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ABSTRACT

Chowdhury, Aminur Rashid, Organic-Inorganic Hybrid Materials For Piezoelectric/Triboelectric

Nanogenerator. Master of Science (MS), August, 2019, 135 pp., 1 table, 67 figures, references,

170 titles.

Nanogenerator has been a major focus among researchers of recent time due to its versatile
use in everyday life. Though the discovery of the piezoelectricity and the triboelectricity dates
back to 19" century, the use of these phenomena has not been in practical use till 2006. In this
study we demonstrate the practical application of piezoelectric and triboelectric nanogenerator
comprised of different copolymer and piezoelectric ceramic. The largely known piezoelectric
polymer Polyvinylidene fluoride (PVDF) has also been utilized. The enhancement of piezoelectric
properties of PVDF has been achieved by utilizing surface activation of accommodating ceramic.
The Li doped ZnO has been used because of its high d33 values. However, no electromagnetic
poling has been utilized. Not only the piezoelectric and triboelectricity and nanogenerator has been
studied, its application in real-life has also been utilized. We have been able to use the triboelectric
nanogenerator as body motion sensor and effectively measure the body motion as well as plot for
energize small smart devices. Overall the research has been able to generate new hybrid and mon

nanogenerators and utilize for everyday use in daily life.
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CHAPTER |

INTRODUCTION

Technology has brought us into a smarter world where harvesting normally wasted
energy from the environment is not only feasible but a potentially massive untapped source of
power. The use of nanotechnologies in this research field encompasses a continuous study and
development in order to obtain materials with improved properties. Modern consumer electronics
have also advanced to the point where we cannot imagine life without the sensors around us
serving our every need; diesel fuel injectors, fast response solenoids, stack actuators, stripe
actuators, dot matrix printer, course changing bullets, microphones, accelerometer, speakers, and
stress sensors are all vitally important for the functioning of modern society. Many of these
sensors are based on piezoelectric materials, and significant advancements in our understanding
of piezoelectric materials have been necessary to advance sensor technology to the current level.
It may seem that piezoelectric technology has reached the pinnacle of its development. But a
great deal of scientific research is still taking place with the goal of advancing piezoelectric

technology for efficient energy harvesting and sensor applications.

Although the large-scale utilization of piezoelectric materials only began shortly after the
First World War [1], the piezoelectric effect was discovered quite some time previous to the war
by the Curie Brothers in 1880 [2]. Previously it was only seen as having marine and military

applications. However, it was soon found that piezoelectric materials have myriad potential a



pplications in everyday life as well [3]. This discovery prompted scientists to further

develop piezoelectric materials, and eventually led to the piezoelectric technology that we have

in the modern era: from tiny sensors to efficient piezoelectric-based energy harvesting devices.

Figure 1 clearly shows how piezoelectric nano-generator research has become increasingly

popular in recent years; it is obvious that interest in piezoelectric nano-generators is growing day

by day [4].
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Figure 1: Number of scientific papers published in the last ten years on piezoelectric

nanogenerator research [4].

Though piezoelectricity is an age-old phenomenon, nanostructured piezoelectric devices

have only recently been developed. Indeed the development of nanostructured piezoelectric



material is a popular topic for scientific research [5-10]. The tremendous potential applications
of nano-scale piezoelectric devices have attracted much interest in recent years, and indeed a
large variety of energy harvesting devices has been developed. However, regardless of the
extraordinary advances made concerning synthetic methodologies, quantitative mechanical and
electromechanical characterization of the produced nanostructures is still limited because of the
challenges of characterizing and developing a mechanistic understanding of mechanical and
electromechanical properties in nanostructures below a dimension of 100nm. Measurement of
properties through a particular experimentation technique is not sufficient to understand the
behaviour of nanostructures completely. Thorough structural characterization is required to fully
understand the quantification of defects and impurities. It also clearly evident that different

approach to nanostructure may cause the same nanostructure in different characteristics [11].

Self-powered nanogenerator is a system that can work and function without an external
power supply. In the last few years tremendous progress in the development of new piezoelectric
self-powered systems have been studied. Also, it is receiving a high research interest due to its
ease and versatility of use [7,12]. This is well reflected in Figure 1. Scientists have found
effective the use of piezoelectric nanogenerator in a plethora of applications, such as power
wearable, embedded, implanted and/or portable electronics and sensors [13,14]. Not only
ferroelectrics inorganic materials have been studied for piezoelectric behaviour, but ferroelectric
polymers have also been considered thoroughly with a number of approaches [12,15,16]. This
review summarises recent developments relevant to piezoelectric nanogenerators, from the
nanostructured materials to multicomponent/functional nano-generators. The theoretical basis of

the piezoelectric effect is also discussed, with an emphasis on understanding the mechanism of



the piezoelectric effect in different materials, synthesis technigques of piezoelectric nanostructures

along with future developments of piezoelectric nanogenerator.



CHAPTER II

LITERATURE REVIEW

Types of Piezoelectric materials

Up to now, many piezoelectric materials have been discovered/developed, including
many natural and synthetic materials; a brief overview of these materials is given in Table 1. In
the early period of discovery of piezoelectric materials in the late 19" century, Pierre brothers
communicated their finding in zinc blende, sodium chlorate, boracite, tourmaline, quartz,
calamine, topaz, tartaric acid, cane sugar, and Rochelle salt in the French scientific journal
Comptes Rendus [17]. Typically, piezoelectric ceramics are polycrystalline materials that consist
of irregular domains that are forced to align in the same direction by “poling”, a process in which
a high electric field gradient is applied across the material at an elevated temperature. This
domain alignment remains even after removal of the poling field. As a result of this process, the
new piezoelectric material exhibits “macro-piezoelectric” properties, thus macroscopic
perturbation of the material will produce a current. Piezoelectric crystals, which refer to single-
crystalline materials, are typically asymmetrical in the lattice structure and therefore exhibit

piezoelectric properties without the prior need for poling [18,19].



Category

Natural crystals

Natural materials

Synthetic crystals

Synthetic ceramics

Lead-free

piezoceramics
Polymers
Organic
nanostructures
Organic-inorganic

materials

Typical materials

Berlinite (AlIPOa), sucrose, quartz, Rochelle salt, topaz,

and tourmaline-group minerals

Bone, tendon, silk, wood, enamel, dentin, DNA, and

viral proteins
Gallium orthophosphate (GaPQa4), langasite
(LasGasSiO14), and diisopropylammonium bromide (DIPAB)
BaTiOs, PbTiOs, Pb(Zr,Ti)Os, KNbOs, LiNbOs3,
LiTaO3, Na2WOs3, ZnO, BazNaNbsOs, Ph2KNbsO1s, and so
forth
(K,Na)NbOs3, BiFeOs, BisTizO12, NaosBiosTiOs, and so

forth
Polyvinylidene fluoride (PVDF)

Self-assembled diphenylalanine peptide nanotubes

(PNTs)

Trimethylchloromethyl Ammonium
Trichloromanganese(ll), halogenoantimonates(l11),

halogenobismuthate(111)

Table 1: Different types of typical piezoelectric materials [18,20,21].



Precisely, piezoelectric ceramic materials typically show high piezoelectric constants and
dielectric permittivity. Thus, these ceramics are suitable for use in high power energy transducers
and harvesters. But their typically low mechanical quality (e.g. ductility) makes them unsuitable
for high-frequency applications. Natural piezoelectric materials have the superior mechanical
quality to piezoelectric ceramics, but they also suffer from lower piezoelectric constants and
lower dielectric permittivity. Hence natural piezoelectric materials have been commonly used in
high-frequency piezoelectric applications. Other than quartz, crystalline high-quality perovskite-
structured piezoelectric single crystals such as the Pb(A13B2:3)Os-PbTiOs (where A = Zn?*,
Mg?*; B = Nb°*) with much higher piezoelectric constants (dsz = 2600 pC/N), electromechanical
coupling coefficients (k33=0.95), and strain (>1.7%) have been prepared [22]. However, the
preparation of these single crystals requires a costly precision controlled process, which limits

their application in many fields [18].

Organic piezoelectric materials such as PVDF have shown promising characteristics,
including lower density [23], higher flexibility [24], lower resistance [25], and higher
piezoelectric voltage [25] values which has attracted recent research efforts. However low ds3

values remain a disadvantage of organic piezoelectric and limit their potential applications [18].

Materials for Piezoelectric Nanogenerator:
Piezoelectric materials can be found in nature, or they can be synthetically produced.
Some of the common natural inorganic piezoelectric materials are quartz (SiO2), Rochelle salt,
topaz, tourmaline-group minerals and some organic substances as silk, wood, enamel, dentin,
bone, hair, rubber [26]. Man-made piezoelectric materials are with crystals with a similar
structure of quartz, ceramics, and composites [27]. Out of 32 crystal classes, only 20 exhibits

piezoelectric properties. Furthermore, only 10 crystal classes out of these 20 piezoelectric classes



are polar, while others show behavior as nonpolar piezoelectric materials [27]. Many
piezoelectric polymer materials have been found with considerable dielectric constants (e.g.,
PVDF, PVDF-TrFE, Parylene-C, Polyimide (5-CN) APB/ODPA). But PVDF and
poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) have caught the eyes of the
scientific community due to their extensive dielectric constants and variable polarity depending
on processing techniques [3]. Polymer composites have been found to have several advantages
compared to bulk materials, hence a large amount of researches has been conducted in this area.
Approval of PVDF and PEG by FDA has opened a big horizon for piezoelectric nanogenerator

in the field of biomedicine [28,29].

The Mechanism of Piezoelectricity

To maintain the overall charge balance within crystals, they must possess exactly equal
numbers of positive and negative atoms/ions, so that the overall charge is zero and the material is
stable. In crystalline materials, these positive and negative charges are arranged in rigid lattice
structures. Taking into consideration this aspect, when an external stress is applied, this lattice
structure is disrupted, and thus the local charge balance within the crystal is perturbed; hence a
current in the crystal is generated. On the contrary, in the reverse piezoelectric effect, an external
electrical field is applied which generates a perturbation of the lattice structure (and thus the
overall dimensions) of the crystal. C. Falconi et al. demonstrated that piezoelectricity is
effectively a linear relation between the mechanical and electrical properties of dielectric
materials [30]. Here we will follow Zhao Wang et al. in their demonstration of the theoretical

study of the piezoelectric effect on the crystal [18].

The electrical displacement (Di) and the electrical field (E;j) have a linear relationship that

can be expressed as:



D; =Y3- &, E 1)

Where ¢;;is the permittivity of dielectric materials which is considered as a second-rank
tensor represented by 3 x 3 matrix. As the matrix is symmetric (g;; = €;;) there are most 6

independent coefficients. Relation between stress and strain can be showed for mechanical

properties as:
T = Zii=1 Cij Sk (2)
Here C;; is elastic stiffness of the material. This above equation can also be interpreted as:
Sij = Xii=1 Sijrt Tha (3)

Where S, , is elastic compliance of the materials. As the stiffness related to second rank

and Sij = Sji), the number of Cijki can be reduced to 36.
Also, the piezoelectric constitutive equation can be reduced to:

=]

Here Superscripts T and E denotes the coefficients are at constant stress and electric field,

respectively. While the piezoelectric strain/charge constant denoted as dij .

The piezoelectric constitutive equation for a one-dimensional (1D) simplified hypothesis

can be interpreted as:



S= stET+dE (6)

D =dT +'E )
S=sPT+ gD (8)
E=—g"+2 (9)
T =cES —eE (10)
D =eS+¢E (11)T = cPS+hD
(12)E = —hs +— (13)

Here d, e, g, and h are the piezoelectric constants and can be linked as:

d=¢eTg=S5Fe (14)
e=¢e5h =ctd (15)
-4 _¢D _e_ D
G—gT—sh (16)h—£5—cg
(17)
el =¢S5+ de (18)

Applications of Piezoelectric Materials
The number of applications for piezoelectric materials is now larger than it has ever been
since their first use as sonar transducers or megacycle quartz resonators [31]. This unique class

of materials is now included in a huge diversity of products, ranging from tiny pacemakers to
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state of the art spacecraft [32,33]. This vast array of applications can be broadly classified

according to the operational mode of the piezoelectric material as follows:

Sensors: Piezoelectric materials used for detection of pressure variations in longitudinal,
transversal, and shear modes. The most common use of piezoelectric materials as a sensor is in
accelerometers [34]. Second to this sensor application is the use of piezoelectric sensors to detect
sounds as in microphones, acoustic/electric guitar pickups, and for the detection of waves of
lower frequencies. Piezoelectric materials have also found uses in ultrasonic medical imaging

and non-destructive testing [18,35].

Actuators: The reverse piezoelectric effect has enabled piezoelectric materials to be used
as precision actuators. Since a carefully controlled electric signal can create precisely (albeit
typically very minuscule) deformations in piezoelectric materials, they have been used in
applications that require extremely precise positioning [18]. Piezoelectric actuators are already
being used in high tech position-based atomic microscopy instrumentation, including scanning
tunneling microscopy (STM) and atomic force microscopy (AFM) equipment. Piezoelectric
actuators are also used in many every-day consumer devices including digital cameras and

cellular phone terminals [36,37].

Frequency Controlling Devices: Crystal oscillator is that uses the mechanical resonance
of a vibrating piezoelectric crystal as an electronic oscillator circuit to create an electrical signal
with a very precise frequency [38]. This is used to create very stable clock signals in electronic
circuits. An excellent example of this kind of device is the timekeeping oscillator based on a

vibrating quartz crystal found in many everyday electronic devices [18,39].
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Energy Scavenging Nano/Micro-Generators: Since applying an external mechanical
force creates a potential difference in piezoelectric crystals, they can be used as nano/micro-
generators [18]. They have been used for this purpose in many applications, including for the
ignition of lighters, roadside lamp posts, etc. Utilization of this characteristic for the scavenging
of frictional and other typically wasted energy sources has also been explored; some products
that harvest waste energy in this way are already commercially available, such as chargers that

harness waste energy to power low-energy devices [40].

