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Abstract: Harvesting energy directly from the environment is one of the most effective and promising approaches for powering
nanodevices. In this study, nano piezoelectric devices based on ZnO nanorod array/conducting polymers are fabricated for wearable
power generation application. To replace the inorganic rigid indium-tin oxide (ITO) conducting coating commonly used in the
nanogenerator devices, a series of flexible polyaniline-based conducting copolymers underlying the ZnO nanorod arrays has been
synthesized with improved electric conductivity by the copolymerization of aniline and 3,4-ethylenedioxythiophene (EDOT) monomers
in order to optimize the piezoelectric current collection efficiency of the Devices. Although the efficiency and durability of harvesting
materials such as piezoelectric nanowires have steadily improved, the voltage and power produced by a single nanowire are insufficient
for real devices. The integration of large numbers of nanowire energy harvesters into a single power source is therefore necessary,
requiring alignment of the nanowires as well as synchronization of their charging and discharging processes. As an innovative and
much improved step towards achieving a high-power-output, an ac nanogenerator based on vertically or laterally aligned ZnO
nanowire arrays based on a hydrothermal method is proposed.lt is to synthesize ZnO nanorod arrays on polyaniline-based conducting

polymer coatings with different electric conductivities.
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1. Introduction

Energy has been essential in building up modern society.
Some energy can be seen, but most does not have a visible
form. Energy is defined in several ways such as mechanical,
electrical and chemical. All of these definitions are based on
where energy is stored. Energy is stored everywhere. Heat,
electricity, dynamic, chemical, photo and biomass forms of
energy are all stored differently but these can be converted
from one to the other. Among many types of energy,
electricity is the most common used form for modern
devices because it is easy to convert to other types. The
energy obtained from the

vibration is converted to electrical energy. Mechanical
energy surrounds us in our daily life, taking the form of
sonic waves, mechanical vibrations and impacts, air flow,
friction, hydraulic and ocean waves, all available around the
clock. A novel ZnO nano piezoelectric device based on a
hydrothermal method to synthesize ZnO nanorod arrays on
polyaniline-based conducting polymer coatings is proposed
here. A periodic, low-frequency, uniaxial strain is applied to
the ZnO nanowires by an external mechanical action to
create a piezoelectric potential along the nanowires ,which
results in an alternating electrical output.

2. Literature Survey

Sheng Xu et al reported the vertical and lateral integration of
ZnO nanowires into arrays that are capable of producing
sufficient power to operate real devices[1].Recently Yu-
Ping Lee et al demonstrated nanopiezoelectric devices based
on ZnO nanorod array/conducting polymers for fabrication
of wearable power generation application[2]. Extensive

studies of ambient vibrations from different sources in the
environment ranging from milling machines to commercial
aircraft have been reported[3,4].By the discovery of its
particular optoelectronic[5-7], piezoelectric [8-10], and
biocompatible[11-13]  properties, which grant this
nanomaterials great possibility in electronics[10-18],
biomedical devices [19-21], and power generation
application [22-27].Especially, the piezoelectric property of
ZnO nanorods makes this versatile material for
nanotechnology applications, which include piezoelectric
field-effect transistors [28-30] and diodes. ZnO nanorods
can be used to generate rectifying piezoelectric current,
which results from their combined semiconducting and
piezoelectric characteristics upon the application of external
forces, such as pushing, bending, vibration or rolling force,
etc. Wang et al [8] reported the study of converting the
mechanical energy in nanoscale into electrical energy by
applying a dragging force on the ZnO nanowire arrays,
therefore establishing the method of nanogenerators (NGs)
for collecting mechanical energy. Thereafter, in the field of
nanopiezotronics there have been various attempts to
implement and utilize the semiconducting/coupled
piezoelectric properties of ZnO nanostructure for novel
application. ZnO nanowires are unique in their suitability
not only for the fabrication of nanosensors but also for
scavenging mechanical energy. One creative initiative is to
use ZnO nanowires, alone, to build an integrated
nanopower—nanodevice system that is self-driven, with no
battery or external power source. The most challenging task
in achieving this aim is probably the creation of an energy-
scavenging unit that works over a range of frequencies.
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3. Problem Definition

In this study, | propose a novel ZnO nanopiezoelectric
device based on a hydrothermal method to synthesize ZnO
nanorod arrays on polyaniline-based conducting polymer
coatings with different electric conductivities and as an
innovative and much improved step towards achieving a
high-power-output, a.c. nanogenerator based on vertically
(VING) or laterally(LING) aligned ZnO nanowire arrays in
which there are solid bonds/contacts between the electrodes
and the ends of the nanowires. To replace the commonly
used indium-tin oxide (ITO) conducting coating in the
nanogenerator devices, a series of the conducting polymer
coatings underlying the ZnO nanorod array has been
synthesized by the copolymerization of  3,4-
ethylenedioxythiophene (EDOT) and aniline at different
monomer compaositions in order to optimize the piezoelectric
current collection efficiency of the devices for the new all
wet chemical coating processes.

