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A retrospect on the role of piezoelectric
nanogenerators in the development of the green
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This paper gives a detailed report of the evolution and potential applications of piezoelectric
nanogenerators (PENGs). Various configurations, together with the operating principles and techniques
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used for the fabrication of PENGs, are discussed. A brief overview of the wide range of materials used for

the design of PENGs that exhibit piezoelectric properties is also reported here. The optimization
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. Introduction

Self-powered devices are becoming ubiquitous and are receiving
increasing interest, because they dispense with the need for the
replacement of chemical batteries. As the world has been
migrating towards portability and miniaturization, the nano-
generator (NG) has become a demanding area of research. Size,
complexity and power consumption are greatly reduced because
of the development of such energy-scavenging devices. Hence,
there is a great need to develop sustainable self-sufficient eco-
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parameters to be considered while designing a PENG are also presented. PENGs are used in several
application areas, which are collectively summarized.

friendly nanoscale power sources as alternative forms of green
energy owing to the life-threatening effects of battery disposal
and the fossil energy crisis." The abundant renewable energy
resources, such as solar, wind, thermal, pressure, human
power, vibrations, etc., are generally underutilized for energy
harvesting. NGs can be developed using three different
approaches, namely, triboelectric,” piezoelectric® and pyroelec-
tric.* Among these, the piezoelectric approach is widely used,
because vibrations attracted many researchers as a renewable
power source, owing to its excellent environmental adaptability
and high robustness.® A large number of vibrations, such as
human motion, breathing, heartbeats,® walking, low-frequency
seismic vibrations, running automobiles, tides, waves, the
wind, blood flow, mechanical triggering, rotating tires, acoustic
waves, flowing water, muscle stretching,”® tiny clicks of the
fingers,® etc., are available from the surrounding environment
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but are wasted in our daily life. A PENG is a nanoscale energy
harvester that converts kinetic energy from mechanical vibra-
tions in the ambient environment into a usable form of elec-
trical energy using a piezoelectric material. The first PENG was
fabricated using zinc oxide nanowire (NW) arrays, which
produce a strain field, and charge separation takes place owing
to the piezoelectric and semiconducting properties of ZnO
when it is bent by an atomic force microscopy (AFM) tip; its
efficiency is estimated to be 17% to 30%.°

Nanoscale energy harvesting is an emerging field in which
efficient energy conversion is a challenging task. Various
research studies have been carried out to increase the energy
conversion ratio of such harvesters. Nanoscale energy harvesters
greatly reduce the size of power sources and are hence very
helpful in the development of many nanoelectromechanical
systems (NEMS) for various applications such as optoelec-
tronics,'® resonators,'* biosensors,"” and so on. They also pave
the way for many emerging fields such as smart consumer
electronics (mobiles, laptops), microelectromechanical systems
(MEMS), defense technology (spy robots, high-speed wireless
sensors), biomedicine (implantable devices), etc. This emerging
technology has a number of other advantages such as low
expenditure in manufacturing and synthesis, high robustness,
reliability, eco-friendliness, and so on. The size and complexity
of devices have been reduced by replacing the need for
conventional bulk batteries that have to be replaced or recharged
periodically by these PENGs. They are a promising solution for
the development of very compact self-powered portable devices,
which makes human life more convenient.

NGs have drawn the interest of many researchers because of
their outstanding performance in MEMS/NEMS applications.
However, the conversion efficiency and generated power of
early-stage NGs are too low to be utilized. Therefore, several
research works have been performed with great efforts to
improve the performance of NGs by utilizing diverse piezo-
electric materials with better piezoelectric properties,™* novel
NG designs'®"” and hybrid NG designs.'®"

This paper aims to provide a clear idea of PENGs, including
their evolution and involvement in the field of nanotechnology.
This paper is organized as follows. The basic operating prin-
ciple of NGs is described in Section II. In Section III various
structural configurations of NGs are reported. Various fabrica-
tion techniques used for the synthesis of nanostructures are
discussed together with their limitations in Section IV.
Section V provides a detailed description of different materials
used for the design of PENGs. The factors that improve the
efficiency of piezoelectric energy-scavenging devices are
explained in Section VI. The different types of available hybrid
energy harvester are reported in Section VII. The use of piezo-
electric nanoscale harvesting in a wide range of areas is
summarized in Section VIII. Section IX concludes the in-depth
review of the paper.

II. Modes of operation

PENGs have two basic modes of operation depending upon the
direction of the application of force.

This journal is © The Royal Society of Chemistry 2017
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A. Force exerted parallel to NG axis

When a force is applied to the tip surface of a vertically grown
nanostructure (NS), uniaxial compression of the structure takes
place and an electric dipole moment is created. The operation
of a PENG with a force applied parallel to the axis of the
nanogenerator is illustrated in Fig. 1.

A negative electric potential is created at the tip of the NS
owing to a direct piezoelectric effect, which raises the Fermi
level at the tip. A positive electric potential is created at the
other tip owing to the flow of electrons from the top tip to the
bottom. The periodic peak in potential is responsible for the
formation of a Schottky contact, which is due to the piezotronic
effect, i.e., the coupling of semiconducting and piezoelectric
properties.?® The tip potential is maintained with the help of the
Schottky contact, which blocks the flow of electrons through the
NS and acts as a charge pump to pass electrons from the top to
the bottom through the external circuit. Electrons accumulate
at the bottom until an equilibrium state is attained. When the
external force is removed, the induced piezoelectric effect
instantly vanishes. The positive potential at the bottom tip of
the NS is neutralized because of the migration of accumulated
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Fig.1 Schematic of PENG. (a) After the application of a force parallel
to the NG axis. (b) After the removal of the force.
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electrons from the bottom to the top electrode of the NS via the
external circuit. A voltage peak in the opposite direction is ob-
tained and hence an alternating current (AC) is generated.

B. Force exerted perpendicularly to NG axis

When a force is applied to the laterally moving tip of a PENG,
the NS undergoes deformation, which leads to the generation
of an electric field. Fig. 2 shows a schematic of a PENG when
a force is exerted perpendicularly to the direction of the axis of
the nanogenerator. One portion at the tip of the NS undergoes
expansion, while the other portion undergoes compression.
The compressed end exhibits a positive strain and a positive
electric potential, whereas the other end exhibits a negative
strain as well as a negative electric potential. Hence, electrical
energy is distributed at the ends of the NS. The ohmic contact
that is formed between the bottom metal electrode and the NS
causes neutralization of the electric field generated at the tip
of the NS.

The Schottky contact that is formed between the top metal
electrode and the tip of the NS (Fig. 3) is responsible for the
generation of an electric current because of its rectifying
characteristics.” The nanogenerator becomes conductive only
when the top metal electrode is in contact with the region of
negative potential at the tip of the NS, owing to the flow of
electrons from the tip surface to the top electrode. This leads
to the generation of a direct current (DC). In 2005, Hasegawa
et al. used an aluminium (¢ = 4.08 eV) disc in their n-type
ZnO-based nanorod (NR) (E, = 4.5 eV) design in order to
create an ohmic contact and also to increase the conductivity
of the electrode.”* Mead et al. (1965) showed that an ohmic
contact has the ability to eliminate the barrier at an Al-ZnO
interface and thus enables free movement of electrons on
both sides, i.e., from the electrode to the ZnO NRs and vice
versa.”* Cu (¢ = 4.53-5.10 eV) was chosen as the bottom
electrode by Chengkun et al. (2010) to create a Schottky
contact at a Cu-ZnO interface, which dominates the entire
conduction process.>
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Fig. 2 Schematic of PENG after the application of a force perpen-
dicularly to the NG axis.
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Fig. 3 Operating principle of PENG and formation of a Schottky
contact with the application of a perpendicular force.

[ll.  Structural configuration

The performance of PENGs can be improved from the point of
view of materials in numerous ways. Extensive studies have been
performed in basic science and materials science by chemists
and materials scientists and have been utilized in various prac-
tical applications. NGs are broadly categorized into four types on
the basis of their configuration, namely, single-wire generators
(SWGs), lateral nanowire integrated nanogenerators (LINGs),
nanocomposite electrical generators (NEGs) and vertical nano-
wire integrated nanogenerators (VINGS).