Biomedical Application: As piezoelectric nanogenerators have been found with very
high efficiency and sensitivity, their use has been initiated in biomedical fields. Animal tests
show that use of piezoelectric nanogenerator inside the human body is not far away.
Nanogenerator has found its way in the use in an unconventional way too. Li et al. have
demonstrated that muscle-driven nanogenerator from a living rat’s heart and diaphragm can
generate a considerable amount of energy [41]. Besides rat, it was also tested with other animals
(e.g. swine) that nanocomposite nanogenerator can generate energy from the animal’s heart beat
as well as body movement [42]. Feng et al. have discussed the use of piezoelectric nanogenerator
as pacemakers, cardiac sensor, blood pressure sensor, pulse sensor, deep brain stimulation,
neuronal cell differentiation, osteoblast cells' differentiation, microbe inactivation by

electroporation, anti-biofouling activity, post-charge disinfection, etc [12].

Synthesis Techniques for Piezoelectric Nanostructures:
The substantial interest in piezoelectric nano-generators has produced many novel

synthetic techniques; these techniques can be broadly classified as follows.
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Sol-Gel Template Method: This is the template method for preparing nanostructures
entailing synthesis of the desired materials within the pores of the nanoporous membrane or
other solid. This method gathers nanofibril or tubule of the desired materials inside the pores
[43]. Hydrolysis followed by condensation of molecular precursors are the main steps in any sol-
gel based method. Templating is used to grant the finished material a nanostructured
morphology. Sol-gel methods begin with the hydrolysis of molecular precursors to obtain a
suspension of colloidal particles (the sol) which is used to generate the “gel” composed of
aggregated sol component on the substrate that is to be coated. Thermal treatment of the
substrate follows the deposition of this gel to generate the desired nanostructured layer and drive
off any residual solvent. Two advantages of the sol-gel template-based method are the ability to
produce high purity materials at comparably low temperatures, and the facile preparation of
homogenous, multi-component component systems by simple mixing of the precursors which

allows for easy and variable chemical doping of prepared materials [44].

Hydrothermal Method: This method includes techniques of crystallizing substances
from high-temperature aqueous solutions. This technique is very useful for the production of 1D
nanostructures as well as multidimensional nanostructures. It offers some significant advantages
in control of the length of structure and ease of integration along with cost-effective utilization

[45].

Solvent Casting Method: This method is primarily used for the preparation of nano-
films. Flexible films are obtained by spreading a precursor solution over a clean substrate

followed by crystallization of the precursor upon evaporation of the solvent. It has been proven
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as a reliable method to develop two-dimensional piezoelectric materials. PVDF or similar

materials are typically used with this solvent casting method [45,46].

Electrospinning Method: Electrospinning is a fiber production method using an applied
electric field to create a charged jet of polymer solutions or solid polymers. Electrospinning
shares characteristics of both electrospraying and conventional dry spinning of fibers. Though
this method has mostly been used for the preparation of the micro-piezoelectric generators, sub-

micrometer diameter fibers have also been produced [45,47].

Solid State Techniques: Solid state techniques have been widely used to prepare
materials with excellent piezoelectric properties. It is one of the oldest processing technologies
and is by far the most commonly used technique for fabricating ceramic materials [48]. It can be
defined as an irreversible thermodynamic process in which powder compacts are fused into a
single material using thermal energy to obtain dense, polycrystalline ceramics. The main driving
force of the fusion of the individual powder granules is the decrease of the surface free energy of
an assembly of particles relative to a collection of individual particles; this driving force can be
enhanced by decreasing the starting particle size. Other than driving particle agglomeration by
decreasing the size of the individual particles / the amount of exposed surface area,
agglomeration can be encouraged via the application of external pressure or with a chemical

reaction [49,50].

Types of Piezoelectric Nano-generators:
In this review, piezoelectric nanogenerators are discussed and classified as basis of
the different dimensionality of piezoelectric nanomaterials. Taking into consideration this

aspect, piezoelectric nanogenerator can be classified as:
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(i) Zero-Dimensional Piezoelectric Nanogenerator
(ii) One-Dimensional Piezoelectric Nanogenerator
(ii1) Two-Dimensional Piezoelectric Nanogenerator
(iv) Three-Dimensional Piezoelectric Nanogenerator

These dimensional analyses are described as per below.

Zero-Dimensional Piezoelectric Nanogenerators: Zero-dimensional (OD) piezoelectric
nano-generators have attracted much scientific interest in recent years. Because of the
higher surface area, feasibility of incorporation and easy preparation techniques of
nanoparticles compared to other dimensional nanomaterials, OD piezoelectric materials
are more aspiring in use of flexible nanogenerators [51]. This has led to that creation of
many new types of piezoelectric nano-generators based on 0D nanomaterials. In 0D
piezoelectric nano-generators, nano-clustered materials and nano-dispersions are isolated

from each other as shown in Figure 2 [44].
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Figure 2: Zero-Dimensional Piezoelectric Nano-generators (Force and Voltage) [44]
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It was found that the piezoelectric, as well as the ferroelectric properties of the material,
can be improved by the addition of ferrite nanoparticles in polymer-based piezoelectric nano-
generators [52]. It was also shown that the dielectric permittivity of the composite increases
proportionately with the volume fraction of the nanoparticles [53]. Dodds et al. found that ZnO
nanoparticles incorporated into poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE))
thin films enhanced the piezoelectric response of the films while still allowing them to maintain
satisfactory mechanical properties [54]. Prasanthi et al. also demonstrated that ZnO nanoparticles
embedded into an SU-8 polymer (i.e., epoxy-based negative photoresist) matrix granted the
polymer a high degree of piezoelectric properties while still sustaining photo-patternability and
optical transparency inherent to the SU-8 polymer [55]. Hadiji et al. demonstrated that alumina
nanoparticles dispersed in PVDF-TrFE displayed a high piezoelectric coefficient [56]. Ahmed et
al. showed that Dy2.sSro2FesO12 (DySrIG) nanoparticles possess electric memory by which they
remember their original shapes with thermalization (shape memory materials): their dielectric
parameters change as a function of temperature over a range of 25-400°C yet return to the
original state at room temperature) [57]. It was also found that processed (BiosNao.s) TiO3
subsequently doped with 8 mole % BaTiOs particles can produce a material with a large ds3

value [58].

Mupeng Zheng et al. have described how the uniform distribution and dispersion degree
of nanoparticles can enhance both the piezoelectric and ferroelectric properties of composite
materials. It was experimentally determined that the intrusion of silver nanoparticles in a lead
Zirconate Titanate matrix led to enhanced mechanical stability [59]. Hence there is much interest
in determining whether good ferroelectric and piezoelectric properties can be obtained from

ferroelectric-metal composites that have improved mechanical stability [60]. Some compositions
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were tested in the study done by M. Zheng et al., as follows:

Pb(Zn13Nbz2s3)o.20(Zro.50Tio50)0.8003 + X Ag (PZN-PZT/xAg), where x is varied from 0 vol. % to
10 vol.%. Ag20 was mixed with PbsOas, ZrO2, TiOz2, ZnO and Nb20s according to the above
stoichiometry in ball mills, followed by calcination in a covered alumina crucible at 850 °C. This
calcined product was later pressed into discs with a diameter of 11.5 mm at a pressure of around
100 MPa followed by sintering at 1050°C for 2 hours [60]. Pb(Zn13Nb2/3)0.20(Zro.s0Tio.50)0.8003/ 6
vol. % Ag (PZN-PZT/Ag) nanocomposites were prepared and characterized to evaluate their
piezoelectric and ferroelectric properties. It was found that PZN-PZT / Ag has superior
ferroelectric and piezoelectric properties, likely due to nanodomain formation during sintering

with few unit cell long (Figure 3).
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Figure 3: (a) The polarization—electric field (P-E) hysteresis loops and (b) d33, kp, &r, and tand

values for PZN-PZT and PZN-PZT/Ag specimens [60].
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PZN-PZT/Ag nanodomains are illustrated in the below TEM images (Figure 4) as little
stripes. The 6 vol % Ag samples are nanoscale (5-10 nm) in width. Domain size is directly
proportional to the square root of domain wall energy [61,62]. The multidomain state with the
smallest crystal size exhibits the largest value of the longitudinal piezoelectric constant, and

hence, it is more favorable .

Figure 4: (a) Typical TEM bright-field image of the domain structure in single crystal PZN-PZT

ceramic; (b)—(d) TEM bright-field images of nanodomains in 6 vol % Ag composite [60].

Though recent research has been mostly focused on the development of piezoelectric

materials with unique dimensionality, little research has been carried out with the goal of using
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different dimensional combinations to enhance piezoelectric performances. Chngyeon Baek et al.
have demonstrated how the combination of nanoparticles and nanowires can create a material
with improved piezoelectric response [63]. They constructed a nanocomposite-based energy
harvester with 4:1 wt ratio, and were able to generate a maximum open-circuit voltage and short-
circuit current of 60 V and 1.1 pA respectively [63], which is a dramatic enhancement compared

to nanogenerators based on either straight rods or particles [64].

While experimenting with the piezoelectric response of polyglycolide zinc ferrite
incorporated PVDF composites, Ispita Chinya et al. demonstrated that the piezoelectric response
of the composite was enhanced due to surface modification of the zinc ferrite (ZF) (Figure 5).
Sol-gel prepared ZF nanoparticles with an average diameter of 50 nm were layered with
polyethylene glycol (PEG-400, PEG-6000) and yielded outstanding results. This surface
modification enhanced the proportion of the polar phase of 10 wt % ZF-PEG/PVDF up to 92% in

the absence of poling treatment [65].
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Figure 5: Proposed interaction between untreated and surface treated ZF with PVDF [65].
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The dried powder of ZF/PEG with ZF was characterized via FTIR spectroscopy. The
FTIR spectra of PEG-modified ZF and untreated ZF are shown in Figure 6. The peak at about
432 cm™* corresponds to the tetrahedral Zn-O bond stretching, and the peak at 555 cm™
corresponds to the octahedral Fe-O stretching vibration in the body-centered cubic (BCC) zinc
ferrite structure [66]. After the treatment with PEG, the peaks at 1625 cm™* and 3405 cm™,
correspond to water dehydration, were eroded. This also occurred due to the presence of extra -
OH groups after glycolisation. The results of the FTIR spectrum indicate that the PEG

completely covered the surface of the ZF and was robustly bound (Figure 6) [65].
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Figure 6: FTIR spectra of ZF and ZF/PEG powders [65].

Nanogenerators were prepared with ZF/PEG-PVDF and ZF-PVDF films and
characterized in terms of their dielectric constants (Figure 7). It is immediately evident that the
surface modification of the nanoparticles enhanced the piezoelectric response of the

nanogenerators [65].
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Figure 7. (a) Comparative dielectric constants, (b) increment in dielectric constant in the
composite film with nanoparticle loading of ZF-PVDF and ZF/PEG-PVDF. (c) P-E hysteresis

loop of ZF/PVDF (d) and ZF-PEG/PVDF composite (d) [65].

Different percentage of the component can bring change in piezoelectric responses. Denis
et al. have shown that a small percentage change in the multicomponent zero-dimensional
system could bring a lot of changes in piezoelectric behavior. They have demonstrated the

effectiveness of the difference of proportion with (NaosBios)TiOs—xBaTiOs (NBT—xBT)
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prepared by ball-milling assisted solid-state reaction synthesis in the range of 4% <x < 13%

[67].
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Figure 8: (a) The mechanical depoling sequence and corresponding graphs of decreasing
piezoelectric coefficient (d33) as a function of applied mechanical pressure for different x value

(b) 4% (c) 6% (d) 7% (&) 9% (f) 13% [67].
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NBT-xBT mechanical depoling sequence (in loading, unloading) is shown in Figure 8(a).
The piezoelectric coefficient (dss) value of NBT-xBT as a function of applied compressive stress
is exhibited in Figure 8(b-f) in different compositions. The lowest depoling stress range (o 4) was
found in NBT-7%BT. This 7% is determined as the Morphotropic phase boundary (MPB). But it
was also found that composition near MPB, materials undergo depoling at lower stresses. This
implies that enhanced ferroelastic domain switching occurs in compositions near the MPB,
which means that there is a strong correlation between compositions within the vicinity of MPB,

piezoelectric properties and increased domain wall motion [67,68].

One-Dimensional Piezoelectric Nanogenerators:

Most nano-generator systems consist of One- Dimensional (1D) piezoelectric materials
[44]. These 1D piezoelectric nanogenerators have nanostructural component’s dimensions of less
than 100 nm and lengths of more than 1 nm. One of the advantages of 1D piezoelectric
nanogenerators is that they can be made in different configurations for different applications,
including nanowires (NWs), nanobelts (NBs), nanosprings, nanorings, nanobows, and
nanohelices [69]. Other advantages of 1D nanomaterials are: high surface area, low energy
consumption and easier integration [70]. These 1D piezoelectric materials have been found to
possess improved charge transfer characteristics as well as higher piezopotential compared to
two-dimensional piezoelectric materials. Nanowires specifically have been found to possess
three distinct advantages: high piezoelectric coefficient values, superior mechanical properties,
and increased sensitivity due to better flexibility leading to better piezoelectric responses [44,71].
It was found that wurtzite structure and perovskite materials both acting as promising 1D
Nanogenerator. However piezoelectric coefficient in wurtzite was found much lower than that of

perovskite materials or polymer. But the unique properties of wurtzite lies in the advantages of
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it's in use as a semiconducting device [70]. Defected 1D nanomaterials was investigated and
found with a sharp peak in bandgap depending on localized bandgap. Which has great uses in
practical field considering its specific electronic characteristics [72]. The different configuration
has also been discussed by Yu et al. including simple, core-shell/coated,
hierarchical/heterostructured, porous/mesoporous, hollow structured nanowires and discussed
that different properties can be achieved through the use of different kinds of 1D nanomaterials

[73].

Figure 9. A schematic representation of one-dimensional piezoelectric nanogenerators [44].

Because ZnO nanowire has significant mechanical strength compared to other materials,
it is considered a promising piezoelectric material [74]. Other 1D materials like aluminum nitride
(AIN) nanowires, PZT nanobars, and BaTiOs nanowires have also been investigated. But ZnO
nanowires/nanotubes are still retaining an outstanding position among 1D nanomaterials for their

high degree of ductility [44].