ZnO nanorod array based on flexible conjugated
copolymer hybrids

Nanopiezoelectric devices based on ZnO nanorod
array/conducting polymers are fabricated for wearable
power generation application. To replace the inorganic rigid
indium-tin oxide (ITO) conducting coating commonly used
in the nanogenerator devices, a series of flexible polyaniline-
based conducting copolymers underlying the ZnO nanorod
arrays has been synthesized with improved electric
conductivity by the copolymerization of aniline and 3,4-
ethylenedioxythiophene (EDOT) monomers in order to
optimize the piezoelectric current collection efficiency of the
devices. It is found that significantly higher conductivity can
be obtained by small addition of EDOT monomer into
aniline  monomer solution using an in-situ oxidative
polymerization method for the synthesis of the copolymer
coatings. The highest conductivity of aniline-rich copolymer
is 65 S/cm, which is 2.5 times higher than that for
homopolymer polyaniline coating. Subsequently, ZnO
nanorod arrays are fabricated on the polyaniline-based
copolymer substrates via a ZnO nanoparticle seeded
hydrothermal fabrication process. The surface morphology,
crystallinity, orientation, and crystal size of the synthesized
ZnO nanorod arrays are fully examined with various
synthesis parameters for copolymer coatings with different
monomer compositions. It is found that piezoelectric current
generated from the devices is at least five times better for the
device with improved electric conductivity of the copolymer
and the dense formation of ZnO nanorod arrays on the
coating. Therefore, these results demonstrate the advantage
of using flexible —conjugated copolymer films with
enhanced conductivity to further improve piezoelectric
performance for future wearable energy harvesting
application based on all wet chemical coating processes.

Deposition of ZnO Seed Layer on Polyaniline-Based
Copolymer Coating

In order to ensure the fabrication of well-organized ZnO
nanorod arrays on the surface of the synthesized conducting
copolymer coatings, prior to the hydrothermal synthesis
method for ZnO nanorod fabrication, a seed layer of
crystalline ZnO nanoparticles needs to be deposited on the
conducting copolymer coatings. The procedure for

depositing the ZnO seed layer on polyaniline-based
copolymer coating by a spin-coating method. A
hydrothermal fabrication process was used for fabricating
ZnO nanorod arrays on a seed coated copolymer film
substrate. The surface morphology of ZnO nanorod
array/polyaniline-based copolymer coatings was analyzed by
using field scanning electron microscopy (FESEM)

Three-dimensionally integrated VING

The key to a self-powered nanosystem is the fabrication of a
nanogenerator that provides high output voltage and power
Polyaniline-based conductive copolymer coatings, on which
Vertical ZnO nanorod arrays were grown A layer of
polymethyl-methacrylate (PMMA) was spin-coated onto the
nanowires to fully wrap them from top to bottom largely
improving the stability and mechanical robustness of the
entire structure, and also preventing possible short-circuiting
between the substrate and the top electrode. Oxygen plasma
etching was performed, leaving behind fresh and clean tips
on the nanowires. A piece of silicon wafer coated with a
300-nm-thick platinum film was then placed in direct
contact with the nanowires creating a Schottky contact at the
interface. The working principle of the VING lies in the
coupling of piezoelectric and semiconducting properties.
The presence of a Schottky contact at least at one end of the
nanowires is essential for the operation of the VING. The
output voltage and current could be greatly enhanced by
linearly integrating a number of VINGs. Theoretical
calculations have shown that, within the elastic linear
mechanics regime, the output voltage of a single nanowire is
linearly proportional to the magnitude of its deformation.
The ZnO nanowires in the VING were all connected in
parallel between the two electrodes. Undoubtedly, as we
increase the pressing force acting on the nanowires, their
deformation becomes larger, and the output voltage will
linearly scale up. It must be noted that a large fraction of the
applied stress was consumed in overcoming the elasticity of
the packaging material (1-2 mm in thickness) around the
VING. The magnitude of the output voltage also depended
on the straining rate at which the stress was applied The
output signals of the VING were stable over a long period of
time.