A. Single-wire generator (SWG)

The SWG is a configuration that was widely used in the early
stages of development of NGs. It consists of two parts, namely,
a laterally aligned NS and a flexible substrate. The NS is incor-
porated into the substrate in order to achieve the electrical
energy-generating potential of the piezoelectric material. When
the SWG undergoes stretching, a piezoelectric potential is
created at the tip of the NW. The Schottky contact prevents the
flow of electrons through the external circuit. The charging and
discharging mechanisms of the NG are maintained with the
help of the NW by controlling the backwards and forwards
movement of electrons via the external circuit. Hence, the NW
behaves like a capacitor or charge pump that drives the move-
ment of electrons depending upon the deformation of the
nanostructure.” The individual piezoelectric NS is subjected to
pure tensile strain because the diameter of the NS is very much
less than the thickness of the substrate film in most cases.

B. Lateral nanowire integrated nanogenerator (LING)

The LING is an elaboration of the SWG. It is a two-dimensional
configuration. It comprises three sections, namely, a base

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Basic structure of LING.

electrode, laterally grown piezoelectric NSs and a top metal
electrode, as shown in Fig. 4. The first metal electrode is used
for establishing the Schottky contact, whereas the second metal
electrode is responsible for the creation of the ohmic contact.

The AC signal is generated using this configuration. The
voltage generated by an LING can be increased by arranging
a large number of LINGs in series. This series arrangement of
LINGSs provides improved performance, which makes it suitable
for scavenging large-scale power from tides, waves and the
wind.

C. Nanocomposite electrical generator (NEG)

The NEG is a three-dimensional configuration. It consists of
three parts, namely, metal plate electrodes, vertically grown
piezoelectric nanostructures and a polymer matrix, which fills
the spaces between the piezoelectric NSs, as shown in Fig. 5.

A generator with the NEG configuration, which was composed
of an array of zinc oxide nanowires embedded in a finite epoxy
matrix, was initially proposed by Momeni et al in 2010.*®
Modeling of an NEG was provided by Momeni et al. in 2012 using
continuum mechanics and Maxwell's equations.*® The effect of
the aspect ratio of the ZnO NWs on the electric potential under
axial loading was also considered, and the adhesion between the
ZnO NWs and the polymer matrix was observed to be perfect,
with effective linear piezoelectric behavior.

- Polymer Matrix

D - Electrode
E - Nanostructures

Fig. 5 Schematic diagram of NEG.
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D. Vertical nanowire integrated nanogenerator (VING)

The VING is a three-dimensional configuration. It consists of
three layers, namely, a base electrode, vertically grown piezo-
electric NSs and a counter electrode. A general schematic
diagram of a VING is shown in Fig. 1. Different synthesis
methodologies are followed for the growth of piezoelectric NSs
on the base electrode. The basic configuration of the VING was
introduced by Zhong et al. in 2006. Wang et al. developed an
initial VING in which the deformation of a single vertical ZnO
nanowire was induced by AFM in 2007.>” The counter electrode
together with the periodic surface grating electrode are in
partial contact with the NS tips and are utilized in resemblance
to AFM tip arrays as a moving electrode. External vibrations
result in the in-plane and out-of-plane motion of individual
NSs, which causes deformation of the structure, and hence
a distribution of potential is created across each NS. The
counter electrode is integrated with the tips of the NSs in full or
partial mechanical contact mode.

The topology of the counter electrode plays a major role in
the case of a VING with a partial contact, in which a DC signal is
generated with no external rectifier because of its on/off
switching characteristics. The deformation induced by the flat
counter electrode moving in in-plane mode is not sufficient.
Choi et al. (2009) developed a transparent electrode with a bowl
shape with anodized aluminium by means of electroplating
technology.”® The transparent counter electrode with a net-
worked single-walled carbon nanotube (SWNT) was developed
on a flexible substrate and exhibited exceptional energy
conversion efficiency.*

A VING with full mechanical contact between the tips of the
NSs and the counter electrode seems to perform efficiently
when a force is exerted in the vertical direction of the NSs.>° A
VING with full mechanical contact generates an AC signal
similar to that of an LING.

The VING configuration is generally adopted for harvesting
mechanical energy owing to its low cost and easy synthesis,*
whereas an LING requires expensive steps such as the sputter-
ing of an Au or Pt electrode layer on substrates, and lithographic
lift-off processes are also involved in providing a mask to ach-
ieve the patterned growth of ZnO NSs. Similarly, NEGs require
a complicated filling process, which uses expensive filling
solutions to fill the spaces between NSs.*"*

In 2008, Qin et al. proposed a fabric-like configuration in
which NSs are formed vertically in a radial direction on two
microfibers, which are twisted together to form an NG.®* One of
the microfibers is kept static, while the other is allowed to move.
A voltage is generated by the deformation of NSs on the
stationary microfiber owing to stretching of the movable
microfiber. This performs in a similar way to VINGs with partial
mechanical contact and leads to the generation of a DC elec-
trical signal.

IV. Synthesis methodologies

Research on PENGs has been carried out for over a decade. The
size and complexity of piezoelectric generators are greatly

RSC Aadv., 2017, 7, 33642-33670 | 33645
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reduced by miniaturization with limited efficiency. The major
limitations in the synthesis of different nanostructures are their
low quantity and reduced physical stability. Several synthesis
techniques have been adopted for the synthesis of various NSs
to overcome these limitations.***®

The techniques used for the synthesis of nanomaterials are
broadly categorized into two types, top-down
approaches and bottom-up approaches.

namely,

A. Top-down approaches

Top-down approaches involve the fabrication of NSs from a bulk
piece of material and are suitable for large-scale production.
They include nanolithography,® anodization,*® laser
machining® and dry etching.®*

The most commonly used top-down approach is nano-
lithography. Depending on the desired minimum size of the NS,
lithography can be employed using light (optical or photoli-
thography),®” electrons (e-beam lithography),®® ions (i-beam
lithography)*® or X-rays (X-ray lithography),* as shown in
Fig. 6. This technique has lost its importance because the
fabrication of NSs smaller than 100 nm is difficult owing to
diffraction effects, costly photolithographic tools are involved
and the mask has to be perfectly aligned with the wafer pattern
for efficient synthesis. Dip-pen nanolithography (DPN) operates
in positive printing mode and deposits molecules on a surface
with the help of a small tip.*" It can fabricate NSs with sizes of
less than 40 nm.

Anodization is used to grow a thin, dense oxide barrier of
uniform thickness on various metals under specific process
conditions.*

Dry etching is carried out in the gas phase to remove mate-
rials without involving any aqueous solutions. This technique
can be either purely chemical (plasma etching, PE),** purely
physical (ion beam milling, IBM)* or a combination of both
(reactive ion etching, RIE).*

These time-consuming costly processes involve many tech-
nological limitations, and hence top-down approaches are no
longer widely used.

Electrons
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Contact mask
Resist_ \ 500 nm
e
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X-Rays Air lons
—
Proximity mask Air Vacuum
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Fig. 6 Comparison of the available lithography techniques.*?
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B. Bottom-up approaches

Bottom-up approaches involve the synthesis of NSs by the self-
assembly of atoms or molecules with the help of chemical
reactions. The most commonly utilized bottom-up approaches
are sol-gel processing,”” laser pyrolysis,*”® chemical vapor
deposition (CVD),***® plasma or flame spraying synthesis,**
hydrothermal methods,**** chemical bath deposition (CBD)*>*®
and aqueous chemical growth (ACG).***

CVD processes are able to produce stable NSs with high
crystal quality and can be easily controlled for relatively large-
scale production. Owing to the limited size of the growth plat-
forms and silicon wafers, the NSs grown in long horizontal
quartz tubes were insufficient for designing an NG. Hence, an
alternative approach was presented by Mohiuddin et al. (2016),
whereby large-scale production can be easily achieved by using
the inner side of a horizontal quartz tube as the growth plat-
form, and thus an NG has been developed by a tube-in-tube
chemical vapor deposition (CVD) technique with a maximum
output voltage of 0.7 V.** A schematic of a microwave-assisted
CVD process is shown in Fig. 7.

Hydrothermal methods have attracted many scientists because
of their low cost, low-temperature environment below 100 °C,?
large-scale production and substrate flexibility.>* Xu et al. (2013)
synthesized ZnO NWs by a hydrothermal method and observed
a high concentration of native defects,” which lead to unfortunate
optical properties such as the suppression of UV emissions.** The
density and morphology of the grown NWs were controlled in this
technique without using a catalyst. Many NSs such as ZnO NAs®*
and KNKH NRs®* were successfully synthesized using this cheap
method. Mohiuddin et al. (2016) observed that the hydrothermal
aqueous solution may lead to the production of unstable NSs with
larger structures owing to the recombination, aggregation and
accumulation of NSs.** The time-consuming hydrothermal
approach still maintains its position owing to the high crystal-
linity of its nanomaterial product.