As only a few polymers have notable piezoelectric constants, PVDF has been the primary
focus of polymer-based piezoelectric research. PVDF nanobars and nanowires have been shown
to be viable sources of piezoelectric activity [3]. Cauda et al. have demonstrated that nano-

confinement of PVDF as well as poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) in an
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anodic porous alumina (APA) matrix yields a piezoelectric material that can act as an efficient
harvester of electromechanical energy. Nanoconfinement was also demonstrated to encourage
the preferential crystallization of both polymers into their ferroelectric 3 phase [75].Bao Liu et
al. have experimented with lead-free (NaosBios)TiOs—BaTiOs (NBT-0.07BT) based energy
harvester. (NBT-0.07BT) based nanogenerator was formed with perovskite structured nanofibers
using electro-spinning technique combined with sol-gel method [76]. Characterization of these
nanofibers with SEM, TEM, and XRD analyses revealed that the fiber diameter had been
significantly reduced (500nm to 100-200nm) after annealing due to volatilization of the polymer
(Figure 10 (a-d)). Surface roughness was also found to be increased due to the crystallization
process (Figure 10 (c-d)). Figure 10(e-f) confirms the perovskite structure and the high
crystallinity of the nanoparticles forming the fibers. A nanogenerator based on these NBT—
0.07BT nanofibers was assembled as shown below in Figure 11(a). The NBT-0.07BT (BNT-BT) fiber
was placed inside the PDMS matrix with an interdigital electrode. It was tested under an applied
finger bending force (Figure 11(b, c)) with excitation frequencies of ~0.6 Hz and ~1.8 Hz, the results
of which are presented in Figure 11 (d, €). Under a pressing frequency of 0.6 Hz an output voltage of
15 V was obtained. The output frequency increased with increasing pressing frequency. The

maximum output potential of the nanogenerators was 30V with an output current of 80nA [76].
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Figure 10. (a—d) The morphologies of the as-spun (a and b) and annealed (c and d) NBT-0.07BT
nanofibers, (e) the corresponding XRD pattern of the NBT—0.07BT nanofibers in the 26 range of
20-70°, and (f) the high-resolution TEM image of a portion of a nanofiber and the associated

electron diffraction pattern (shown in the inset) [76].
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Figure 11. (a) The proposed structure of the flexible piezoelectric energy harvester, (b and c)

photographs of the prototype device under bending conditions, and (d and e) the voltage output

when the device was subjected to a periodic finger excitation [76].
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YongAn Huang et al. prepared piezoelectric nano/microfibers for a hyper-stretchable
self-powered sensor with high stretchability, low detection limits, and excellent durability. It was
experimentally shown that helical electrohydrodynamic piezoelectrical materials show improved
piezo response as well as extra mechanical stimuli. Though this work is focused on the produced
material’s application as a sensor, it also demonstrates novel uses for piezoelectric materials in
different geometric shapes [77]. The sensor was prepared (Figure 12) with self-similar PVDF
fibers on a 100um thick PDMS film in a helical geometry with a syringe pump. This was
subsequently embedded with a metal electrode on an Ecoflex substrate. This helix structured
PVDF polymer-based sensor showed extraordinary stretchability (up to 320%), low detection
limits (0.2mg), and excellent stability under reciprocating deformation tests (1400 times at a

stretching degree of 150%) [77].
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Figure 12. (a) Schematic diagram of the hyper-stretchable self-powered sensor Huang et al, (b)
Schematic depiction of the hyper-stretchable self-powered sensor in a layer by layer format with
description of each layer, (c) Images of the hyper-stretchable self-powered sensor and
comparison between initial and stretched status, (d) Schematic diagram of self-similar
nano/microfibers fabrication processes , (e) Laser Scanning Confocal Microscopy (LSCM)
images of a self-similar nano/microfiber and SEM image of cross-section of the nano/microfiber

[77].
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Figure 13. (a) Picture and schematic diagram of loading platform to test sensor by Huang et al.,
(b) Current output sensor subjected to lateral loading with the same amplitude (2 mm) and
various frequencies (1.0 Hz, 1.3 Hz and 1.6 Hz) (c) Current output of sensor subjected to lateral
loading with the various amplitudes (0.8 mm, 1.4 mm and 2 mm) and same frequency (1.6 Hz)
(d) Current output sensor subjected to the same loading (0.8 mm) under different stretched status
e) Current output of freestanding hyper-stretchable self-powered sensor subjected to various
lateral loadings under different applied strains. For each tensile state of device, the displacement
loadings are 0 mm (touchness), 4 mm, 8 mm and 12 mm, respectively from left to right, (f)
Sensing of various grains, including peanut (~ 0.75 g), soybean (~ 0.3 g), azuki bean (~ 0.15 g),

mung bean (~ 50 mg), and sesame (~ 2.5 mg). [77].

Wang et al. demonstrated how different 1D materials could undergo different responses
to stress. The group experimented with GaN nanorods, AIN nanocones, AlGaN nanocone, and

InN nanocones with an AFM tip to induce stress on the piezoelectric materials and to measure
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their response. It was found that all of these nanomaterials were producing a measurable

response except for AIN, likely due to its high resistance [78].

Figure 14. SEM images describing the morphology and output signal mapping of (a) GaN
nanorods (b) AIN nanocones, (c) AlGaN nanocones, (d) GaN nanorods and (e) InNN nanocones

[78].
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Though there has not been much research conducted into how organic and inorganic
piezoelectric materials interact with one another, Singh et al. demonstrated how ZnO nanorods
can enhance the piezoelectric behavior of PVDF by increasing its f-phase up to a value of 76.1%
without subjecting the material to polling. It was also demonstrated that a PVDF-ZnO (15 wt %)
film exhibited a ds3 value of approximately -1.17 pC N [79]. This nanocomposite was formed
by mixing hydrothermally grown ZnO nanorods with varying percentages of PVDF in DMF
followed by drop casting the mixture on clean glass substrates. The produced film was
characterized via X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy,
and it was found that the proportion of the B-phase increased with increasing amounts of ZnO.
The produced material was tested as a nanogenerator by e-beam evaporation and deposition of a
conductive layer on two sides of the film followed by impact of this substrate with a cylinder of a
diameter of 1cm with a constant force of ~15 kPa; the material’s response to stress is presented
in Figure 15 [43]. The 15 wt % ZnO-loaded PVDF nanocomposite film produced nearly 1.81 V
and a short circuit current of 0.57 pA. It also produced an instantaneous output power density up
t0 0.21 pW/cm? with a load resistance of 7 MQ. This clearly shows the enhancement of the

piezoelectric response of the nanocomposite material compared with bulk PVDF [79].
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Figure 15. VOC generation from (a) polyvinylidene fluoride (PVDF), (b) PVDF-ZnO (5 wt%),

(c) PVDF-ZnO (10 wt%), and (d) PVDF-ZnO (15 wt%) thin films by repeated hitting [79].

Nanocomposite composed of micropillar and polymer has also experimented. Chen et al.
have shown that P(VDF-TrFE)/BaTiOs nanocomposite micropillars have an outstanding
electrical and mechanical performance compared to P(VDF-TrFE) bulk film. PVDF-
TrFE/BaTiOs micropillar nanocomposite was formed by molding and pressing action to form
micropillars followed by layering with PDMS thin layer. Morphology and structure of nanopillar

arrays are shown in the SEM images reported in Figure 16 [80].
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Figure 16. (a) SEM image of BaTiO3 Nanopillars. Raman spectrum of the micropillar pattern of
the BaTi0O3 NPs (inset), (b) XRD patterns of BaTiO3 NPs, (c) SEM image of PVDF-
TrFE/BaTiO3 nanocomposite micropillar array, (d) The magnified view of SEM image of the

micropillar arrays. The XRD spectrum of nanocomposite (inset)

The nanocomposite nanogenerator was later tested with vertical presses. The enhanced
voltage of 13.2V and a current density of 0.33pA cm were found. Switching the polarity test
also confirmed the enhanced performances of the nanocomposites. The nanogenerator was also

tested with different frequency of load and showed a mechanically stable result [80].
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Figure 17. (a,b) Output Voltage and current of device under stresses; (c) A comparison of output
voltages for the piezoelectric devices based on P(VDF-TrFE)/BaTiO3 micropillar array, P(VDF-
TrFE)/BaTiO3 nanocomposite film and for a bulk P(VDF-TrFE) film, (d) P-E loops of P(VDEF-
TrFE) film and P(VDF-TrFE)/BaTiO3 nanocomposite film. € value of P(VDF-TrFE)/BaTiO3
nanocomposite film and P(VDF-TrFE) film(inset) (e,f) Simulation result of the generated

piezopotential distribution of two unit blocks, as obtained for [80].
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Dahiya et al. have demonstrated one-dimensional ZnO encapsulated in parylene C polymer
matrix produced excellent results of open circuit voltage =10 V, short circuit current density =0.11

UA cm 2 with relatively higher peak power of =3 uW [81].

(a) No excitation

J  Substrate (PDMS)
Bottom electrode (Ti/Pt)
B  ZnONWs
Parylene C

" Topelectrode (Ti/Al)

(c) Relaxed

Figure 18: The working mechanism of the fabricated nanogenerator devices: a) No external
force. b) The piezoelectric-induced flow of the electrons through external compressive force

from the top. c) reverse electron flow with the relaxation of the force [81].

ZnO nanowire was grown in Ti/Pt layer on PDMS substrate by hydrothermal following

by seeding through a sputtering technique. Later Parylene C deposition on ZnO nanowire was
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achieved by vapor-phase deposition process utilizing three-stage deposition systems

(sublimation, pyrolysis and polymerization) [81].
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Figure 19: a) SEM image of NWs grown on PDMS. The inset shows the high-magnification

SEM image. b) XRD pattern of ZnO NW on Ti/Pt ¢) and d) SEM cross-sectional views of NWs

grown on silicon before and after parylene C/metal deposition. €) Schematic representation of

ZnO-parylene nanocomposite [81].

Prepared Piezoelectric nanogenerator as integrated in the back of a flexible bankcard to

test device performances (Figure 20). 13N force with 5Hz frequency was applied in an area of
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8cm?. The device showed a rise in voltage output (27 V) with a fall in current output (11 pA)

with an increase of load resistance [81].
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Figure 20: Electric output from large nanogenerator device fabricated on typical bank cards: a)
Picture of the bank card and fabricated device at the back side of it. SEM image showing the as-
grown ZnO NWs. b) Voltage and current output as a function of load resistance at 16 kPa of
applied compressive pressure. c) Peak output power vs. load resistance d) VVoltage and current
amplitude vs. load resistance at 100 kPa of applied stress. e) Peak output power as a function of

load resistance conforming to the hand tapping [81].

The device was later wearable tested by attaching it with the middle of the index finger.
The device produced open circuit voltage with bending (positive) and releasing (negative) of the
finger [81].
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Bisiorek et al. made some comparative studies of similar organic-inorganic hybrid
materials with 1D anionic structures of (CsN2Hs)[BiCls]-H20 (PAC) and (C3N2Hs)[SbCl4]-H20
(PBC) and showed that a very little change can bring a significant favorable or unfavorable change in

piezoelectric properties. Figure 21 shows the dielectric properties comparison of PAC and PBC [21].
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Figure 21: (a-b) Real, €’, and imaginary, £” with respect to temperature change, parts of the
complex electric permittivity of PAC along with the b-axis; (c-d) Temperature dependence of the

real part €’ the complex electric permittivity of PBC crystals along the b- and c-axis [21].
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Anomalies of €” and €” curves at greater than 200 kHz (Figure 21(a-b)) are found more
desirable because of accentric symmetry. They also demonstrated that in 190-230K temperature
range contains clear relaxation process in the kilohertz frequency region. For PBC (Figure 21(c-
d)) it was found with significant dielectric anisotropy because the dielectric response is radically
different along b- and c- direction. In 219K ¢’ for PBC is found with a step-like an anomaly,

which confirms the unfavorable piezoelectric properties of PBC.
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Figure 22: Crystal structure of (a) PAC (100 K) along the a-axis, (b) PBC (100 K) along the b-

axis and (b) PBC (240K) along the a-axis [21].

It was found that though both PAC and PBC has almost the same molecular arrangement
(Figure 22), their crystal structures are determined by piezoelectric and ferroelectric properties
of the materials. PAC shows similar molecular arrangement along a-, b- and c- axis through a
large temperature range. While PBC showed a phase transition at 219K along with a- axis, this
phase transition is responsible for the change of dielectric constant. Hence PBC shows anomaly

for piezoelectric behaviour [21].
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Two-dimensional piezoelectric nanogenerators

Two-dimensional (2D) piezoelectrical materials are promising components of
nanogenerators due to their typically high electromechanical coupling [82]. They have also
garnered interest due to their high roughness factors and large exposed polar basal planes which
often lend them better energy efficiency than the more common 1D piezoelectric structures,
unique electrical, optical, mechanical and thermal properties, which does not exist in their bulk
counterparts [83,84]. Their enhanced energy efficiency can also be partially attributed to their
ability to withstand large deformations and generally enhanced nanoscale properties [85].
Moreover, 2D materials are strong, flexible, easier to be analysed at the atomic level, easy to be
co-integrated with other materials or electromechanical systems which makes itself a better

piezoelectric nanogenerator [86] .

Ahmed Almusallam et al. have demonstrated recently that the incorporation of pressed
silver nanoparticles in a film like structure in composite materials on flexible plastic and textile
substrates can result in a significant increase in the dss value of nanocomposites. This

improvement also occurs without the loss of output voltage [87].

Snghoon Park et al. have shown that energy efficiency, as well as sensitivity, can be
largely increased in the way of application of tensile stress. This clearly indicates that high stress
alone cannot provide high energy, but the vertical stress to already stressed surfaces is required.
It was also found that free-standing thin film piezoelectric materials have higher energy
conversion efficiencies than any other omnidirectional nanogenerator morphologies [88]. Tang
Y. L. et al. have shown that a ZnO/silicon monoxide bilayer nanofilm can serve as a dependable

nanogenerator active layer due to its superior mechanical and chemical properties [89].

