesized through
various methods to form different nanostructures,
making it a feasible material for piezoelectric
nanogenerators. It is noteworthy that in addition to its
high piezoelectricity, ZnO stands out for wearable and
implantable energy harvesting devices due to its low
cost, abundance, tunability, ease of fabrication, and
nontoxicity (Afshari, Golshan Bafghi, & Manavizadeh,
2022; Bafghi & Manavizadeh, 2020; Y.-G. Kim et al.,
2022; Vallem et al., 2021). Unlike other piezo-ceramics
that contain toxic elements like lead, different forms of
Zinc oxide including nanoarrays and nanoparticles are
particularly noted for their excellent biocompatible
material. Materials biocompatibility is a key factor in
wearable electronics. Polydimethylsiloxane (PDMS) is
considered an ideal biocompatible material for flexible
wearable electrical sensors and energy harvesters. Its
inherent elasticity allows PDMS to be twisted, rolled,
folded, compressed, and stretched (Kim, Dudem, & Yu,
2018; Paydari et al., 2023). Tribo-piezoelectric hybrid
nanogenerators (HNG) can overcome the challenge of
high electrical output performance of nanogenerators.
Hybrid nanogenerators offer a promising approach for
high-power flexible wearable devices (Dong, Peng, &
Wang, 2020; Shakthivel et al., 2021).

2. Experimental Methods

ZnO/PDMS composite was fabricated on different
substrates. Pieces of 2x2 cm? Aluminum and copper tape
were utilized as the substrates. Followed by the
deposition of Zinc oxide seed layer on the substrates
through the spin coating method and subsequent
annealing process, ZnO  nanostructures  were
synthesized through the hydrothermal method. The
growth process was carried out at 90 °C for 2.5 h. In the
next step, the PDMS matrix, with a proportion of 1:10
for silicon elastomer curing and base, was deposited
onto the as-grown nanostructures using the spin coating
method to achieve a uniform layer. While fabricating
hybrid tribo/piezo nanogenerator, Aluminum and
copper tape were utilized due to their ease of access,
fabrication, and cost-effectiveness. Finally, a PET band
was used to place two parts of the nanogenerator in front

. Flexible Band (PET) B Aluminum Electrode

of each other (Figure 1). To investigate the performance
of hybrid nanogenerators, four nanogenerators with
different electrodes were fabricated. Additionally, the
effect of PDMS thickness on the performance of
triboelectric nanogenerators was studied. The samples
were tested under the force and frequency of 5N and 4
Hz, respectively.

S1: Both electrodes were made of Aluminum. ZnO
nanosheets were synthesized on one of the electrodes,
and the PDMS layer was deposited with 1000 and 2000
rpm, each for 10s using a spin coater.

S2: Both electrodes were made of Aluminum. ZnO
nanosheets were synthesized on one of the electrodes,
and the PDMS layer was spin-coated with 1000 rpm and
10s.

S3: Electrodes were made of Aluminum and Copper.
ZnO nanosheets were synthesized on the Aluminum
electrode and PDMS layer was spin-coated with 1000
rpm and 10s.

S2: Both electrodes were made of Copper. ZnO
nanorods were synthesized on one of the electrodes, and
the PDMS layer was spin-coated with 1000 rpm and 10s.

3. Results

The structural and morphological properties of ZnO
nanostructure synthesized on Aluminum and Copper
were studied using XRD and FESEM analyses. The
results show that the nanostructures grown on
Aluminum were in nanosheet forms, and most of them
were oriented along the (103) crystal direction. On the
contrary, ZnO nanorods growing on Copper tape were
oriented along the (102), (101), and (002) crystal
direction. According to the results of voltage and current
analyses, Sample S2 with a thicker PDMS layer
generated a voltage and current of 120 V and 24 pA,
respectively. Sample S1, with thinner PDMS and
Aluminum electrodes, produced the voltage and current
of 65v and 22 PA, respectively. Sample S3, with
Aluminum and Copper electrodes, had the lowest
generated voltage and current of about 58V and 8 pA,
respectively. Sample S4, with two copper electrodes,
generated the voltage and current of 81V and 15 pA,
respectively. Moreover, the maximum generated power
of the Samples S2, S3, and S4 under different resistance
loads was approximately 0.97, 0.28, and 0.8 Wm?,
respectively. Of note, Sample S2 charges a 0.5uF
capacitance to 5.5V in 30s.

| ZnO Nanostructures D PDMS Matrix

Figure 1. Shematic image and sample image of hybrid tribo/piezoelectric nanogenerator based on ZnO/PDMS composite.



17

P. Paydari et al. / Journal of Advanced Materials and Technologies (JAMT): Vol. 12, No. 3, (Autumn 2023), 15-30

30 —sl1
—s2
S3 |

_ sS4
<
=
=
o
=)
j=3
O

(=)

0 16 32 48 64

Time [s]

Voltage [V]

180

—sl1
150 s
120f s3

90} S4
60t
30t
0
30
-60}
90} )
-120
0 16 32 48 64

Time [s]

Figure 2. Voltage and Current generated by hybrid piezo/triboelectric nanogenerators
with different electrodes and composite thickness.
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Figure 3. Power and current generated by hybrid piezo/triboelectric nanogenerators under different load resistances.
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