CBD has become an attractive synthesis method because it
provides better performance while using flexible substrates and
cost-efficient fabrication and requires moderate tempera-
tures.®>*¢ A ZnO nanorod array was grown on a ZnO-seeded FTO
glass substrate using CBD by Chou et al. (2016).*” The experi-
mental setup used for CBD techniques is shown in Fig. 8.

The ACG technique is simple and less expensive, operates at
low temperatures and is less hazardous. Zafar et al. (2017) used

Quartz Hollow
Plate

Slot Antenna

Slot Plunger — |_|( —
\ T ] ] - 2.45 GHz
Dj: / I Microwave
Surface Wave
Plasma = C:H;+ Ar

Substrate Stage

]

Fig. 7 Schematic of deposition of graphene film at low temperatures
using a microwave-assisted surface-wave plasma chemical vapor
deposition technique.*®

Vacuum
Pump

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05256a

Open Access Article. Published on 03 2017. Downloaded on 04-11-2025 01:58:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

digital temperature
monitor and controller

thermocouple
probe

samples on teflon

sample holdei'\<

retort stand

chemical bath.

magnetic stirer —___ |

hotplate with C
magnetic stirrer

Fig. 8 Experimental setup used for chemical bath deposition.®

the aqueous chemical growth (ACG) technique to grow ZnO
NSs on an Al-coated substrate.” Zinc nitrate hexahydrate
[Zn(NOs),-6H,0] solutions of equimolar concentrations were
used for the growth of the NSs. This cost-efficient technique is
able to synthesize controlled and well-aligned ZnO NSs at low
temperatures. Ahmad et al. (2017) presented the controlled
morphological growth of ZnO NWs in a catalyst-free environ-
ment by adjusting the physical growth parameters.”

Sol-gel processing is mainly used for the production of
inorganic oxide materials using low-temperature wet chemistry
techniques. This process is mainly employed in the production
of thin films, because the deposition of nanomaterials on
a substrate occurs at relatively low temperatures.” The step-by-
step procedure involved in the sol-gel synthesis of nano-
particles is depicted in Fig. 9. The sol-gel method has gained
wide interest because of its simple procedure, low processing
temperature, molecular homogeneity, large-area coatings, and
inexpensive equipment, as well as low processing costs and
better photocatalytic properties.”” Madou et al. (2002) fabricated
lead zirconium titanate (PZT)” and created various forms of
ceramic or glass materials at low temperatures using sol-gel
techniques. This is a versatile and less expensive approach. The
limitations of sol-gel and plasma spraying techniques were
stated by Mahtab et al. in 1995 to be a lack of adhesion of the
coating to the substrate, non-uniformity of the thickness of the
deposited layer and difficulties in maintaining structural
integrity and the coating composition.”
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Fig. 9 Schematic illustration of sol-gel processes.”
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Khan et al. (2016) successfully synthesized starch-protected
zero-valent copper (Cu) nanoparticles of an average crystallite
size of 28.73 nm by a solution-phase approach called chemical
reduction.” Hasegawa et al. (2005) suggested that a photore-
duction method was employed to synthesize Au nanoparticles,
which were adsorbed onto a ZnO surface spontaneously owing
to electrostatic attraction.*

Laser pyrolysis uses an IR laser for the decomposition of
materials by heating gas-phase reactants in an oxygen-poor
environment. Herlin et al. suggested that this technique is
able to produce extremely pure spherical nanoparticles of small
diameters with a low level of agglomeration.”” Laser ablation is
a similar technique used for the production of CNTs’® and
NWs.”” Schematics of the pyrolysis and electrospraying methods
are provided in Fig. 10.

A thin-film piezoelectric nanogenerator can be fabricated by
coating a nanomaterial solution on the surface of a suitable
substrate. This process is called seed layer deposition. Seeding
is the essential phase of nanogenerator design and can be
performed by many techniques such as atomic layer deposition
(ALD),” RF sputtering,*»*>*" magnetron sputtering®> and spin
coating,* as shown in Fig. 11.

Electrospinning®®” is a convenient method for preparing
nanogenerators without further treatment. It has been proven
that the physicochemical properties and electrical output of
electrospun fibers strongly depend on the processing condi-
tions,*** as illustrated in Fig. 12 and 13.

A liquid coating solution is prepared by mixing the as-
synthesized nanomaterials with a suitable solvent. In a dip
coating process, a substrate is dipped into the prepared coating
solution. After a particular time, the coated substrate is pulled
out at a controlled speed. The thickness of the coating generally
depends on the fluid viscosity, fluid density, and surface
tension in such a way that the thickness of the coating increases
linearly with the withdrawal speed. High-quality films with
uniform coatings are produced by means of this procedure, but
it requires a clean environment and precise control. A sche-
matic of dip coating is shown in Fig. 14. Yunfeng et al. (1997)
reported a sol-gel-based dip coating method for the fast and
uninterrupted synthesis of mesoporous thin films on a solid
substrate.”> Minbaek et al. (2012) designed an NG based on zinc
oxide with a uniform surface and radially aligned dense ZnO
NWs using a dip coating procedure.” The entire zinc oxide NWs
were completely immersed in a piezoelectric polymer (namely,
PVDF) and drawn out slowly at a velocity of ~5 mm s~ '. Large-
scale batch processing is carried out using a dip coating process
and finds applications in large laboratories, as well as in lens
manufacturing industries.

Spin coating is the principal procedure used for seed layer
deposition. In this process, a horizontally mounted substrate on
a rotating platform rotates at high speed. The coating solution
is sprayed over the spinning substrate, as depicted in Fig. 15.
The thickness of the coating layers is closely dependent upon
the spinning speed, whereby high-speed rotation leads to a thin,
uniform coating and vice versa. This is a less time-consuming
process and results in the fabrication of thin films with very
high uniformity, even over a curved surface. Coating is carried

RSC Adv., 2017, 7, 33642-33670 | 33647
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out on a single area by means of spin coating, whereas multiple
areas can be coated simultaneously by dip coating. Chou et al.
(2016) deposited a ZnO seed layer on indium tin oxide (ITO) or
fluorine-doped tin oxide (FTO) glass using this method and
achieved dense deposition of the seed layer on glass.®”

Seed layer annealing was found to be a crucial phase in the
growth of nanowires. An array of ZnO nanorods was synthesized
on ZnO seeds by Chou et al. in 2016, who observed that the
recrystallization of ZnO grains and the growth of nanorods were
improved whereas the ohmic series resistance (R;) and the grain
boundaries between ZnO grains were reduced at high annealing
temperatures.” After the annealing treatment, some of the
atoms on the surface became more active, which resulted in the
formation of a rough surface.*

33648 | RSC Adv., 2017, 7, 33642-33670

Piezoelectric materials normally consist of randomly
oriented microscopic electric dipoles, which result in zero net
polarization. Owing to their minimal polarization, a negligible
or weak piezoelectric effect is experienced when such materials
are stressed by an external mechanical force. The material has
to undergo a poling process (Fig. 16) in order to acquire or
enhance its piezoelectric sensitivity. Poling is a process whereby
the dipoles are forced to orient themselves in a prescribed
direction by the application of an external electric field. Most of
the dipoles follow the orientation even after the removal of the
electric field.