42



While working with polyvinylidene fluoride hexafluoropropylene (PVDF-HFP) and
PVDF-HFP/Co-ZnO nanofibers fabricated by electrospinning, Parangusan et al. showed that the
percent (3 phase of polymer, dielectric loss, as well as dielectric constant, largely increases with
the increase of the percentage of Cobalt doped Zinc Oxide in nanocomposite film. However, the
increase was noticed until the percentage of Co-ZnO reached up to 2%. The nanocomposite film
reached a voltage of 2.5V with 2% Co-ZnO [90]. Guo et al. also have demonstrated that PVDF
fibre on conductive fabric can reach a voltage up to 80V. He also tested PVDF fibre on
conductive fibre with triboelectric action with silk fibroin fibres. This hybrid action of (piezo-
tribo) reached up to 500V and 12 pA [91]. While most of the piezoelectric nanogenerator has
been tested with dual electrode method, Wang et al. have demonstrated that single electrode
method for electrospun PVDF nanofiber composite film would result in easy sensing of load and
release because of steady state sensing of stress while double electrode method appears in
pulsing signal. He demonstrated his work with Moravec’s paradox which says low-level
sensorimotor skills are more difficult than high-level reasoning in artificial intelligence and

robotics. It was exemplified by human body nature of single electrode sensing [92].

Jin-Ho Kng et al. have experimented on transparent and flexible piezoelectric
nanogenerator based on GaN (Figure 23). GaN was grown via metal-organic chemical vapor
deposition followed by an electrochemical etching process because of its high selectivity on the

electrical conductivity of GaN layer rather than chemical constituent [93].
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Figure 23. Nanogenerator based on a GaN membrane and its piezoelectric response to ~182 mN

force prepared by Kng et al. [94].

Two layers of GaN are generated from these processes, a bottom n-GaN layer, and a top
u-GaN layer. The bottom layer of GaN (doping concentration(n) = 2 x 10! cm=, 200 nm thick)
provided enhanced lateral current flow while the upper layer of GaN was found to be highly n-
doped (n*-GaN, doping concentration(n) = 8 x 10! cm=3, 400 nm thick). This was achieved by
growing p-doped GaN p doped-GaN, uniformly doped-GaN to form p-n junctions in the p-n
junction, followed by photolithography and chlorine-based reactive ion etching to expose
sidewalls in the bottom layer of GaN and open vias with diameters ranging from 4 to 90 um
(Figure 24-(b,c)). After removal of the deposition substrate, the bottom layer of the p-n junction
was transferred onto polydimethylsiloxane (PDMS, 2 um), and sputter coated with indium tin

oxide (ITO, 300nm) on a PET substrate (PET, 188 um) (Figure 24d).
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Figure 24. Schematic representation of GaN-based NG fabrication: (a) Patterning GaN structures
to expose the sacrificial layer (b) selective electrochemical etching of the sacrificial layer in
nitric acid, (c) the loosely bound GaN membrane due to nanoscale etching residues, (d) shifting
the GaN membrane onto an ITO/PDMS-coated PET substrate, and (e) electrical output due to

stress application [94].

The piezoelectric response of the produced nanogenerator was measured under finger
force (~182 mN). As the thickness of the GaN layer was 600 nm, tensile and compressive
stresses along lateral and vertical directions resulted in a vertical piezoelectric polarization as
shown in the COMSOL simulation result (Figure 25b). The resulting piezoelectric output voltage
and current values of 4.2 V and 150 nA, respectively, were measured. P-GaN is responsible for
the high output voltage and reduced junction current due to its high resistivity. Further

improvement of this nanogenerator architecture to decrease the possibility of unexpected Mg
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activation of p doped -GaN which may have occurred during processing and might contribute to

the observed fast decay of the output voltage [94].
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Figure 25. (a) NG prepared by Kng et al, (b) COMSOL-simulated voltage output of NG on two
tip (c) piezoelectric output voltage on bending the NG, magnified view of the output voltage
(bottom panel) and (d) current output on bending the NG magnified view of current output

(bottom panel) [94].

P-GaN is the reason for high output voltage and reduced junction current for its high
resistivity. Though this nanogenerator seemed to work perfectly, the improvement opportunity
remained in processing to decrease the possibility of unexpected Mg activation of p-GaN which

may have occurred fast decay of output voltage.

Kuntal Maitay et al. have experimented with a two-dimensional piezoelectric MoS:
modulated nanogenerator/nanosensor based on PVDF nanofiber webs. The team also prepared a
sandwich like piezoelectric nanogenerator [95]. MoS2 incorporated PVDF nanosheets was
prepared [96] [97]. To prepare these MoS2 incorporated PVDF nanosheets, MoSz was exfoliated

by addition of 8 mg mI** MoS: to a DMF/brine (3:1) solution followed by stirring and sonication.
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After completion of exfoliation, the mass was extracted into ethyl acetate and dried by nitrogen
bubbling. It was again re-dispersed in DMF to achieve homogenization by sonication and

stirring.
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Figure 26: Representation of MoS2 nanosheets dispersion in DMF and the preparation of the

PVDF-MoS2 composite nanofiber by Maitay et al. [98].

This piezoelectric nanogenerator was tested with a lightweight material (leaf, 0.68g)
dropped from different heights (30 cm, 25 cm, and 20cm). It was also tested with an even lighter
matchstick (0.09 mg). Responses were graphed as time vs. voltage (Figure 27). This showed a
linear response towards impact intensity; thus, it was determined that the nanogenerator was very
much sensitive. It was also capable of generating up to 14V on human touch. The response of the
nanogenerator was also tested when subjected to recordings of different English letters; Figure
28 shows the differing responses of the nanogenerator to individual letters. Though this study

focused on the piezoelectric nanogenerator’s response to determine the usefulness of the material
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in a nanosensor role, it can be inferred that a high degree of energy can be harvested with this

material, leading to a power density up to (16 nW cm?) [98].

Figure 27.
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Figure 28. (a) The voltage output of NG as different letters (A, B, C, D, and E) are pronounced,

(b) The corresponding fast Fourier transform (FFT) processed frequency spectrum and (c) FFT-

processed time-dependent spectrogram (the right side color scale bar denotes the amplitude)

[98].

Another study on MoS2 have been conducted by Han et al. They have demonstrated that

sulfur vacancy passivated monolayer of MoS: has better piezoelectric response compared to

MoS:2. This is because the vacancy passivation reduces the charge-carrier density of the
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monolayer MoS: surface, thus the screening effect of piezoelectric polarization charges by the

free carrier is significantly prevented. This passivated MoS: is prepared by S treatment (H2S gas

flowing over the subject at 1000°C) of pristine MoS2 (prepared by chemical vapor deposition

method) [99].
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Figure 29: a) Output current difference between the pristine and S-treated monolayer MoS2

NGs.. b) Output voltage difference between the pristine and S-treated monolayer MoS2 NGs. (c)

and (e) current/voltage variation of the pristine (untreated) monolayer MoS2 PNGs under 0.48%

fixed strain, and different strain rate condition. (d) and (f) show current/voltage variation of the

S-treated monolayer MoS2 NGs under 0.48% fixed strain and different strain rate condition [99].

Figure 29 illustrates the comparative piezoelectric output of pristine MoSzand S treated

MoS2. The comparative current production shows that S-treated MoS: is creating almost three
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times more current than pristine monolayer MoS.. The output voltage of S- treated was also
found two times higher than regular pristine MoSz. Polarity switching test also showed the

reliability of the results of MoS2 [99].

Sanghoon Park et al. have experimented with graphene-covered PVDF films and metal-
covered PVDF films. Graphene / PVDF / Graphene was prepared with dissolving 15 wt %
P(VDF-TrFE) in N, N-dimethylformamide (DMF). Silicon wafer coating was carried out with
bar-coating method. It was subsequently dried and annealed at 60°C for 40 minutes. Annealing
was followed by removal of excess hydrophobic P(VDF-TrFE) from the substrate with DI water.
Later poling was performed on the substrate in an electric field of 50 MV m* (Figure 30(a)) [88].
Coating with graphene was carried out by dipping the film into DI water covered with a
graphene layer supported by PMMA which was removed by acetone (Figure 30 (b)). Also, the
PVDF film’s surfaces were metalized (50 nm) via coating with aluminium or silver with

electron-beam deposition.
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Figure 30. (a) Representation of preparation of P(VDF-TrFE) based thin film generators (the
inset shows a photograph of a fabricated device), and (b) a G/PVDF/G generator fabricated by

double-sided graphene transfer by Park et al. [88].

The film was stressed in a soundproof chamber, and it was found that there was a peak
around 60Hz without any intentional excitation. It was then tested at different loads and applied
sound frequencies. The results are described in Figure 32. It can be clearly seen that higher
stresses resulted in higher potentials. The maximum voltages at varying resonance frequencies
were measured as (€) 1.9 Vp at 185 Hz, (f) 2.6 Vppat 182 Hz, (g) 2.9 Vpp at 210 Hz, (h) 7.6 Vppat
280 Hz, and (1) 6.6 Vpp at 283 Hz, and the applied masses were 170 g, 370 g, 570 g, 870 g and
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1070 g, respectively. It was also found that the measured voltage depended on the load
resistance. When the 870g load was applied a maximum 7.6 Vpp was found. This voltage data
can be converted into power by considering an impedance of 1 MQ and was found to be

7.2 uW. The effect of the electrodes on piezo films is plotted in Figure 33 (a). The same
measurement was carried out for the M/PVDF/M sample (Figure 33b), which indicates that
the stress dependencies of both Vpp and fr for G/PVDF/G and M/PVDF/M device are similar.
However, the output voltage for M/PVDF/M device was better, likely due to its cleaner
surface with good electrical contact. The devices were also tested with different layer

thicknesses, and it was found that increased layer thickness made the devices less efficient [88].
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Figure 31. (a) Schematics of the experimental setup applying tensile stress to the generator. and
measurement of voltage output due to sound effect, (b) Photograph of the stressed film-based
generator and a loudspeaker as a sound source, (c) The illustration of the model of the vibration

of the film with fixed ends [88].
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Figure 32. The waveforms of the detected voltages from the stretched G/PVDF/G generator
under 1.2 MPa stress were investigated depending on different acoustic environments: (a) No
acoustic excitation was applied intentionally, (b) 95 mVpp generation by acoustic excitation

(86.7 dB at 100Hz), (c) 1.12 Vpp generation by acoustic excitation (83.7 dB at 220Hz). The

peak-to-peak output voltage spectra were measured after input voltage of 5V under tensile

stresses by different weights: (d) 70 g, (e) 170 g, (f) 370 g, (g) 570 g, (h) 870 g, and (i) 1070 g
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Figure 33. The resonance frequency fr and the voltage Vpp vs tensile stresses: (a) G/PVDF/G

device and (b) M/PVDF/M device. [88].

Conservation of the piezoelectric response of PVDF polymer films has also been

evaluated under irradiation. G. Melilli et al. have experimented with 100 nm thick gold sputtered

PVDF films irradiated with 136Xe*8*7.46 MeV amu* under Helium atmosphere at room

temperature (Figure 34). Adjusted fluencies were used to account for the number of particles

passing through the material / the ion-beam flux. Fluencies were 107 cm2, 108 cm?2and 10°cm™.

These fluencies were converted into doses absorbed by the polymer (kGy) [100]. The

crystallinity of the PVDF polymer film after irradiation was found to be pretty consistent. Nearly

full retention of crystallinity was found in 15-20 kGy range. Below this range, chain scissions

cause shorter polymer chains and reduce the number of entanglements which in turn increases

molecular mobility, which raised the percent crystallinity from 35% to 43% (Figure 35) [100].
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Figure 34. Schematic representation of the experimental set-up (top) and cross-section of the

PVDF pressure cell (down) utilized by Melilli et al. [100].
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Figure 35. Degree of crystallinity of PVDF polymer versus irradiated doses [100].
Three-Dimensional piezoelectric nanogenerators

Three-dimensional (3D) piezoelectric nanogenerators can include piezoelectric materials
in which zero-dimensional, one-dimensional and two-dimensional structural elements form
interfaces / come into close contact with each other [44]. It has been observed that 3D
piezoelectric nanowire-type materials exhibit piezoelectricity which is enhanced up to six times
relative to their bulk counterparts (because of large dss value); 3D piezoelectric materials have
been produced with output voltages enhanced up to three times relative to those obtained from
bulk materials [101]. 3D nanomaterials containing nanogenerators are also found with the ability
to withstand higher compression, stretching, and bending and high mechanical durability which
makes it unique in usage in energy scavenging applications [102]. It also has advantages over
lesser dimension in designing constraints as well as enabling patterning. [103].
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Yiin Kuen Fuh et al. have demonstrated that paper-based self-powered sensors (Figure
36) with three-dimensional spatially-stacked fibers were capable of generating up to 4 V and 100
nA of electricity. Figure 36a describes all the processes involved in the experiment in detail
[104]. It is notable that this output voltage is nearly five times increased relative to the bulk
material, which typically produces piezoelectric voltages of less than 0.3 V [105]. Because the
material processing techniques in both experiments were identical, it can be inferred that this
large difference in voltage is due to the three-dimensionally structured nature of the former
material, which clearly indicates how three-dimensionally structured piezoelectric materials can

substantially improve the feasibility of piezoelectric generators.
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Figure 36. (a) Schematic representation of 3D fiber stacking by electrospinning and SEM image
of a direct-write of different diameters. There are diameter variations of fibers as shown at 0.9
and 2.9 um, respectively, (b) SEM image of two aligned 3D fibers structures constructed on a

paper substrate, (electrospinning parameters: applied voltage at 1.5 kV, motion speed of 50
mm/s, initial spinneret-to-collector distance of 1.5 mm) and an enlarged SEM image of
sequentially stacked about 600 fibers of 300 um in height (Inset) (c) A photograph of the 3D
square structure of area 1x1 cm2 was fabricated on a paper substrate, (d) SEM image showing

the area of the square and micro-wall structure of 600 layer [104].