High-output flexible LING

A single nanowire-based nanogenerator on a flexible
substrate can be driven by the mechanical agitation present
in our living environment including that resulting from
human or animal motion.It is essential to enhance the output
power by integrating contributions from multiple nanowires.
Because the diameter of a nanowire is much smaller than the
thickness of the substrate film, all the nanowires on a
substrate are subjected to a pure tensile strain when the
substrate is stretched. Each active nanowire works as a
‘charging pump’, and is independent of the other nanowires
as the substrate is bent and released. If the charging and
discharging processes of many nanowires could be
synchronized, the output a.c. voltages could be added
constructively resulting in a high output voltage. Several
factors have to be considered when integrating the outputs of
many nanowires. First, there should be a Schottky contact at
least at one side of the nanowires . Second, the contacts at
the two ends should be robust enough that the mechanical
deformation can be effectively transmitted from the
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electrodes to the nanowires. Third, all the nanowires should
have the same crystallographic orientation to ensure that the
polarities of the generated piezoelectric potentials are
aligned. The nanowires therefore need to be rationally
grown, directly on the substrate, rather than by chemical
assembly. Finally, all of the nanowires must be stretched and
released in a synchronized manner, so that the piezoelectric
potentials generated by all of them are in the same direction
and occur at the same time resulting in an enhanced output
voltage. The first step was to grow crystallographically
aligned nanowires parallel to the substrate using Polyaniline-
based conductive copolymer coatings, on which Lateral ZnO
nanorod arrays were grown. A thick layer of gold was then
deposited using an aligned mask technique to connect the
tips of the nanowires with the gold electrode so that the
nanowires were robust to mechanical deformation without
there being any loose contacts A periodic external force was
used to deform the flexible substrate so that the nanowires
experienced a cyclic stretching—releasing deformation
process. A push to the middle of the substrate by the linear
motor resulted in a tensile strain across all the rows of the
nanowires constructed on top of the substrate , creating a
macroscopic piezoelectric potential resulting from the
crystallographic alignment of the nanowires. Integrating
more ZnO nanowires, improving the interconnection of the
electrodes and nanowires, and increasing the strain or
straining rate are all important targets for enhancing the
output voltage and current of the LING.

Like the VING, increasing the strain is an effective way to
achieve a high output voltage and current.The output voltage
has been greatly enhanced by lateral integration, but the
output current is rather limited, which is probably
attributable to the following factors. First, the orientational
alignment of the as-grown lateral nanowires was not perfect
and only a fraction of them were in contact with the gold
electrode Second, the bonding between the gold and ZnO
was not very solid, and could become loose during repeated
mechanical stretching cycles.

4. Conclusion

ZnO nanorod arrays on various polyaniline-based
conducting copolymer coatings and utilized the coupled
piezoelectric-semiconducting properties of ZnO nanorods
and improved charge-collection performance of the
conducting copolymer coatings. The active piezoelectric
hybrid coatings could be produced by sequential solution-
based manufacturing processes of coating conducting
polymers, ZnO nanoparticle seeds, and hydrothermal
synthesis of ZnO nanorod arrays, facilitating future wearable
application based on all wet-chemical methods. The
enhancement in the measured conductivity for the
copolymer coatings with a small addition of EDOT
monomer into aniline might be due to the minor monomer
inhibition effect on the copolymerization rate, which
enhances the molecular weight of synthesized conductive
copolymer coatings. In addition, the reduction in the
copolymerization rate ensured the formation of uniform film

nanowires were in full contact at both ends. Using the
crystallographic alignment of the nanowires, a macroscopic
piezo-potential is created when the nanowires are subjected
to a uniaxial compressive or tensile strain, which drives a
transient flow of electrons in the external circuit. This
demonstrates the great potential for layer-by-layer three-
dimensional integration in applications where a dynamic
compressive stress/straining is available, such as in shoe
pads, vehicle tyres and under carpets or floors. Experimental
observation has shown that ZnO nanowires are robust and
fatigue-free. Therefore, a layer-by-layer integration of
LINGs is possible for fabricating three-dimensional energy
harvesters that have a high enough output to power small
electronic devices.
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