When a mechanical force is applied across the poled piezo-
electric material, the material is polarized and a voltage is
generated owing to the accumulation of charge on the surface of

This journal is © The Royal Society of Chemistry 2017
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the nanoparticles.”® The electromechanical conversion effi-
ciency of the PENG is limited by polarization screening effects
induced by free charge carriers inside the piezoelectric NSs.** In
addition, the stability of the device is affected by continuous use
owing to the loss of polarization. Wang et al. showed the
transformation of electrospun PVDF nanofibers under the
influence of an ultra-high electrical field from non-polarized o-
phase to polarized pB-phase structures. Polarization and
a piezoelectric effect are observed in the case of individual
collagen fibrils.”>®” Collagen exhibits uniaxial polarization
along the long axis of the collagen fibril owing to a change in the
magnitude of the dipole moments.”® Kholkin et al. observed
strong shear piezoelectric activity in self-assembled diphenyla-
lanine peptide nanotubes (PNTs) and electric polarization,
which was directed along the tube axis.”® The polarization effi-
ciency depends upon the values of the external electric field, the
duration of the impact and the polarization temperature.**
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V. Materials

The mechanism of power generation mainly relies on the elec-
tromechanical properties of the material, as well as the forma-
tion of a Schottky contact between the tip of the NS and the
metal electrode. Numerous studies have demonstrated novel
nanodevices and the synthesis of new nanomaterials for
enhancing the performance of NGs. Several inorganic materials,
such as Zn0O,*'*"'** 1-D ZnO nanorods on a 2-D graphene elec-
trode'” and ZnS,'"* have been developed to design potential
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energy harvesters. Piezoelectric semiconductor materials with
the wurtzite structure, such as ZnO, GaN, and CdS, have been
a focus for energy harvesting’®'*” because they exhibit both
semiconducting and piezoelectric properties simultaneously.
ZnO is a well-known suitable candidate with superior char-
acteristics for the fabrication of NGs because of its high exciton
binding energy, ideal wide band gap (3.4 eV),” biocompatibility,
biosafety,'*® environment-friendliness, abundant availability,
chemical stability,* high transparency,*® relatively low cost,
simple fabrication process* and uniform growth on both
conventional and unconventional substrates.'*? It has highly
diverse and abundant configurations of nanostructures,'** such
as nanowires,"** nanorods, nanoflowers, nanosprings,***
belts (NBs),"*® nanobows,* nanohelices,** nanocombs, nano-
sheets and nanorings."” One of the most surprising features of
ZnO NWs is the coupling of semiconducting and piezoelectric
(PZ) properties, which can form the basis for electromechani-
cally coupled sensors and transducers. It can also be used for
biomedical applications because of its minimal toxicity. A ZnO
NW is able to generate AC and DC output in vertical and tilted
alignments, respectively. A ZnO NW can easily be bent by an
external force.”™ Zhou et al. (2008) proposed ZnO nano-
structures as promising candidates for use in mechanical/

nano-
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electrical energy conversion devices owing to their exceptional
robust properties.”*® ZnO, owing to its semiconducting and
piezoelectric properties, is considered highly favorable in UV
lasers," UV sensors,”® light-emitting diodes,"”™ gas
sensors™>'>* and solar cells.”* Lu et al. (2009) introduced a p-
type ZnO NW and proved experimentally that it was able to
generate an output signal nearly 10 times that of an n-type ZnO
NW.? Even though the enhanced performance of NGs based on
ZnO has been well described, they generate relatively low output
power because of the low piezoelectric coefficient of ZnO in
comparison with BaTiO; (ref. 125 and 126) and PZT,"” which
remains the main problem."**

Inorganic materials have a limited number of applications,
because of their low formability and brittle nature. Polymers are
used as alternative materials in applications in which a light-
weight generator design is required.****

Poly(vinylidene fluoride) (PVDF) and its copolymers are the
most commonly studied polymers for piezoelectric genera-
tors.”***¥” PVDF can be used to fabricate different structures such
as PVDF nanofibers,'® single PVDF nanofibers,"*® PVDF films,"’
porous PVDF films,'®'*° PVDF mats,'*' PVDF microbelts,"** and
PVDF nanofiber membranes.*® PVDF was also suggested for
designing an NG by Chang et al'*® (2010). Fang et al. (2011)
showed that the power-generating capability of electrical gener-
ators based on PVDF nanofibers was improved in comparison
with that of thin PVDF films."**

Cadmium sulfide (CdS) is a wurtzite-type piezoelectric
material with an energy band gap of about 2.5 eV,"** which
exhibits improved performance because of its coupled piezo-
electric, optoelectric**®* and semiconducting'® properties.
Vertically grown cadmium sulfide (CdS) NW arrays were

This journal is © The Royal Society of Chemistry 2017
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fabricated by Lin et al. in 2008.**” CdS is used for the synthesis of
various nanostructures such as NWs,*® nanobelts,'*®
combs,®® NW arrays,"*® nanotubes™"* and tetrapods.®*

GaN is well known for its excellent optoelectronic properties,
with a wide direct band gap, high mobility, and excellent
thermal stability.***'>* GaN nanowire (NW) arrays distributed
with threefold symmetry have been successfully grown on
a sapphire substrate and were observed to be highly stable, with
exceptional tolerance of atmospheric moisture. Huang et al.
(2010) reported that n-type GaN NW arrays produced a negative
piezoelectric output voltage of 20 mV, whereas 5-10% of the
NWs exhibited increased piezoelectric voltages of about
100 mV."** GaN nanowires (NWs) synthesized by a vapor-liquid-
solid (VLS) process were assembled rationally by Lin et al. in
2011 and generated an output voltage of up to 1.2 V and an
output current density of 0.16 pA cm™ 2.1

Alpha-quartz was grown at the interface between the core
and the shell of silicon nanowires by Yin et al. in 2013.**° These
Si NWs containing alpha-quartz exhibited improved piezoelec-
tric responses and could be used as starting materials for the
fabrication of PENGs. When a free-falling object of 300 g was
made to fall on the Si nanowires from a height of 30 cm, the
harvested output voltage was 36.5 V and the response current
was 1.4 pA.

The overall performance of a piezoelectric nanogenerator
relies on the piezoelectric constant of the piezoelectric material.
Several types of research have been carried out to develop
a material with enhanced piezoelectric properties.

Lead zirconate titanate (PZT) was found to provide the ideal
solution and has become dominant among various piezoelec-
tric materials'* because of its superior piezoelectric and elec-
tromechanical characteristics.”” Wu et al. (2001) fabricated
a nanogenerator (NG) based on parallel PZT NWs, and a high
output voltage and short-circuit current of 6 V and 45 nA,
respectively, were generated."®

Lead magnesium niobate-lead titanate (PMN-PT) is
a piezoelectric material of which the piezoelectric response has
been greatly improved by maintaining an ideal composition
and orientation. In 2012, PMN-PT nanowires with a very high
piezoelectric constant were fabricated by a hydrothermal
approach™’ and were then assembled into an energy-harvesting
device.'® The piezoelectric constant was increased further by
developing a single-crystal PMN-PT nanobelt.'*

PZT has been an irreplaceable piezoelectric material for
a decade. However, the lead content in PZT is toxic and results
in severe hazards to the environment. Hence, there is a great
need for the development of a piezoelectric material that can
replace the widespread use of lead-based materials, and there-
fore many researchers have started to focus on the development
of lead-free piezoelectric materials. Lead-free piezoelectric
materials such as BaTiO; (BT),"*>*>* NaNbO; (NN),"* KNbO; (KN)
and BCTZ have been used for the synthesis of piezoelectric
nanogenerators (PENGs).

Zhang et al. (2016) reported that a flexible BaTiO; NG
composed of a bacterial cellulose film can generate an output
voltage of 1.5 V when it is subjected to bending.'*> The output
signal of a barium titanate (BaTiO3) NW was observed to be 16

nano-
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times stronger than that of a similar ZnO nanowire, and it was
reported that materials with the perovskite structure exhibit
improved piezoelectric characteristics when compared with
materials with the wurtzite structure.'® NGs have been fabri-
cated and improved piezoelectric properties were observed from
BT-based NSs such as BT nanoparticles, BT nanotubes, and BT
films.**>'%*1%¢ However, the applications of BT are limited by its
low Curie temperature of 120 °C, so that it cannot be employed
for the design of NGs that are operated at high temperatures.

Because the electrical energy produced by an NG is propor-
tional to its piezoelectric constant, NWs of NN exhibit a rela-
tively low output voltage and current owing to its extremely low
piezoelectric strain constant (dz;) of 50 pC N~ 15131167

Orthorhombic (OR) KN nanorods generated an extremely
low current and voltage,'**"”® whereas KN nanowires with both
tetragonal and OR structures exhibited an increased output
voltage and current of 10.5 V and 1.31 A, respectively.'”

Titanium dioxide (TiO,) is an outstanding material and
represents a most promising candidate in the fields of envi-
ronmental purification, photoelectrochemical solar energy
conversion and optical coating applications.””* These note-
worthy applications are due to its many improved characteris-
tics such as chemical stability, non-toxicity,"”* strongly oxidizing
photogenerated holes, exceptional energy conversion ability,
transparency, wide band gap (3.1 eV) and relatively high
refractive index (n = 2.6).””® Thin TiO, films are used as gate
insulators for metal oxide semiconductor (MOS) device appli-
cations, and the leakage current has been reduced owing to its
high dielectric constant.’” Kajitvichyanukul et al. (2005) fabri-
cated thin TiO, films on a glass substrate by means of a sol-gel
technique and dip coating.'”** The synthesized thin TiO, films
displayed improved photoactivity and efficiency in comparison
with those of TiO, powder. Andrej et al. (2017) fabricated
nanostructured titanium dioxide (TiO,) using a simplified sol-
gel procedure from the organometallic precursor titanium tet-
raisopropoxide (TTIP)*"** and performed thermal analysis.