D.M. Correia et al. also demonstrated that three-dimensional PVDF polymers could be
very useful for enhancing the proportion of the B-phase and the overall degree of crystallinity
towards 45%. This scaffold structure was achieved by freeze-extraction and solvent leaching of
the different templates which resulted in near linear response (Figure 37) of strain to applied

stress [106]. This clearly indicates that 3D piezoelectric can sustain a significant amount of stress
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and remain elastic even over many cycles. This also indicates that when carefully prepared the

3D structured PVDF substrates can have better mechanical properties than bulk PVDF.
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Figure 37. Characteristics stress-strain curves of PVDF scaffolds for compression assays at 15%.
PVDF scaffolds obtained by (a) solvent-casting NaCl leaching, (b) freeze extraction with a
0.6nm filament distance template (c) freeze extraction with a 1.2nm filament distance template,

(d) evolution of the maximum stress obtained up to 10 cycles [106].

Nonpolymeric materials have also been tested as three-dimensionally structured
piezoelectric materials. Microelectronic systems with lead Zirconate Titanate films with multiple
degrees of freedom were micropatterned on cantilevers using an electrospinning method by
Kensuke Kanda et al. [55]. SiN film was formed on (111) surface of the Si surface by chemical

vapor deposition method which was subsequently inductively coupled plasma reactive ion
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etching (ICP-RIE) to generate the pattern. Later it was wet etched with KOH solution (20 wt%,
80 °C, 120 min) to generate the trenches. After removal of SiN film, radio-frequency magnetron
sputtering equipment was used to generate Ti adhesion layer, a Pt bottom electrode, a PZT thin
film, another Ti adhesion layer, and a Pt top electrode. It was later characterized using hysteresis
loop (Figure 37) fabricated as a cantilever with dimensions of 10 mm in length % 282 pm in
width x 200 um in thickness, and a slope angle of 54.7°. This was then sputtered to laminate

with PZT on the surface of the cantilever. Figure 38 shows the fabrication methodology of the

A

(a) (b) (c) (d)

O 0 g

(e) ®) (9) (h)

triangular column cantilever [55].

e

Figure 38. Schematic representation of processing of triangular column cantilever. (a) Si wafer,
(b) deposition and patterning of SiN films, (c) anisotropic crystalline etching of Si, (d) removal
of SiN thin films, (e) thermal oxidation, (f) sequential deposition of bottom metal of Pt, PZT thin
films and top metal of Pt, and (g) sequential dry etching of top Pt, PZT and bottom Pt thin films,
and (h) penetration etching of silicon from back surface of the wafer (by Deep reactive-ion
etching) and removal of residual silicon oxide films [107].
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Sloped cantilever actuation tests were carried out. Figure 39 describes the observed
relationship between tip displacement and applied voltage. Both PZT actuation and X-directional
displacement is much larger than the Z-directional displacement. A similar process was followed
to investigate the bimorph cantilever laminated with PZT. This was carried out with a half dicing
process. A schematic of the bimorph cantilever is presented in Figure 40 [108]. Figure 41 shows
the relationship between the poling voltage and bending of the cantilevers to illustrate the
piezoelectric effect [108]. Figure 39 and 41 demonstrate the reverse piezoelectric effect of PZT
and confirm that three-dimensional PZT can have a large piezoelectric effect compared to its

bulk counterpart [109].
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Figure 39. Tip displacement vs. applied voltage for x-directional actuation [108].
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Figure 40. Schematic representation of processing of bimorph cantilever with PZT thin films
deposited on the sidewalls (a) After thin film depositions, (b) dry etching the top metal, Pt, PZT
thin films, and bottom Pt located on the top surface, (c) half dicing to separate right and left

electrodes, and (d) Self standing cantilever [108].
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Figure 41. Tip displacement of bimorph cantilevers. Bimorph actuation doubled the tip

displacement of the cantilever compared with those of single layer actuations [108].
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Bing Yin et al. have experimented with ZnO nanoparticles prepared with a thorny ball
structure (Figure 42). This nanogenerator was prepared by putting thorny balls prepared by
chemical vapor deposition in a controlled environment between two copper sheets. These thorny
balls were prepared inside a quartz reaction tube at 550°C under a flow of 70 sccm (standard
cubic centimeters per minute) of N2 followed first by thermal heating up to 950°C under a
constant flow of N2and Oz and then cooling to room temperature [110]. Characterization of
thorny balls consisted of I-V calculation and output current calculation (Figure 43). This
demonstrates antisymmetric non-linear power generation which indicates that it can be treated as

a back-to-back Schotty diodes [111].
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Figure 42. SEM image (Left) of ZnO micro-thornyballs and piezoepotential distribution (right)

of ZnO thornyball with is the three-dimensional distribution (a-c) [110].
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Figure 43. (a) I-V curve of the piezoelectric nanogenerator (ZnO micro-thornyballs) with stress

and release, (b) Output current of the ZnO micro-thorny balls nanogenerator [110].

You et al. have discovered an organic-inorganic ferroelectric perovskite based on
trimethyl chloromethyl ammonium trichloromanganese (1) ( TMCM-MnCls). The material,
prepared at room temperature, showed a crystal packing similar to the BaNiOs perovskite
structure and excellent piezoelectric response (dss = 185 pC/N). The observed thermal variation

of the crystal structure of TMCM-MnClIs is shown in Figure 44 [20].
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Figure 44: (a) Structural unit of TMCM-MnCI3, demonstrating the coordination geometry of the
MnCI6 (octahedron and cationic structure) in low-temperature phase, (b) Structural unit of
TMCM-MnCI3 in the high-temperature phase, showing the multi-orientation of the cation, (c)
Projection of the low-temperature structure. The lines indicate the pseudo-mirror planes
perpendicular to the c axis, which demonstrate the relative ionic displacement due to symmetry-
breaking, (d) Projection of the high-temperature structure. The lines indicate the mirror planes

perpendicular to the a-axis. Hydrogen atoms are omitted for clarity [20].

In TMCM-MnCls, the Cl acts as a disruptor in the crystal structures and induces the
potential energy barrier tumbling motion. Depending on the relationship between lattice cells
molecular tumbling with 12-fold orientation disorder. These effected on dss value a lot. Its
stiffness was also found relatively lesser than BaTiOs which has d33 value of 105 pC/N

(compared to TMCM-MnCls dss value of 185 pC/N) [20].
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Figure 45. (a) J~V (Current density-bias voltage) curves and P~V (polarization-bias voltage
hysteresis loop) Curves of TMCM-MnCI3 , (b) Temperature vs the real part (¢') of dielectric
permittivity (e = &’ —ie") (c) Piezoelectric coefficient (d33) of TMCM-MnCI3 as a function of
temperature and frequency (inset) (d) Piezoelectric coefficient (d33) of TMCM-MnCI3

compared with some organic and inorganic materials [20].

Figure 45 shows the performance of the ferroelectricity of TMCM-MnCls by observing
P-E hysteresis loops. Step like dielectric anomalies was found and revealed the ferroelectric
character of the transition. Piezoresponse was also measured along with a comparison to other

established material. Piezoresponse was recorded using different frequency as the driving force.
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The result showed a very small fluctuation in response (<10 pC/N). The data collected at
different frequency indicate that organic-inorganic hybrid perovskite materials can be utilized as

flexible piezoelectric materials with high ductility and lower stiffness [20]

Zhang et al. have demonstrated that 3D interconnected piezoelectric ceramic foam-based
composite has better piezoelectric output compared to other non-connected 3D ceramic and less
dimensional materials. They showed with 3D PZT ceramic foam prepared by pouring PZT

precursor in PU foam followed by sintering and compositing by PDMS matrix (Figure 46) [102].
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Figure 46: (a) The schematics representation of the preparation procedure of the 3D composites
(b) The SEM image of the 3D PZT ceramic foams. (c) The magnified SEM image of the PZT
skeletons. (d) The localized surface morphology of the skeleton. (e) The EDS mappings of the
PZT skeleton. The elements of lead, zirconium, and titanium are homogeneously dispersed in the
skeletons. (f) The optical images of the 3D composites. (f1) A large-area 3D composite,
demonstrating the scalability of the fabrication method for the 3D ceramic composites. (f2 and
f3) The 3D composite bent and stretched by fingers. (f4 and f5) The 3D composite attached on

the shoulder and knee, [102].

(2]
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The interconnected ceramic foam was showing excellent results in laboratory experiment
as well as in simulated results. It was demonstrated that the foam was generating more current
and voltage with increased strain. A similar result was found with bending moment simulation

(FigureFigure 47) [102].
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Figure 47: (a) The output voltages and currents of the 3D composites under different amount of
strain (b) Modelling of the strain distribution on the PZT foam when the composite is stretched
by 15%. (c) The electrical output (voltages and currents) of the 3D composites under bending
and change of length (1cm and 2cm) from original size (5cm). (d) Schematic representation of
the simulation model. The thickness of the composite (h1) and the thickness auxiliary substrate

(h2) are 1 mm and 0.4 mm, respectively. [102].
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In Figure 48, PZT NP composite with 1 wt% multiwall carbon nanotubes (CNTS),
labeled as the NP-CNT composite. PZT nanoparticles (NPs, 300 nm in diameter) and nanowires
(NWs, 100 nm in diameter and 3 um in length) with the same volume fraction of PZT (i.e., 16
vol%) dispersed in PDMS for the comparative study. A comparative test with other low
dimensional composite result (shown in Figure 48) proves that interconnected 3D ceramic has
better output voltage as well as current production. This is due to 3D interconnected architecture
which creates a continuous pathway for load transfer to break the load-transfer scaling law seen

in the conventional composites with low-dimensional ceramic fillers [102].
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Figure 48: Piezoelectric responses of the NP, NW, NP-CNT and 3D composites with multiple
deformation modes. (a) The output voltages and currents of different composites under
compressing—releasing mode with 8% strain. (b) The output voltages and currents of the
composites under stretching—releasing mode with 15% strain. (c) The output voltages and
currents of the samples under bending and length change of length (1cm and 2cm) from original

size (5cm). [102].
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While working with broccoli structured 3D piezoelectric nanogenerator for biomedicine,
Chowdhury et al. have demonstrated the use of Li-ZnO grown on poly(styrene-co-
divinylbenzene) (PSCDB) followed by exposing to high temperature to burn the PSCDB and
surface treatment with polyethylene glycol (PEG) results in higher piezoelectric potential
compared to unpoled Li-ZnO. They have reached the piezoelectric potential up to 10.1V in
nanogenerators comprising of Li-ZnO in PVDF matrix. However, use of CNT enhanced the

conductivity in a large proportion [7].

KNN

particle Q 1501

Ag nanoparticle

(c) 0°/oAi 1%Ag 2%Ag

Figure 49: (al) Schematic diagram of the structure of theconstructed piezoelectric nanogenerator

100+

3%Ag 4%Ag 5%Ag |
-.. 0 10 20 30 40 50 60

Time (s)

open-circuit volta
g

device. (a2) Schematic diagram of Ag/(K,Na)NbO3 particles, Ag nanoparticles and MW-CNTs
distribution in PDMS polymeric matrix. (b) SEM image and EDX in the region with a red
asterisk for 3% Ag loading (K,Na)NbO3-based composite film. (c) Photograph of the composite
film. (d) Cross-section SEM image of the composite film. (e) Photograph of the flexible p-NG

device. (f) Open-circuit voltage of piezoelectric nanogenerator under stress [112].
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Heterostructured Ag/(K,Na)NbOs has been investigated by Huan et al. Ag/(K,Na)NbOs
nanoparticle with CNT were put between Au films and PET substrate and tested with different
body motions and found reaching open-circuit voltage and short-circuit current of ~240 V and
~23 pA respectively under the external mechanical stress of 0.1 MPa, which are over 70 times
higher than the pure KNN particle embedded p-NG device (~3.5 V and 0.3 pA, respectively).
This nanogenerator also showed extensive mechanical stability even after 1000 cycles of
loadings. Experimenting with different Ag percentages showed best results with 3% Ag. Figure
49 is demonstrating schematic diagram and performance of sandwich-like flexible nanogenerator

[112].

Future Development of Piezoelectric Nanogenerator

This review has focused on multicomponent piezoelectric nanogenerators and the recent
developments of multicomponent piezoelectric nanogenerators. Piezoelectricity are already used
in our daily life and have become well established energy generators, especially when compared
to other types of nanogenerators (e.g. triboelectricity or pyroelectricity). Although it is hard to
predict the future, nonetheless piezoelectric nanogenerators will be utilized as energy scavenging
as well as energy generation for self-powered systems. However, there are many challenges to be
addressed before the complete utility of piezoelectric nanogenerators can be realized.
Considerable research has been and is currently ongoing with the focus of developing new
piezoelectric materials and enhancing the performance of current piezoelectric nanogenerators.
In this advance the trend is towards a multidisciplinary approach from the point of view of the
chemistry, material science, physics, electronics to better clarify fundamental relationship
between structure and properties for better taking advantage of these materials. Yet, performance

and durability need to be optimized and many uncertainties are still unanswered and much
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remains to be explored. Current research has been focused on addressing the following

challenges [18]:

Q) The increase of power output density

(i) The integration of energy storage units with the nanogenerators

(i) The optimization of harvesting efficiency of mechanical energy from varying working
conditions,

(iv)  The optimization of electromechanical conversion efficiency through structural design,

(v)  The long-term stability, mechanical strength, and chemical stability of the
nanogenerators,

(vi)  The development of a simple process to prepare single crystal piezoelectric materials,

(vii)  The development of piezoelectric nanogenerators for specific use in the practical field

(viii) The integration of piezoelectric nanogenerators with triboelectric and pyroelectric

nanogenerators [113].