Sodium potassium niobate (NKN) is a suitable piezoelectric
ceramic material for replacing lead-based piezoelectric mate-
rials,"”*"”® with good piezoelectric properties and a high Curie
temperature.’®**** NKN-based nanomaterials such as nano-
particles, nanofibers, and thin films have also been developed for
energy-harvesting applications.'®¥ However, NKN-based NGs
have limited use because of their poor electrical performance.®*'%¢

The lead-free material BCTZ is considered to be one of the
most promising alternatives to traditional lead-based piezo-
electric materials owing to its excellent coupling of piezoelectric
and ferroelectric properties®***** and its high piezoelectric
constant of 620 pC N '.* Yanfei et al. (2017) proposed
a biocompatible PENG based on lead-free BCTZ nanorods using
an electrospinning method.”* An open-circuit voltage and
a short-circuit current of ~0.8 V and ~7 nA, respectively, were
observed upon tapping the NG.

Jong et al. (2011) synthesized an efficient flexible lead-free
NaNbO;-based piezoelectric nanowire with a PDMS polymer
composite and Au/Cr-coated polymer films using a hydro-
thermal method at a moderate temperature.”® When
a compressive strain of 0.23% was applied across the NW, an
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output voltage of 3.2 V, an output current of 72 nA and a current
density of 16 nA cm™~> were generated.

Zinc stannate (ZnSnOj) is a novel material for research owing
to its outstanding coupling of piezoelectric, pyroelectric and
ferroelectric properties with relatively high electric and structural
ordering temperatures of up to 700 °C.">"° It is a significant
material belonging to the ternary metal oxide group. It has been
exclusively used in the field of gas sensing because of its attractive
optical properties, exceptional electronic properties”'** and
excellent chemical response.’® Lee et al. (2014) reported that the
physical properties of ZnSnO; can be maintained by varying its
morphology, crystallinity, dimensions, and fabrication tech-
niques.>*” The gas-sensing capabilities of ZnSnO; nanostructures
can be improved by synthesizing hollow structures with minimal
gas diffusion lengths and a greater specific surface area than
other nanomaterials.”**** ZnSnO; has a high piezoelectric coef-
ficient of approximately 59 pC em™ 2, which is almost 12 times
that of ZnO (approximately 5 uC cm™>).

VI.

Therefore, optimization has to be performed to maximize the
conversion efficiency of a nanogenerator. Optimization of the
design of NGs has been carried out in two ways: either by
increasing the parameters that lead to enhancements in
piezoelectric response or by diminishing the factors that are
responsible for the degradation of device performance.

Lin et al. (2007) found that the reaction time had to be
adjusted so that tellurium (Te) with the desired aspect ratio
could be developed.®

Ahmad et al. (2017) grew 50 nm ZnO nanowires on an
indium tin oxide (ITO)-coated polyethylene terephthalate (PET)
substrate.” The annealed substrate was immersed in a nutrient
solution of HMTA and zinc nitrate hexahydrate for two hours. It
was found that the density and diameter of the NWs were
controlled by maintaining the concentration of the nutrient
solution and the growth time, respectively. It was also observed
that the piezoelectric potential can be increased by reducing the
diameter of the NWs. The scattering phenomenon within the
NWs can be enhanced by reducing the diameter, which further
reduces the reverse leakage current through the NWs. Hence,
a piezoelectric response is triggered.

The piezoelectric properties of a material can be improved by
means of doping. Suyitno et al. (2014) proposed that doping
ZnO-based nanofibers with cobalt promotes the growth of the
fibers, as well as increasing the voltage generated by the NG.**
Kanjwal et al. (2011) stated that the doping of nanofibers with
cobalt increases the elastic modulus of the fibers.*** The value of
ds3 has been increased owing to the addition of aluminium to
ZnO fibers. Subagiyo et al. (2017) reported that extensive
improvements to crystal properties are also made possible by
means of co-doping; for example, the addition of aluminum
and cobaltin a 75 : 25 ratio to ZnO nanofibers led to an increase
in the value of d3; from —3.9 to —4.1 pC N~ 1.2%

The performance of a generator can also be enhanced by
controlling the temperature. Zhu et al. (2005) reported that the
piezoelectric properties of ZnO fibers improved with an increase

Optimization
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in the sintering temperature.'® It was found that the value of d;;
of ZnO fibers was drastically reduced when the sintering
temperature was raised above 500 °C. NKN nanorods that were
annealed at 450 °C had several OH and H,O defects and an
unstable RH structure. As the annealing temperature was
increased, these defects disappeared from the NKN nanorods.*®

Hyeongwook et al. (2016) developed a nanowire using carbon
nanotube aerogel sheet electrodes.”” The reverse leakage
current through the nanowire was greatly reduced by reducing
the diameter so that an increase in output voltage was achieved.
The piezoelectric potential could be developed and controlled
by means of the Schottky contact that was formed between the
metal electrode and the tip of the NS.

Zafar et al. (2017) fabricated a ZnO-based NG and observed
that the durability and performance of the generator could be
improved by the addition of a host layer.*® The generated power
could be maximized by increasing the size of the NG. The
addition of the host layer and the increase in the size of the
generator made the device expensive. Hence, the trade-off
should be carefully maintained between the output perfor-
mance and the cost of an NG. Chiang et al. (2012) fabricated
a CuO film and found that the conductivity of the film could be
increased by two orders of magnitude by replacing Cu®>" ions
with Li" ions of the same radius.?*®

Several works have presented improvements in the electrical
characteristics of PVDF-based NGs by inducing the formation of
the B-polymorph in PVDF films via the inclusion of gra-
phene.>**** Abolhasani et al. (2017) found that the addition of
the desired amount of graphene to reinforced PVDF composite
nanofibers led to a substantial increase in the open-circuit
voltage of the nanofibers.*® It was experimentally observed
that an increase in the graphene content to above 0.1 wt% led to
a decline in the voltage of randomly oriented nanofibers. Xue
et al. (2012) produced reduced graphene oxide (rGO)-PVDF
nanocomposites with an increased open-circuit voltage of 4 V
with 0.2 wt% graphene.”*

Haibo et al. (2017) found that polymorphic-phase (PP) NKN
nanorods exhibited more directions for dipole rotation than
orthorhombic (OR) and rhombohedral (RH) NKN nanorods
grown on the same Nb*"-doped SrTiO; substrate.?*® PP NKN
nanorods of 0.7 g possessed a high piezoelectric strain constant
of 175 pm V" and generated a high open-circuit voltage of 35 V
and a short-circuit current of 5.01 A. They harvested a maximum
power of 16.51 W across a resistive load of 10.0 MQ.

The piezoelectric potentials generated at the tips of nano-
wires will be balanced by the migration of free carrier electrons
in the nanowires. Hu et al (2009) suggested that surface
desorption and native defects are the major reasons for the
formation of free carriers.?*® Lu et al. (2015) proposed that these
free electrons lead to the degradation of piezoelectric perfor-
mance,*” which is referred to as the screening effect.

The effect of screening electrons can be reduced by
improving the intrinsic properties of NGs using surface
passivation, oxygen plasma and thermal annealing.***** Hu
et al. (2012) enhanced the performance of a single-layer VING
with a maximum output voltage of up to 20 V and an output
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current of up to 6 pA by treating ZnO nanowires with oxygen
plasma or annealing them in air.**®

The output power of PENGs is limited owing to the piezo-
electric screening effect caused by high electron concentrations
in ZnO nanostructures. This drawback has been rectified by
introducing several p-type materials such as p-ZnO, p-CuO,
P3HT, ZnS, NiO, PEDOT:PSS and p-Si to form a p-n junc-
tion.'****2% Unfortunately, user-friendly p-type polymers are
expensive. Another approach for suppressing the screening effect
comprises the addition of a p-type Li-doped Cu,O (LCO) layer,
which improves the piezoelectric properties by reducing the total
capacitance. Cho et al. (2017) demonstrated that a PENG with a p-
type LCO layer generated relatively high power of up to ~52 pw.**
Lu et al. (2016) reported that the screening effect can also be
effectively reduced by forming a Schottky contact via the addition
of gold (Au) particles to a ZnO surface.”* Hence, the performance
was enhanced owing to reductions in the carrier concentration
and capacitance, which gave rise to a voltage and current density
of 2 Vand 1 A cm™>, respectively.