It is also desirable to develop solutions for the following issues [18]:

Q) The long-term stability and mechanical strength of the active chemical sensors,

(i)  The development of piezoelectric nanogenerator as well as materials with lower noise
production and higher signal

(ili)  The generation of a stable output voltage for active sensors, which is crucial for the
accuracy of the sensing results

(iv)  The integration and packaging of nanogenerator with sensing units for self-powered

sensor systems
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(v)

(vi)

(vii)

(viii)

(ix)

(x)
(xi)

(xii)

Accounting for temperature drift during the sensing process for active/self-powered
Sensors

The integration and development of nanogenerators for use in bionic and Artificial
Intelligence

The development of materials for multipurpose use such as pyroelectricity,
triboelectricity and piezoelectricity generation

The development of multicomponent piezoelectric materials which can be easily
processed

The integration of active or self-powered systems with data processing and transmitting
systems

The growth mechanism of the piezoelectric materials for nanogenerator [45].

The development of more nontoxic piezoelectric materials like ZnO for biomedical
application

Development of nanogenerator for replacement of batteries from biomedical implants.

Conclusion

The ever-increasing demand for multicomponent piezoelectric materials for

nanogenerators is driving fervent research. Energy harvesting and utilization as sensors have
been the prime uses for piezoelectric materials. In addition to these potential applications, large-
scale energy harvesting remains a promising application for piezoelectric. Futuristic large-scale
deployment of nanogenerators could be a viable solution to meet ever-growing energy demands.
With proper development, the use of nano and microscale piezoelectric nanogenerator can be

transformed into a large-scale use of electromechanical devices. It is an arduous work to

7



summarise all the development in piezoelectrical energy generation, yet we tried to do the
summary of selected works on a very small scale. Hybrid nanogenerators are also a matter of
study for scientists [114]. Piezoelectric materials combined with triboelectric, pyroelectric, solar
energy harvesting, and other energy scavenging or energy transforming materials/techniques can
open up a more extensive array of novel applications. Through hybridization, enhanced
nanogenerators can be a new way to meet humanity’s energy demands. Although many
composite piezoelectric nanogenerators have been developed for advanced and niche scientific
uses, commercialization of these technologies could be very beneficial in the future.
Optimization studies also remain essential for enhancing the efficiency of existing device
architectures. After all these years, many avenues of research and development are open for

researchers to develop novel and practical ways to harvest electromechanical energy.
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CHAPTER Il

PIEZOELECTRIC DEVICE AS COST-EFFECTIVE TRANSDUCER FOR ENERGY AND

BIOMEDICINE

Introduction

Harvesting energy from the environment and sensing environmental stresses are both
potential motivations for the fabrication of novel, high-yield piezoelectric materials.[115,116]
Among the various sources of energy available, mechanical energy is perhaps the most abundant
in daily life through like human motion,[117] walking,[118] vibration,[119] fluid flow,[120] and
respiration.[65] Piezoelectric nanogenerators are the most straightforward and cleanest method
of scavenging this energy, and they have the ability to act as sensors which generate an electrical
signal from mechanical action upon the substrate.[80,121] Ung-ho Shin et al. has experimented
with lithium doped zinc oxide nanowire polymer composites, and it was found a significant
change in the voltammetric response with doping of the piezoelectric material.[122] Moreover,
most piezoelectric nanogenerators require costly treatments, such as electrical poling at a high
temperature in a strong electromagnetic field.[123] However, discovery of piezoelectricity by
Curie et al. was done without any use of electrical poling machine.[124] Cauda et al. have
demonstrated dimensional nanoconfinement and oriented crystallization by processing PVDF
into arrays of oe-dimensional nanowire can led to enhanced piezoelectric response without any
external poling action[75]. Kim et al. also have reported achievement of high dielectric constant
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of surface treated BaTiOs with poly(vinylidene fluoride-co-hexafluoro propylene) and
phosphonic acid of the nanoparticle without electromagnetic poling. [16] Which means surface
modification can lead to increase in piezoelectric properties without costly poling operation. It
was reported by Chinya et al. that increasing of the polar phase can be achieved with the surface
treatment of filler ceramics. Their experiment with PEG coated Zinc Ferrite reached up to 92%
polar phase without any external poling action.[65] These studies have led to increasing the
interest in piezoelectric nanogenerators/sensors comprised of Lithium doped zinc oxide and
PVDF polymer. Indeed, surface treated zinc ferrite has shown output voltages of up to 18 V
which is very promising without any poling action.[65,122] Thus surface treatment seems to be
an increasingly viable solution for avoiding costly poling operation to transform PVDF to beta
phase. However, the development of a piezoelectric device which can generate very high current

flux as well as a response in a linear for to applied force still remains a matter of study.

Thanks to the presence of B phase, PVDF and its copolymers are considered the best
polymeric materials for piezoelectric applications, but enhancement of the polymer piezoelectric
properties through the transformation of the a into the 3 phase requires high-field electrical
poling (several hundred MV m™), which, in turn, is cost-intensive, inconvenient, and tedious,
thus being a major hindrance to large-scale production. To overcome these issues, modification
of the interface of the nanostructured filler material and the bulk matrix has been tested with a
number of different surface-modifier agents. [16,125-128] The dipole interaction between the
surface of nanoparticles and surface-modifiers has been shown to increase in-situ 8 phase PVDF
growth. This has led to an increase in the performance of nanocomposites due to an increased
proportion of the B phase, as well insertion of metal oxide has increased percentages of ceramic

or metal oxides in nanogenerator/sensors. The conductivity of polymer has been another major

80



bottleneck for polymer-based piezoelectric devices. Incorporation of carbon nanotubes is a
promising pathway to overcome this issue of low innate conductivity. [129] Ranvijai Ram et al.
has experimented with multiwalled carbon nanotube (MWCNT) incorporated PVDF in an
attempt to improve the electrical conductivity of the composite material. It was demonstrated that
the threshold percolation limit (defined as the point at which the vast majority of the MWCNTSs
are connected and form a conductive network throughout the polymer) for a PVDF/MWCNT is 1
wt%. At over 1 wt% MWCNT conductivity does not increase further due to the insignificant

additional improvement of the conductive network. [130]

In this work, a simple and cost-effective Li-ZnO/PVDF nanocomposite piezoelectric
device architecture (for both power generation and sensing of mechanical stresses) was
developed and evaluated. The piezoelectric devices were prepared by hydrothermal growth of
three-dimensional (3D) Li-ZnO on the surface of poly(styrene-co-divinylbenzene) microspheres
(6.0-10.0 um average particle size) followed by a coating of polyethylene glycol(PEG; 20000 g
mol ) on the surface of the 3D structured Li-ZnO. Finally, the piezoelectric devices were
assembled via the incorporation of the 3D structured Li-ZnO and MWCNTSs into a PVDF matrix.
The devices were thoroughly characterized and analyzed with different body motions and in

different environments.

The development of inexpensive piezoelectric devices which are both mechanically
flexible and electrically conductive could promote the use of transducers and energy scavengers
into daily life applications, thus making energy harvesting and biomedicine needs more

affordable also by poor Countries.
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Results and Discussions
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Figure 50. Fourier-transform infrared spectroscopy (FTIR) spectra of coated and uncoated PEG

Li-ZnO.

The first objective has been to study the effects of polyglycolation to assess that PEG is
bond to the Li-ZnO. In this view, Fourier-Transform Infrared (FTIR) spectroscopy analysis was
carried out on the Li-ZnO, and PEG coated Li-ZnO. Figure 1 shows the FTIR transmission
spectra of Li-ZnO and PEG coated Li-ZnO. The peak at 532 cm™* corresponds to Li-ZnO. There
are other peaks in the PEG free Li-ZnO spectra due to broad -OH vibration at 3214 cm™* and

1766 cm™. This absorption is due to residual water coexisting with the nanoparticles. PEG-
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coated Li-ZnO shows C=0 stretches at 547 cm™*. Furthermore, the PEG-coated sample shows a
strong absorbance at 917 cm, likely due to a C-O-C stretch at 917cm™, with tetrahedral bridges
evident at 1281cm™. The water of hydration shows a good absorbance in 1714 cm™ and 3246
cm*. Two small peaks are notable has at 2117 cm™ and 2356 cm™ for C=0 and C=H stretching
respectively. These FTIR spectra qualitatively indicate that the PEG completely and robustly

bound Li-ZnO.
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Figure 51. Schematic representation of the interaction between untreated and surface treated Li-

ZnO with PVDF.

According to previous studies,[65] we can assume that, after polyglycolation, the Li-ZnO
has become more negatively charged, which promoted interaction with the -CH2 groups of
PVDF via local electrostatic interactions (shown Figure 51). This promotes and stabilizes the

bipolar ordering in PVDF. Thus, it can be seen that both -OH from PEG as well as -CHzand -
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CF2 from PVDF play an important role in inducing self-polarization. These actions generated
dipoles of PVDF around the PEG coated Li-ZnO. It is already proven that the PEG coating can

improve the piezoelectric response while attributing mechanical properties.

Figure 52. (a) SEM images of the Piezoelectric device. (b) a High-resolution SEM image (zoom
on image a) of the piezoelectric device. PEG coated Li-ZnO inside white dashline (c) Sem image

of PEG-coated Li-doped ZnO
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The Scanning Electron Microscopy (SEM) images of the piezoelectric device reveals a
high degree of homogeneity and prove a high degree of insertion of its component (Figure 52).
PEG-coated 3D Li-ZnO is visible as small flock floating (white dashed marked) in the surface
along with MWCNT as a fibrous structure in Figure 3b. Porosity in the piezoelectric device
enhances amenability towards applied stresses. Figure 3c demonstrates the formation of PEG-
coated Li-ZnO, and reveals a very high surface area. This high surface area and nonuniformity in
structures help to increase the piezoelectric response due to a higher amount of flexibility at the
surface compared to the lower amount of flexibility and hence lower movement deep inside the

structures.
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Figure 53. (a) Schematic diagram of the piezoelectric nanogenerator and (b) piezoelectric

device’s electrical response to finger presses
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A schematic representation of the piezoelectric device architecture, as well as the
electrical response of the device to applied finger-strength stress are presented in Figure 53. The
response of the piezoelectric device was investigated by applying firm and quick finger presses
and measuring the response by the oscilloscope (Tektronix Td-1001B). An open circuit voltage
(Voc) of 6 V was obtained. To verify the piezoelectric polarity of the composite, a switching
polarity test was also performed (the device connection was switched after first 10 seconds of the
test), and it was observed that switching the connections did not affect the response of the device.
As the piezoelectric device was pressed with a finger, a stress was applied on the surface
comprised mostly of PVDF polymer, which transferred the stress to surface modified Li-ZnO
incorporated in the piezoelectric device. Finger press stressed the outer layer of the piezoelectric
device which then transferred it to inner parts including the incorporated surface modified Li-
ZnO. These stresses affect the composite piezoelectric device by transforming the regular
structure and enhance the piezoelectric responses. Surface-activated Li-ZnO acts as a
piezoelectric response enhancer because of its high dielectric constant, as well as a 3 phase
transformer for PVDF. In this way, an unpoled piezoelectric device response could reach a value

nearly to a poled piezoelectric device.[131]
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Figure 54. (a) Response on cantilever action of the reinforced piezoelectric device; (b) Schematic
Representation of reinforced Piezoelectric Device in cantilever motion during oscillation; (c)
Enlarged electrical response of cantilever oscillated motion; (d) Average potential drop on a

timely basis in oscillated motion.

The performance of the piezoelectric sensor was tested with different body motions.
Figure 54 shows the cantilever body motion (Figure 54b) of the piezoelectric sensor. In this case,
the sensor film was cast on the surface of an aluminum sheet (thickness 0.3 mm) to mechanically
support the film during oscillations. The piezoelectric device was connected to an oscilloscope to
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measure alternating current (AC) voltage being formed due to electromechanical action. Figure
5a shows the cantilever’s response to finger action, which clearly displays consecutive responses
due to vibrations even after removal of the initial force. The accumulated response is due to
repetitive vibration of the cantilever that creates consecutive contraction and relaxation. It is also
worth mentioning the gradual decrease of voltaic response with time due to the slow mechanical
failure of the aluminum sheet as well as deterioration of the interface between thin-piezoelectric
film/Al foil leading to reduced conductivity. Figure 54c highlights an enlargement (zoomed) of a
small portion of Figure 54b. It can be inferred from the data that piezoelectric device shows a
continuous response with absolute amplitude difference value of around 2 V. Ups and downs in
the graph are due to micro-vibration due to relaxation and stress of the film during cantilever
motion. As long as vibration goes, it shows a decrease in the absolute amplitude production
which is described in Figure 54d. The decrease in the response potential of the mechanical
failure of aluminum foil due to its punch penetration. [132] Such a voltage decrease is not due to

any piezoelectric device component which is described in Figure 9.
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Figure 55. (a) Schematic representation of the piezoelectric device in torsion; (b) The electric

response of the device to torsion motion; (c) An enlarged view of the response.
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The piezoelectric device was also tested with a rapid 90° twisting (torsion). Twisting
carried out in the clockwise direction and rapid release let the film return to its original position.
The sensor returns to its previous shape immediately after the release of the applied twisting
force. A schematic representation of the torsional characterization as well as the electrical
response of the device to torsional stress are presented in Figure 55. Twisting generated
amplitudes of AC voltage of up to 8 V (Figure 55b). Under continuous torsion up to 90° relative
to its original orientation, the piezoelectric device shows continuous responses. The irregular
breadth of response voltage was likely due to discontinuous mechanical relaxation of the thin
film. This torsion response is quite different from the cantilever response due to consecutive
voltage generation. The breadth of the response is seen to be larger for twisting due to greater
stresses on the device compared to cantilever action, as twisting requires a greater applied force
to counter the innate resistant to flexing of the device. Figure 6¢ shows an enlarged view of the
response from 4.8 s t0 6.0 s. Indeed, 20 peaks and dips are found to be present per second during
torsion and relaxation. These rapids peaks and drops are followed by relaxation peaks and dips.
Both relaxation and torsion were found identical. This finding indicates equal response and
proves linear outcome during action and reaction as well as rapid response. It is clearly seen that
average absolute amplitude fluctuates within 2 \V/, which proves that the response is very
consistent. Such a 2 V fluctuation is due to micro-relaxation and stresses as well as the

interaction between surface modified Li-ZnO.
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Figure 56. Electrical response of the piezoelectric device to the (a) coin drop and (b) different

load tests.

Figure 56 shows the electrical response of the piezoelectric sensor film to various loads
being dropped on it from a 5 cm height. It is clear that the absolute open-circuit voltage (Voc)
value was showing a linear response between 15 g (0.735 mN) to 40 g (1.960 mN) of the load
(Figure 56a). In addition, to demonstrate the quick response of this type of device architecture,
rapid forces were applied. Although the applied stress and recovery of the device were generated
potential simultaneously, the signal was linear when considering the absolute voltage. The
linearity of the response of the piezoelectric sensor (1 layer) was also tested with several kinds of

coins (Figure 56b).

There are several peaks on every signal during different weight drop tests. These are the
results of non-instantaneous impact and reaction. This peaks and dips are thinner than the

response from Figure 54 and Figure 55 because of low thickness and small impact area. The
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smaller thickness of the film made lesser non-homogeneity of Li-ZnO and CNT in the device,
the higher the chance of impacting on the smaller surface area. Signal linearity with impact force
has been tested in different sections of the device. It is also self-proving that interaction between
surface activated nanoparticles and PVDF polymer is well working even after infliction done by
stressing components. The linearity of response demonstrates the efficiency of the piezoelectric

device as a stress sensor.
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Figure 57. The electrical response of the piezoelectric device in different environments: (a)

stressed underwater and (b) stressed under silicone oil.

The piezoelectric device was tested with finger-strength stresses in different
environments to gauge its reliability underwater and under silicone oil (Figure 57). When placed
under deionized water (DI) the device shows almost equivalent voltage amplitude responses

(Figure 8a) compared to in-air, while when placed under silicone oil the sensor showed nearly
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identical voltage responses (Figure 8b). However, due to the high penetration of PVDF in
silicone oil and greater difficulty in applying mechanical stress to the device, the piezoelectric
device shows signs of mechanical failure. The high viscosity of the silicone oil is also
responsible for slow relaxation of film and hence somewhat decreased voltage under silicone oil.
The underwater test also demonstrated less negative AC voltage due to the relatively high
viscosity of DI water compared to air, which leads to a slower relaxation of the device from the
stressed state. But the voltage output is quite similar. Hence it indicates that voltage production is
largely dependent on surface activated Li-ZnO because under silicone oil device is getting

destroyed by dissolving of PVDF while device was intact under deionized water.
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Figure 58. (a) Schematic representation of pressing of the rolled piezoelectric film; (b) Electrical

response of pressing of rolled piezoelectric film.
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The rolled film reveals a more consistent response (Figure 58) when stressed with a
finger than any other test (Figure 58b). This consistent result is likely due to the rolled film more
easily relaxing to its original state, since the rolled film took the shape of a cylindrical tube,
which could sustain much larger stress in any direction perpendicular to surface and recover
instantly. PVDF reinforced with MWCNT and Li-ZnO acts as highly ductile material when
pressed from the top in rolled condition. In this condition (rolled), the device is tensed in the
outer surface and compressed in the inner surface which enhances piezoelectric response during
stress. This is carried out by releasing the tensile stresses on outer surface while and releasing the
compressive stresses on inner surfaces. The release of stresses makes a quick recovery and hence
makes a straight line as an output signal. From the Figure 58, it is easily inferred that positive
voltage is initially created due to finger press and negative voltage is due to the release of the
fingers press. It can also be seen that there is no more than one peak and dip in every press and
release which can because of PVDF response and surface activated Li-ZnO response to press
altogether. The rolled piezoelectric device is giving less noise than other body options like
Figure 55 and Figure 56. This less noisy response is due to rolled up piezoelectric device returns
to its original position quickly and efficiently without transmitting motion to stationary parts of
the device. It is self-proving that rolled piezoelectric device can generate response more

consistently with lesser response to noise ratio.
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Figure 59. (a) Schematic representation of holding stress to the piezoelectric film; (b) Zoomed in
the amperometric response of finger pressed substrate; (c) Amperometric response of finger
pressed and released substrate; (d) Zoomed in the amperometric response of the released

substrate.
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The device was tested under constant stress and release cycle under an amperometric
condition with potentiostat (VersaSTAT3) to find out the true potential of drew current due to
change in the innate resistance (shown in Figure 59). The highest peak of 2740 pA found with
constant stress (Figure 59c). It also evident from the figure that drew current is impressively
stable under constant stress. The small fluctuation in peaks and humps because of micro
relaxation and stress. Stress and release for an extended period did not affect the mechanically or
by any other means to the device because the response is similar even after extended period of
stressing and bending. Response peaks show the flux of current fluctuation within 200 pA
amplitude during bending and hold (Figure 59a). Dips during the release of the bending show a
fluctuation of 50 pA. It can also be seen in Figure 59a and Figure 59c that fluctuation is merely
following any pattern which because of constant tension and compression largely affects the
drew of current. This huge flux of current is much more dependent on MWCNT than any other
components. Differently, surface activated Li-ZnO and PVDF is responsible for the current
generation. The micro short circuit was not present due to a high degree of branching of
MWCNT while shortcircuit requires smaller branching. High concentration of MWCNT
increased the ability to turn the device into more electrically conductive. This highly conductive
and reinforced piezoelectric device has a very high potential to be used as nanogenerator. The
harvesting of energy is possible by using this piezoelectric device to convert deflections or

displacements by applied forces such as mechanical vibration, body motion, air flow etc.

It has also to be noticed that PVDF and PEG are FDA-approved biomaterials for medical

applications. Moreover, in recent years many studies are proposing the use of carbon nanotubes
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and nanoceramics in medical devices, even as PVDF-based composites. [28,29] Therefore, this
and other studies are paving the way to future biomedical exploitation of this type of hybrid

piezotransducers.

All in all, the fabricated nanoceramic-filled polymer-matrix composite hybrid device
combines multi-scale features (from nano-to-macro), including surface features, which act
synergistically to induce robust and versatile piezoelectric performance. Surface modification
represents a lower cost option as an alternative to energy treatments towards the achievements of
smart transducers of easier transfer to daily life, which could represent breakthrough options for

energy and medicine. [29]

Conclusion

In conclusion, we have demonstrated a self-polarizing piezoelectric device architecture
that can serve as a robust and versatile sensor/nanogenerator by combining MWCNT with PEG-
coated Li-ZnO in the PVDF matrix. The output performance is greatly enhanced compared to
other unpoled nanogenerators due to the induced self-polarization. In addition to the avoidance
of cost-intensive poling, the linearity of the output voltage (up to ~10 V) and high drew of
current flux ¢2800 pWA) due to innate resistance change were made possible by the incorporation
of MWCNTSs to increase the conductivity of the PVDF matrix. Our approach provides a simple
and cost-effective way to enhance the performance of Li-doped ZnO based piezoelectric
nanotransducers, using a facile synthetic method that is well-suited for large-scale piezoelectric
device fabrication for green energy scavenging and sensory utilization. Formed piezoelectric
device has also been tested with different body motion which has proved potentiality of the

device as stress sensor as well as hanogenerator with high mechanical stability.
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Experimental Section

Surface Activated 3D Li-Doped ZnO Synthesis:

The 50 mM of zinc nitrate (Zn(NOs)2, Sigma-Aldrich), lithium nitrate (LiNOs, Sigma-
Aldrich) and 50 mM of hexamethylenetetramine (HMTA, Sigma Aldrich) was prepared, and to
100mL of this solution was added to 20 ml of ethanol (Sigma-Aldrich) treated 500 mg
poly(Styrene-co-divinylbenzene) microspheres, (6.0-10.0 um average particle size, Sigma-
Aldrich). This solution was stirred on a hot plate for 60°C for 2 hours followed by holding in
oven temperature at 95°C for 10 hours. After this growth process, the remaining liquid was
decanted, and the solid product was dried in an oxygen rich environment at 600°C for 2 hours.
After 2 hours the temperature was reduced to 450°C and substrate was held at this temperature
for 3 hours for annealing. For even coating of the surface of the microparticles, they were then
added to a 0.01 g ml'* ethanolic solution of PEG (Alfa Aesar, 20000 g mol™) and stirred for 1
hour until a brown suspension was obtained. This suspension was allowed to sit for 2 hours. The
suspension was then filtered, and the solids washed with ethyl alcohol for removal of excess

PEG. The PEG-coated Li-ZnO was dried at room temperature under vacuum overnight.

Preparation of free PEG coated Li-ZnO/PVDF Composite:

The thus prepared PEG-coated Li-ZnO along with PVDF pellets (Sigma-Aldrich,
~180,000 g mol™* by GPC) was added to MWCNTSs suspended in anhydrous N, N-Dimethy!|
formamide (Sigma-Aldrich) and stirred for 48 hours. This mixture was drop-cast and pressed

between the glass substrates, and the solvent was evaporated at 120°C for 6 hours to generate the
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thin films. The thin films were collected, heated (at 120°C) and pressed (8 tons) to form thin film
composites. Both sides of the device were painted with a silver paste for electrical

measurements.

Measuring of Output:

Electrical contacts were made by attaching wires to the device with conductive Ag paste,
and the device was connected to the VersaSTAT3 machine to measure the piezoelectric
output voltage as well as amperometric electricity . Results were confirmed by the measurement

with Tektronix TDS 1001B.

Morphological Characterization:

SEM characterization of the Ag/Au-TiO2 cotton fiber samples was performed using a
JEOL 7800 F Field Emission Scanning Electron Microscope, equipped with an Electron

Dispersive X-ray Spectroscopy system (EX-37270VUP).
FTIR Characterization:

Fourier-transform infrared spectroscopic analysis was carried out using a Perkin Elmer
Frontier FTIR spectrometer, and data was collected in absorbance mode over the full range of the
instrument (4000-450 cm™1). Samples for FTIR analysis were prepared by thoroughly mixing
equal amount of lithium doped zinc oxide working samples with 25 mg of optical
grade potassium bromide(purchased from International Crystal Labs), and pressing the mixture

into a thin, one-inch diameter pellet using a hydraulic press. The pellets were very fragile and
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were directly transferred onto copper tape (to act as a rigid backing) with a hole such that the IR
beam was obstructed by only the pellet. The procedure was repeated for working sample of PEG

coated Lithium doped zinc oxide.
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CHAPTER IV

PIEZOELECTRIC-TRIBOELECTRIC HYBRID NANOGENERATOR

Introduction
The world has seen a drastic increase in the global population, economic activity and
technological development in recent years. This progress is creating an increasing demand for
energy. By the end of 2035, this demand will almost be doubled. At the moment, we are
majorly dependent on fossil fuels as an energy source. About 86% of the generated energy of
the World is coming from fossil fuels which are not only severely harmful to the environment
but are also being depleted with time[8,9,133,134]. Thus, experts are promoting renewable
energy for energy generation as a solution for present and future energy scarcity problem.
Mechanical energy can be one of the alternatives to existing energy crisis and can contribute
significantly in solving the problem. There are several sources for mechanical energy, including
ocean wave energy, wind flow energy, water flow energy, human motion energy, etc. [135,136].
In 2006, Wang et al. made a nanogenerator based on the piezoelectric effect which was a
revolutionary invention towards the goal of mechanical harvesting energy[137]. Later in 2012
Wang and his group introduced the concept of Triboelectric Nanogenerator (TENG)[138].
From there on several attempts have been made to build Piezo-Triboelectric Hybrid
Nanogenerators (PTENGSs) which can be solution to our global energy issues [139-145]. Device

fabrication from the combination of the triboelectric and piezoelectric nanogenerator does not
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require any substantial changes due to hybridization [146,147]. Recently several hybrids
nanogenerator has been developed to scavenge energy and sensory application. Despite these
vast amount of research has been conducted in hybridization of nanogenerators, the practical
application and cost effectiveness is still a matter of consideration in the field of hybrid
nanogenerator [91].
In this work, we have developed and fabricated a novel, cost effective tribo-piezo hybrid
nanogenerator with PVDF/MWCNT/Li-ZnO as the piezoelectric component and PTFE/PDMS as
the triboelectric component. Polyvinylidene Fluoride (PVDF) is very well known material used
in such nanogenerator due to its piezoelectric response [146,148,149] and accordingly it forms
a major part of the piezoelectric panel. Previously surface modification of 3D nanoparticles has
been reported as a good solution for avoiding costly polishing action [7]. Hence, we induced
surface modified Li-ZnO nanowires into PVDF to increase its piezoelectric response and avoid
the need for polishing. Furthermore, MWCNT was doped into the composites of Li-ZnO/PVDF
to improve its conductivity [150,151]. For the Triboelectric action, PTFE on Al was used as the
electronegative material and PVDF as the electropositive material, which are reported to yield
high triboelectric output [152,153]. To further improve the triboelectric effect and increase
electrical conductivity; PDMS was introduced into PTFE [153,154]. Also, the effect of applied
force in variable frequencies on the PTENG was carried out to see its response under applied

stress.
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Experimental Procedures

2.1. Surface Activated Li-ZnO Nanowire Synthesis: The 50 mM of zinc nitrate
(Zn(NOs3)2, Sigma-Aldrich), lithium nitrate (LiNOs, Sigma-Aldrich) and 50 mM of
hexamethylenetetramine (HMTA, Sigma Aldrich) was prepared, and to 125 ml of this solution
was stirred on a hot plate for 60°C for 2 hours followed by holding in oven temperature at 95°C
for 12 hours. After this growth process, the remaining liquid was decanted, and the solid product
was dried and annealed in an oxygen rich environment at 600°C for 2 hours following by cooling
to 450°C and substrate was held at this temperature for 3 hours for annealing. For even coating
of the surface of the Li-ZnO, they were then added to a 0.01 g-ml* ethanolic solution of PEG
(Alfa Aesar, 20000 g mol-1) and stirred for 1 hour until a brown suspension was obtained. This
suspension was allowed to sit for 2 hours. The suspension was then filtered, and the solids
washed with ethyl alcohol for removal of excess polyethylene glycol (PEG). The PEG-coated Li-

ZnO was dried at room temperature under vacuum overnight.