Zhu et al. (2012) reported that a polymethyl methacrylate
(PMMA) layer added at the interface between ZnO and the top
metal electrode acts as an insulating layer that blocks the
movement of electrons across the interface'®® and leads to
a reduction in the screening effect by avoiding the leakage of
current.

The screening effect can also be reduced by varying the
geometry of the device. Zho et al. (2012) presented a novel
design topology for a ZnO VING, and the thickness of the PMMA
layer between the top of the nanowires and the top electrodes
was reduced to form an infinite potential barrier.'*® This inno-
vative design was able to generate an output voltage of 58 V and
an output current of 134 pA.

Pham et al. (2013) stated that the output performance of ZnO
nanorods can also be enhanced by surface passivation using
ultraviolet light.** Lin et al. (2008) improved the efficiency of
CdS using stimulation by white light.>**

Pradel et al. (2013) reported that the length of ZnO NRs could
be further increased by adding ammonia to the reaction solu-
tion, and the longer ZnO NRs that were prepared were
demonstrated to have a higher piezopotential.>** The
construction of a fiber-based three-dimensional hybrid nano-
generator (FBHNG) using a foldable polymer film with sput-
tered copper electrodes on both sides is a feasible way to
enhance the output of the FBHNG.

The electrodes used in an NG can also determine the effi-
ciency of the device. Hence, proper care has to be taken when
choosing the electrode materials. Metals are not extensively
used as electrodes in the design of NGs because of their reduced
flexibility and the complicated procedures used for three-
dimensional microstructural patterning of metals.***">*¢ Poly-
dimethylsiloxane (PDMS)-CNT is used as the bottom electrode
because it provides extreme flexibility and makes the harvesting
element relatively stretchable in order to make the NG device
fully stretchable.*”>* Graphene exhibits high thermal
conductivity and provides a fast temperature gradient for the
NG. Hence, graphene acts as a suitable candidate for the elec-
trode.”***** ZnO NRs were grown radially around carbon fibers
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Fig. 17 Thermal stability of (a) paper-based nanogenerator and (b)
polymer-based nanogenerator.24®

and thus formed an all-round electrode that could utilize all the
ZnO NRs on the fibers, so that the contact area and electrical
output were increased.*** A flexible polymer film can be folded
at any angle and is a perfect candidate for an all-round
electrode.

The applications of nanogenerators are limited because of
their temperature instability, even though they exhibit
increased piezoelectric potentials owing to a drastic increase in
thermally induced stress on polymer substrates due to the large
difference in the coefficient of thermal expansion (CTE)
between inorganic films and polymer substrates at high
temperatures. Jeong et al. (2014) developed a flexible piezo-
electric thin film on plastic substrates instead of bulk sapphire
substrates using a laser lift-off (LLO) process, which was able to
generate 140 V with an output current of 10 pA.*** Kim et al.
(2011) reported a foldable PENG with high thermal stability
using cellulose paper as a substrate, which overcame the
unstable electrical response of plastic-based PENGs due to
thermally induced stress.”** Cellulose paper is a suitable
substrate owing to its flexibility, thermal stability, light weight,
abundant availability and low cost. An analysis of the thermal
stability of a polymer-based PENG and a paper-based PENG is
shown in Fig. 17. The paper-based PENG remained stable,
whereas the polymer-based PENG underwent great variations in
shape when subjected to heating for 1 min by an alcohol lamp.

Optimization has also been carried out in order to increase
the current generated by PENGSs in order to meet the needs of
consumer electronics. The generation of current can be
increased by controlling the growth and density of nano-
structures. Uniformity of nanostructures is maintained by
growing a regular array of nanowires with a uniform size and
height. All the nanowires can be utilized for power generation
by matching the nanowire pattern with the pattern on the
electrode, so that the device can generate more current and its
stability is improved.

VILI.

The design of hybrid energy harvesters is a booming tech-
nology, which can enable ubiquitous power generation with
excellent adaptability and increased power conversion effi-
ciency by combining two power generation mechanisms.*** A

Hybrid energy harvesting
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hybrid harvester can be designed by integrating a PENG with
other types of energy harvester, by combining different
fabrication techniques, or by aggregating two piezoelectric
materials. A fundamental analysis has to be performed when
deciding the shape of a hybrid NG and the fabrication
procedure used to combine different energy-harvesting
mechanisms.

Li et al. (2014) designed an FBHNG that comprised a PENG
and a TENG.”” The PENG was used to increase the efficiency of
mechanical energy collection whenever the TENG was unable to
harvest energy. Carbon fibers were used as an effective substrate
for the design of an FBHNG owing to their superior properties
such as light weight, cheapness, high conductivity and easy
foldability.**** The twelve contact array points used for the
TENG and PENG provided an output power density of 42.6 mW
m 2 and 10.2 mW m 2, respectively.>*?

Zhang et al. (2015) developed an innovative approach to the
design of a hybrid energy harvester by using two fabrication
procedures to increase the mechanical reliability of a PENG.*"
Kevlar microfiber-ZnO nanowires (NWs) were synthesized
using surface coating and plasma etching techniques and dis-
played enhanced performance such as improved flexibility,
robustness, and durability. The open-circuit voltage and short-
circuit current of the fabricated Kevlar microfiber-ZnO NWs
were 1.8 mV and 4.8 pA, respectively.

Gupta et al. (2014) designed a hybrid stable PENG with
exceptional power generation capacity by wusing single-
crystalline piezoelectric perovskite zinc stannate (ZnSnOj)
composite nanocubes and PDMS without electrical poling

Au|(Top el
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Fig. 18 (a) Schematic diagram of ZnSnOz:PDMS-based flexible hybrid
PENG. (b) Experimental setup used for the generation of power from
the hybrid PENG under a rolling vehicle tire.2°°

33654 | RSC Adv., 2017, 7, 33642-33670

View Article Online

Review

treatment.**® A schematic diagram of the hybrid PENG is shown
in Fig. 18(a). The hybrid ZnSnOz;/PDMS-based PENG that was
developed harvested more power when subjected to vertical
compression than when it underwent bending and folding. This
hybrid NG exhibited unique characteristics such as mechanical
durability, excellent robustness, and largely unidirectional
power generation behavior. When a vehicle tire was rolled over
a fabricated single hybrid NG cell based on ZnSnO3/PDMS, as
shown in Fig. 18(b), an output voltage of about 20 V and an
output current density of about 1 pA cm™> were successfully
obtained.

Gao et al. (2015) proposed a hybrid piezoelectric fiber
composed of aligned BaTiO; nanowires and PVC polymer.>*®
The BaTiO; nanowires acted as active materials and improved
the piezoelectric properties, and the flexibility of the fiber was
enhanced by means of the PVC polymer. This efficient flexible
fiber could be woven into fabric together with cotton and
interdigitated electrodes. An LCD could also be powered up by
generating power from this fabric nanogenerator on an elbow
pad, which was capable of generating an output voltage of 1.9 V
and an output current of 24 nA.

Alluri et al. (2015) developed a flexible hybrid PENG made of
a hybrid film composed of highly crystalline BTZO nanocubes
embedded in a PVDF polymer matrix solution.”* The fabricated
BTZO/PVDF film paved the way for the development of
eco-friendly devices, active sensors, and efficient flexible NGs.
BTO/PVDF generated a voltage of 7.99 V with an output current
of 1.01 pA, whereas the proposed flexible hybrid film exhibited
improved electrical performance with values of up to ~11.9 V
and ~1.35 pA, respectively, under the same force of 11 N. The
durability and reproducibility of the hybrid PENG were also
shown to be effective by performing stability testing.

Alam et al. (2015) improved the performance of a ZnSnO;/
PDMS-based hybrid PENG with multiwalled carbon nanotubes
(MWCNTS) as a supplementary filling material.>*® The electrical
performance of the fabricated PENG was improved owing to the
good distribution of ZnSnO; nanocubes, and it generated an
open-circuit voltage of 40 V, a short-circuit current of 0.4 pA and
a power density of 10.8 uW cm ™2 without electrical poling.

Efficient energy harvesting from the ambient environment is
possible using a hybrid device. There is an increasing demand
for hybrid nanoscale harvesting devices that utilize two or more
energy sources in order to harvest ubiquitous forms of energy,
so that they can meet current requirements for energy.

Keun et al. (2014) presented an effective way of improving
device performance with reductions in size and complexity so
that a single NG can harvest two different kinds of energy.>> It
was designed by the integration of piezoelectric and pyroelectric
harvesting mechanisms. A hybrid energy-scavenging NG based
on a micropatterned piezoelectric P(VDF-TrFE) polymer,
a micropatterned PDMS-CNT composite and graphene nano-
sheets was fabricated and was found to be relatively stretchable,
robust and stable even after being subjected to multiple
stretching and release cycles.

Wang et al. (2016) developed a flexible hybrid triboelectric
and piezoelectric nanogenerator (TPENG) based on P(VDF-
TrFE) nanofibers and a thin PDMS/MWCNT composite with
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the combined effects of triboelectric and piezoelectric energy
harvesters.?*> The P(VDF-TrFE) nanofibers performed the dual
role of a piezoelectric functional layer and a triboelectric fric-
tional layer. Doping with MWCNT improved the performance of
the triboelectric nanogenerator. When the TPENG was sub-
jected to a force of 5 N, the peak-to-peak output voltage, output
power and power density were observed to be 25 V, 98.56 uW
and 1.98 mW cm >, respectively, during triboelectric operation,
whereas values of 2.5 V, 9.74 pW, and 0.689 mW cm ° were
obtained for piezoelectric operation. The proposed hybrid NG
was found to be biocompatible, less expensive, lightweight, and
flexible and can be easily fabricated by a low-cost MEMS
process.

Park et al. (2013) integrated a silicon nanopillar solar cell
with a PVDF NG using a spinning method, and a tandem NG
was proposed.” The device provided ubiquitous power by
harvesting electrical power from both sound waves and solar
energy. It could harvest a peak-to-peak output voltage of 0.8 V
using 100 dB sound waves and exhibited a solar conversion
efficiency of 3.29%.

Han et al. (2013) presented an innovative three-dimensional r-
shaped hybrid NG design based on piezoelectric and triboelec-
tric energy harvesting.”*® The output performance of the device
was enhanced by fabricating micro- or nanoscale devices on
a PDMS surface, which was placed under an aluminum electrode
on PVDF. The Al electrode was shared in common by both the
piezoelectric and the triboelectric component. The piezoelectric
and triboelectric generators exhibited an increased power
density of 10.95 mW cm ™ and 2.04 mW cm >, respectively. The
hybrid r-shaped design exhibited relatively high reliability, as its
performance was not degraded over 6000 continuous cycles
under an external force with a frequency of 10 Hz.

Yunlong et al. (2015) developed a triboelectric—pyroelectric—
piezoelectric hybrid cell for high-efficiency energy harvesting
during sliding motion and self-powered sensing.*** A TENG with
a size of 63.5 cm? generated a maximum power density of 146.2
mW m? at a sliding frequency of 4.41 Hz. The efficiency of
mechanical energy harvesting has been increased to 26.2% by
combining a TENG with a pyroelectric-piezoelectric nano-
generator (PPENG). The generated output was able to light up
an LED directly with a prolonged illumination time and to
charge a supercapacitor at twice the charging rate of a TENG.

VIII.

Because abundant available vibrations occur in our
surrounding environment, piezoelectric energy harvesting is
a promising solution to the limitations and inconveniences of
the power supply delivered to current systems. NGs also over-
come the limitations of size and complexity and facilitate the
development of many self-powered devices. The performance of
nanoscale energy-harvesting devices has been improved by
various techniques, which have been discussed earlier. PENGs
become an efficient alternative power supply and act as
a driving force for various smart applications. This emerging
technology acts as a stepping stone for the development of
a green environment. Nanoscale piezoelectric harvesting

Application areas
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devices have entered into use in various areas such as industrial
manufacturing, automobiles, medicine, information, telecom-
munications, and so on.

A. Self-powered nano/microsensors

The miniaturized size of nanogenerators makes them possible
power sources for low-power micro/nanoscale devices fixed in
a location where mechanical vibrations are continuously avail-
able. Self-powered gas sensors with high stability and sensitivity
have been obtained by means of one-dimensional metal oxide
nanostructures such as ZnO, SnO, and In,0; because of their
superior properties such as a high surface-to-volume ratio.>**?>%

Deng et al. (2014) used a ZnO nanowire for the design of
a self-powered active biosensor.”® The power generated from
the nanowire acts as a power source as well as a biosensing
signal. The output voltage of the nanowire under compressive
deformation decreased gradually from 0.20370 + 0.0176 V
(without IgG) to 0.03870 + 0.0035 V (with 107 g mL™" IgG).
Surface molecular adsorption can vary the density of free
carriers on ZnO NWs, so that the screening effect can be regu-
lated. Because ZnO NWs have the coupled properties of piezo-
tronic and biosensing characteristics, this NW acts as a viable
solution for the active detection of biomolecules.

Nie et al. (2014) developed a self-powered active gas sensor
for H,S based on a CuO/ZnO nanoarray, in which the piezo-
electric response acted as a power source as well as a sensing
signal.”®® At room temperature, the piezoelectric output of the
nanoarray decreased relatively from 0.738 V to 0.101 V when the
device was exposed to 800 ppm H,S. When the device was
exposed to H,S gas, the CuO/ZnO p-n junction was modified to
form a CuS/ZnO ohmic contact. The electron density in the NW
increased, which resulted in an additional screening effect.

Xue et al. (2013) fabricated an unpackaged ZnO nanowire
(NW) PENG, which functioned as a self-powered active gas
sensor even at room temperature because of the combination of
the piezoelectric and gas-sensing characteristics of ZnO NWs.>**
It seemed to exhibit exceptional sensitivity even in spite of the
electron screening effect. ZnO NWs exhibit excellent perfor-
mance when integrated with various devices such as solar
cells,*® gas sensors,”® UV lasers,** light-emitting diodes®** and
photodetectors.>¢%2¢”

A small PENG-based self-powered sensor provided high
durability and could be operated even at a high fluid operating
temperature of up to 120 °C and over wide pressure ranges.>*
Such sensors were successfully fabricated and used to measure
water velocities at an outlet pipe.

B. Self-powered electronics

With the rapid growth of electronics, smart consumer elec-
tronics have become an essential item for comfortable human
life. To increase the lifespan and power consumption of such
electronic devices, wasted mechanical energy derived from
finger movements as well as the tapping of touch screens by
fingers has to be utilized by means of PENGs. Hence, nanoscale
harvesting devices act as suitable power sources and bases for
the development of self-powered devices.

RSC Adlv., 2017, 7, 33642-33670 | 33655
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A PVDF/graphene-based nanogenerator has the ability to
fully synchronize finger movements, and the generated energy
can be used to power a commercial LED for 30 seconds.®® This
PVDF generator has the ability to be used as a self-charging
power source for powering portable personal electronic
devices that require less power.

The stable output from the three-dimensional r-shaped
hybrid NG could be used to charge capacitors, which act as
power sources for microelectronic devices.””® The flat and
adjustable substrate endows the device with exceptional inte-
grability. The hybrid PENG could be integrated into the space
button of a keyboard by using the plastic film of the keyboard as
a frictional substrate. With gentle finger typing, a peak voltage
of about 20 V was generated.

Hu et al. (2016) proposed an innovative anti-peep transparent
PENG that was able to harvest energy from light finger tapping,
and an output current of 0.8 nA was generated.® This transparent
NG exhibited improvements in light transmittance and electro-
mechanical properties upon aligning PZT nanowires on PDMS.

BaTiO; Nanowire-PVC

Fiber

@e Cotton Thread

Cu Wires (Interdigitated
Electrodes)

Cu Wires (Extraction
Electrodes)

(b)

Fig. 19 (a) Photograph of a fabric nanogenerator (FNG). (b) Structure
of the FNG.2*®
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C. Smart wearable systems

Smart clothes can be woven by integrating NSs with functional
fibers. They are used to power sensors with low power
consumption by harvesting mechanical energy from the
motions of the human body.****?*2¢ A photograph of a fabric
generator together with its structure is shown in Fig. 19.

A self-powered strain sensor could be developed by using
smart cloth composed of an FBHNG. A self-powered alert
system could also be designed by using the rectified output of
an FBHNG.**

D. Transparent and flexible devices

Optical devices such as light-emitting diodes and photovoltaics
make use of thin metal or metal oxide films as transparent
conductors.””® These transparent metal-based films possess
a limited range of applications because of their reduced elas-
ticity, chemical instability and high cost.*”**”> CNTs have
replaced metal-based flexible thin films owing to their effective
optical, mechanical and electrical properties and have been
utilized in several flexible optical devices.?”*”* The perfor-
mance of CNTs has been limited by their diameter-dependent
electrical properties, difficulties in the separation of metallic
and semiconducting CNTs and unevenness, which have limited
their application in flexible devices.

Yang et al. (2009) designed an SWG-based flexible piezo-
electric ZnO nanowire, which converted biomechanical energy
into a suitable electrical response.® It had the ability to convert

-
- ~

Running

Scr;tching
(b)

Fig. 20 Energy harvesting using an SWG from (a) an oscillating human
index finger and (b) a live hamster.®
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Fig.21 Fabricated large-area thin PZT film NG on a curved glass tube. oS s Ty
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The inset shows a thin PZT film on a PET substrate formed by an LLO "Bar code”
process.?’® oA

Fig. 23 Detection of protein by means of nanoparticles.?**

PENGs with exceptionally high flexibility can be used as
energy-scavenging devices in various applications, which
include wireless sensors and self-powered NEMS-based
devices.?®>?”

E. Biomedical applications

Fig. 22 Fully rollable graphene-based NG.1%% Nanostructures such as nanopatterns, nanochannels, nano-
tubes and nanoparticles are utilized for a range of biomedical
applications. Fluorescent biological labeling and tagging,>*>%

the tapping of a human finger and the motion of a running live
hamster (Campbell's dwarf) into electricity. An output voltage of
up to ~0.1-0.15 V could be generated by integrating four SWGs
in series. The harvesting of energy from the NG attached to
a human finger or running hamster is depicted in Fig. 20.

Kwi et al. (2014) fabricated a highly efficient, flexible and
lightweight thin PZT film NG by a conventional sol-gel
method.””® An LLO process was used to transfer the thin film
from a sapphire substrate onto a plastic substrate without
mechanical damage (Fig. 21). The thin film NG could generate
an 0;1tput voltage and current density of ~200 V and 150 LA [ig 24 Energy harvesting from the breath and heartbeat of a live rat
cm’ 7, respectively, upon bending the film. The power generated  ysing an SWG attached to (a) the rat's diaphragm and (b) the rat's
by the NG from human finger motions was used to drive 100 heart”
blue LEDs with no interfacing circuitry.

The transparency of the device can be increased by
substituting the indium tin oxide (ITO) electrode with a gra-
phene layer without affecting the cost.’ The graphene-based
NG is shown in Fig. 22. Graphene displayed improved perfor-
mance owing to its better electrical and mechanical proper-
ties,*”7**® such as high mobility*”” at room temperature, high
optical transmittance, improved chemical stability and rela-
tively high mechanical elasticity,®® which shows that it is
a favorable option for applications in a wide range of fields such
as nanoelectronics, optoelectronics and spintronics.”®'*** The
major drawback faced by graphene is its time-consuming
fabrication process, which may lead to graphene sheets with

low optical and electrical quality because of structural defects Fig. 25 Photograph of a medical experiment with an NG attached to
and low interlayer junction contact resistance. the heart of a living rat. The inset shows a snapshot of flexible PMN-PT
thin film stimulator.*°2

Live Rat =
1cm
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drug and gene delivery,”"***> and the biodetection of patho-
gens®” and proteins®* have been performed by means of
nanoparticles. The detection of protein molecules with the help
of nanoparticles is illustrated in Fig. 23.

Nanochannels and nanotubes have been employed in
various areas such as structural studies of DNA™ and tissue
engineering.>*>**® Magnetic nanoparticles play a wider range
of roles in medical fields such as the separation and purifi-
cation of biological molecules and cells,>” contrast
enhancement in magnetic resonance imaging (MRI)**® and
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Fig. 26 Photographs of PZT MEHSs on the (a) RV, LV, and free wall of
a bovine heart, (b) bovine heart during expansion, (c) bovine heart
during relaxation, (d) bovine lung during exhalation, (e) bovine lung
during inhalation, (f) at different angles of orientation, (g) bovine dia-
phragm, (h) open chest and (i) closed chest.3
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Fig. 27 Photographic images of the HSNG at various locations on the
human body (i) shoulder (ii) elbow (iii) dorsal side of hand (iv) knee
showing the good compatibility of the device.?**

hyperthermia (destruction of tumor cells by means of heat-
ing),?*® and many phagokinetic studies** are currently under
investigation.

F. Implantable devices

The toxicity of chemical batteries fails to meet the power supply
needs of implantable micro/nanoscale devices, which are widely
used in biomedical applications. Yu et al. (2009) suggested the
use of ZnO nanowires for in vivo applications because they are
biologically safe and biodegradable.**

Zhou et al. (2010) reported an SWG-based in vivo nano-
generator that can generate electrical energy when attached to
the diaphragm and heart of a live rat.” This in vivo generator is
capable of capturing vibrations from the periodic expansions
and contractions of the diaphragm (breath) and heartbeat of
a living rat and generates suitable electrical output, as shown in
Fig. 24. These non-toxic nanogenerators have become an
essential step in the evolution of implantable self-powered
nanodevices.

Geon et al. (2014) developed a flexible efficient single-
crystalline thin PMN-PT film on a plastic substrate, which
was used to design a self-powered cardiac pacemaker.*** This
harvester generated an output voltage of 8.2 V and a current of
145 pA when it was subjected to periodic mechanical motions of
bending and unbending. The experimental investigation of the
fabricated PMN-PT-based NG is illustrated in Fig. 25.

Canan et al. (2014) proposed an implantable NG that could
act as a power source for continuous health-monitoring devices,
as well as non-biomedical devices, such as heart rate monitors,
pacemakers, cardioverter-defibrillators and neural stimula-
tors.*® The operation of the device using the natural contractile
and relaxation motions of the heart, lung and diaphragm was
demonstrated on animal models (Fig. 26) of which the organs
are comparable in size to human organs.

G. Security systems

PENGs hold notable potential importance as energy-harvesting
power sources and have been used as several types of motion

This journal is © The Royal Society of Chemistry 2017
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The hybrid energy-scavenging NG reported by Keun et al.
(2014) displayed high compatibility with different parts of the
human body and hence represents a better choice for wearable
devices, robotics and biomedical applications with exceptional
sustainability.*®* The integrability of the hybrid device is
depicted in Fig. 27. Hence, PENG-based energy scavengers pave
the way for the development of self-powered nurse call systems
and panic systems for providing continuous security. They are
very helpful for the development of security systems for the sake
of people at risk.

Fire alarm and detection systems (FADs), closed-circuit
television systems (CCTV), burglar alarm systems (SOT), secu-
rity systems and their integration can also be made possible by
developing a self-powered system with the help of this piezo-
electric nanoscale energy-scavenging device. The consumption
of power can be reduced by a huge amount via the integration of
these PENGs into our day-to-day appliances.

IX. Conclusions

This paper has focused on a comprehensive survey of piezo-
electric nanogenerators. The operating modes of harvesters
based on the direction of the applied force have been discussed.
Among the various available configurations, VINGs are
predominantly in demand because of their outstanding prop-
erties such as enhanced output performance, low cost and easy
fabrication techniques, whereas LINGs need costly fabrication
techniques and NEGs require complex as well as expensive
synthesis methodologies. Reductions in the quality and stability
of devices due to scaling can be rectified by using efficient
fabrication techniques. The bottom-up approach is superior to
the top-down approach owing to its reduced processing time,
low cost and synthesis of high-quality nanostructures. The use
of the inorganic materials used for the design of early PENGs
has been limited because of their low formability and low
structural stability. Polymers have been used for the design of
lightweight NGs. Various research studies have been performed
for the development of piezoelectric materials with improved
piezoelectric performance, as well as lead-free piezoelectric
materials. Despite the increased piezoelectric constant of lead-
based materials, their consumption has diminished owing to
their toxicity. ZnO acts as a universal material with coupled
semiconducting and piezoelectric properties owing to its
unsurpassed attributes such as biocompatibility, chemical
stability, ample availability, and affordability. Zinc stannate can
replace ZnO owing to its extremely high piezoelectric coefficient
and attractive optical properties with high transparency. Tita-
nium dioxide is a good material of choice in the field of energy
harvesting because of its easy synthesis procedure, chemical
stability and high energy conversion efficiency. The energy
conversion efficiency of PENGs can be improved by various
strategies such as doping, temperature control, suppression of
screening effects, diameter reduction, host layer addition,
topological optimization, surface passivation, etc. Hybrid
energy harvesters can be developed either by integrating
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different energy-harvesting mechanisms or by combining
different piezoelectric materials, which results in the long-term
continuous availability of power. Noteworthy applications of
PENGS in various fields have been reported. PENGs have led to
the development of many self-powered sensors, consumer
electronic devices, wearable sensors and ubiquitous security
systems, which act as stepping stones to a green environment.
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