2.2. Preparation of free PEG-coated Li-ZnO/PVDF Composite: The prepared PEG-
coated Li-ZnO along with PVDF pellets (Sigma-Aldrich, ~180,000 g mol-1 by GPC) and
MWCNT was added with anhydrous N, N-Dimethyl formamide (Sigma-Aldrich) and stirred for
48 hours. This mixture was drop-casted in the glass substrates, and the solvent was evaporated at
120°C for 6 hours to generate the piezoelectric film. Both sides of the device were painted with a
silver paste for piezoelectric response measurements. For hybrid nanogenerator, one side of the
Piezoelectric film was painted with silver paste, and other surface was kept as it was for

triboelectric action.

2.3. Preparation of PDMS/PTFE Copolymer triboelectric Layer on Aluminium Film: 2 g
Polydimethylsiloxane (PDMS) (Sylgard 184, Silicone Elastomer base) and 0.2 g Curing Agent
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(Sylgard 184, Silicone Elastomer Curing Agent) was added to hot (85°C) 2 g tert-Butanol
(Sigma Aldrich) in a 20 ml Disposable Scintillation Vials. The mixture was mixed in a vortex
mixer to ensure well mix. The mixture was placed and spread by doctor blade technique using a
smooth surface glass rod on the clean surface of Aluminum foil (thickness of 0.01mm) following

by drying in room temperature for 24 hours.

2.4. Preparation of Hybrid nanogenerator: The hybrid nanogenerator was prepared by
placing two PTFE spacer on both ends of the piezoelectric copolymer following by placing the
triboelectric film on top of PTFE spacer facing the polymer surface towards piezoelectric

copolymer.

2.5.Measuring of Output:Electrical contacts were made by attaching wires to the device
with conductive Ag paste and uncoated aluminum foil, and the device was connected to the
VersaSTAT3 machine to measure the piezoelectric output voltage as well hybrid
nanogenerator’s electrical output. Results were confirmed by the measurement with Tektronix

TDS 1001B.
2.6. Morphological Characterization:

Scanning Electron Microscopy (SEM) characterization of the samples was performed
using a JEOL 7800 F Field Emission Scanning Electron Microscope, equipped with an Electron

Dispersive X-ray Spectroscopy system (EX-37270VUP).

2.7. Photoluminescence measurement:
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Photoluminescence (PL) measurement was carried out on an Edinburgh made FLS980

spectrometer which was equipped with steady-state Xenon lamp with variable frequency.
2.8. FTIR Characterization:

Fourier-transform Infrared Spectroscopic analysis was performed using a Perkin Elmer
Frontier FTIR Spectrometer. Relative transmittance was collected in absorbance mode over a full
range of (4000-450 cmt). Samples for FTIR analysis were prepared by mixing equal amount of
optical grade potassium bromide (International Crystal Labs) following by pressing the mixture
to 8-ton force and making one-inch diameter pellet using a hydraulic press. The pellets were
directly transferred onto copper tape to act as rigid mechanical support with a hole in it to let IR
beam pass only through pellet. The procedure was repeated for working sample of Lithium

doped zinc oxide NW, and PEG-coated Lithium Doped Zinc Oxide NW.
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Results and Discussion
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Figure 60: (a) Fourier-transform infrared spectroscopy (FTIR) spectra of PEG-coated and
uncoated Li-ZnO. (b)Photoluminescence spectra of PEG-coated and uncoated Li-ZnO NW (c)
Uncoated Li-ZnO NW without 3 phase of PVVDF (d) PEG Coated Li-ZnO with 3 phase of PVDF

polymer (e) Waurtzite Structure of Zinc Oxide (f) Wurtzite Structure of Li-ZnO.

To demonstrate the effectiveness of PEG coating on Li-ZnO nanowire for 3 phase development,
FTIR and PL study was conducted.
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FTIR spectroscopy gives information related to interaction of PEG to the surface of the Li-ZnO
nanowires. According to Figure 60(a), the absorption band located around 3600 cm™ indicates
the presence of hydroxyl group. The absorption peak around 2842 cm™ in the spectrum of Figure
60(a) is attributed to C-H stretching which is the signature of PEG being efficiently
coated/adsorbed on Li-ZnO NWs [155]. The hydroxyl absorption in case of PEG coated Li-ZnO
is shifted to low wavenumber which suggests that PEG adsorbed on surface of Li-ZnO
nanowires through H-bonding though other interaction can’t be ruled out [156]. However,
presence of O-H band peak in PEG coated Li-ZnO is not only dependent on hydration as well as
presence of O-H from PEG. C=0 stretching is confirmed by small rise on 2395 cm™ on the
spectra of PEG-coated Li-ZnO. C-O-C stretch is represented by the peak at 1341 cm™. The
characteristic peak of PEG is shown at 931 cm™ which supports presence of PEG in the surface
of Li-ZnO. This presence is also confirmed by other organic stretching like C-O-C, C-H, C-0O,
and C=0.

Figure 60(b) shows the normalized PL spectra of the Li-ZnO and PEG-coated Li-ZnO
synthesized at room temperature. Emission in such cases can arise due to recombination of
photoinduced charge carriers (electron, holes etc.). The spectral profile, position and emission
intensity and can provide variety of information such as presence of surface defects, oxygen
vacancies, charge carrier trapping efficiency and their recombination kinetics [157]. The
emission spectra shown in Figure 1b depicts various narrow peaks around 420, 456, 472, 485,
496 and 561 nm. Such multiple emission peaks in zinc oxide is ascribed to presence of intrinsic
defects such as surface states, oxygen vacancies and interstitials [158]. The violet-blue emission

is attributed to presence of zinc interstitial (Zni) defect [159] whereas green emission is attributed
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to lithium induced generation of singly ionized oxygen vacancies (SIOV) in ZnO nanowires
[160,161].

Moreover, surface modification through PEG coating on Li-ZnO does not showed drastic
influence on PL profile except slight reduction in PL intensity mainly in the zone beyond 430
nm. This can be attributed to reduction in defects in Li-ZnO after modification using PEG. The
fact that there is not much altercation in spectral profile of Li-ZnO on PEG coating suggested
that effect of surface modification on the Li-ZnO nanowire’s PL behavior is almost negligible
except slight reduction in defects. Most interestingly the absence of a usual broad defect induced
luminescence band is evidence of the lower amount of surface defects in existing Li-ZnO due to
careful synthesis [162]. Because of high formation energy needed; lithium is not able to replace
oxygen ion rather it diffuses into ZnO lattice and occupy interstitial position. This leads to the
formation of both interstitial as well as substitutional defects which are compensated by co-
existence Oi and Vo in ZnO lattice [163,164]. Following these studies and studies previously
conducted, it can be inferred that the 3 phase of PVDF development was largely initiated along
the surface of PEG-coated Li-ZnO. This B phase development of PVDF is demonstrated in
Figure 60(c-d). As surface of the NW became more negatively charged because of the actively
interaction between -CH: dipoles of PVVDF via local electrostatic interactions, this enhanced the
bipolar ordering in PVDF. In this composite O-H group of PEG and H-C group of PVDF
reduced the necessities of utilising costly electromagnetic poling for B phase attaining. This 3
phase attaining due to chemical groups interactions enhanced magnetic dipole towards the
direction of applied stress to composites. [7,8,65].

Possible defects on ZnO lattice is represented by Figure 60(e) and Figure 60(f). It is already

proven that hydrothermally grown Li-ZnO exhibits better ferroelectric properties (e.g.

108



piezoelectricity) than ZnO. This is due to the induced defects which results in lesser band gaps. It

was also found that crystallinity gets better by Lithium doping on ZnO lattice [165-167].

400 nm 2 pm

Figure 61: SEM micrographs of (a) triboelectric layer, (b) enlarged view of the triboelectric layer

(c) piezoelectric film surface.

SEM images of the piezoelectric and triboelectric layer in Figure 61 show the uniform
morphological structure of PDMS/PVDF triboelectric layer in Figure 61(a). Figure 61(b) is the

closer view of the triboelectric layer. Parallel lines demonstrate the effect of doctor’s blade
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technique on the synthesis of the triboelectric layer which confirms equal applied stress all along
the layer during synthesis. However, grain-like structures in Figure 61(a) are good evidence of
uniform drying as well as even surface morphology. Figure 61(c) reveals the surface morphology
of the piezoelectric surface of PEG-coated Li-ZnO/PVDF/MWCNT. SEM image shows
microvoids due to the evaporation of DMF. These microvoids lead to the high surface area which
increases better contact triboelectric layers and more triboelectric response and non-uniformity in
structure to help to increase piezoelectric response and higher amount of flexibility during
applied external stress due to its soft structure. The fiber-like portion in the image is evidence of
the MWCNTSs. Yet, the absence of any surface modified Li-ZnO in SEM image confirms well
insertion of metal oxides in the polymer matrix, hence its maximum efficiency bosting in hybrid

nanogenerator.
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Figure 62: Piezoelectric Response on finger press of drop casted piezoelectric film.

Formed drop cast piezoelectric film was tested with finger pressing to see the usefulness of
piezoelectric layer as a potential energy producer. The finger press test yielded a voltage
response to 8.1 open circuit voltage (Voc). This response is due to the transfer of stress from the
top surface to PVDF polymer matrix as well as MWCNT and Li-ZnO NW. Stress applied to the
piezoelectric nanogenerator transfers to nanowires along with Li-ZnO NW which deforms them
from their original shape. This initiate production of charge from piezoelectric two-dimensional
nano-objects. This is largely depending on the dss values of the nanowires. The more
deformation turns more charge production from the nanogenerator. As nanowires are more

ductile considering other dimensional nanomaterials, more charge generation is achieved. This
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piezoelectric film was also tested with switching polarity to understand the effectiveness of
piezoelectric film as an energy-producing component of PTENG. Switching polarity shows that
the voltage production remained same which means the production of energy is reliable under
any axial stressing conditions. It can also be seen in Figure 3 that the produced noise is much
smaller compared to the response which indicates the high response timing as well as higher
conductivity in the film due to MWCNT effect. As soon as the charge is produced instantly after
the stress is applied to the piezoelectric device, it transfers immediately to the measurement
equipment, hence the response is quick enough to avoid any noise production. Rapid response

caused by rapid release of strain from piezoelectric nanogenerator [168].

[JAl  WEPTFE/PDMS [ Spacer

@ Li.ZnO-PVDF-MWCNT [l Ag

(c)

Figure 63: Load Cycle (clockwise) of TPENG during test conditions: (a) no applied stress (b)
initiation of contact between triboelectric layers (c) piezoelectric action due to stress on the
piezoelectric layer (d) release of stress (e) Block diagram of measuring piezoelectric and

triboelectric response.
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The Load cycle of PTENG has been demonstrated in Figure 4 along with clockwise direction.
Figure 63(a) shows the relaxed condition of TPENG. Triboelectric action, as well as initial stress
transfer from the triboelectric layer to the piezoelectric layer, is demonstrated by Figure 63(b).
Figure 63(c) demonstrates the deflection of the piezoelectric layer as well as the transfer of load

to the piezoelectric layer. Figure 63(d) demonstrates the release of load from PTENG.
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The effectiveness of PTENG was tested with finger presses and showed in Figure 64. Figure
64(a) reveals response of PTENG on finger press action while Figure 64(b) reveals a closer look
at open circuit voltage response of finger press. It can be easily inferred from Figure 5 that the
produced voltage is reaching up to 60.1 V while most of the noise diminishes. Figure 64(b)
shows a closer look at response which identifies response to finger press varies from surface to
surface. While stress is applied to the aluminum surface, the stress is transferred to the
triboelectric layer immediately under the aluminum surface which comes closer to the
piezoelectric layer, and the triboelectric mechanism is initiated. Asa consequence, the voltage
reaches a higher point (point 1, shown in Figure 64(b)). As long as the triboelectric layer
completes its action, the piezoelectric mechanism is initiated by stress on the piezoelectric layer
which takes much longer time to termination of response because of the higher thickness of the
piezoelectric film. This piezoelectric response is shown from point-2 to point-3. As stress is
released from the PTENG, piezoelectric and triboelectric mechanism work vice versa but in a
much faster period, therefore, the response reaches from point-3 to point-4 as negative potential.
This cycle is repeated along applied finger presses. This response to applied stress is very much
representing the level of applied stresses to the nanogenerator. The level of applied stresses (as

load) vs voltage response is represented in following figures.
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Figure 65: Open Circuit Voltage (Voc) vs. time for the different load (J)

The electrical response of the PTENG for variable applied load was observed
experimentally. Figure 6 shows the value of Voc with time for the variable applied load (J) on the
PTENG. With the application of the load, the triboelectric upper layer (Al/PDMS/PVDF) moves
gradually towards the lower layer from its initial position. Due to this movement, triboelectric
potential occurs in the device. Thus, the Vo of the devices increases. As the upper layer touches
the lower surface, the stress transmits to the lower surface. The lower surface shows a repulsive
force to prevent itself from getting deflected. Thus, the overall voltage reduces a little. But the
applied load is sufficient to deflect the Li. ZnO-MWCNT-PVDF layer. In turn, the voltage gets
increased towards its peak. After the load is released the PTENG moves towards its initial
position. Also, the triboelectric charges transfer towards the opposite direction. So, the voltage
decreases gradually. The output Vo of the device increases with the increment of the applied

load. During the load test, the voltage increased from 9.5 V to 29.2 V when the applied load
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increased from 0.013 J to 0.039 J. Higher load creates higher stress on the microstructure which
causes higher deflection of the piezoelectric layer. Higher deflection of the piezoelectric device

leads towards the larger value of Voc. This character of the device promotes hybrid PTENG as an

effective transducer or stress/pressure sensor.
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Figure 66: Open Circuit Current of PTENG under (a) Applied Load 0.013J (b) Applied Load
0.026J (c) Applied Load 0.039J (d) Enlarged Response of Applied Load 0.013J (e) Enlarged

Response of Applied Load 0.026 J (f) Enlarged Response of Applied load 0.039 J.

Open circuit potential of PTENG is measured under different applied load to measure its
productivity in current production. It can be easily inferred from Figure 66(a), (b) and (c) that
current production is largely increased under higher load conditions. Under an applied load of
0.013 J open circuit current was reached on an average of 31 pA. However, this value reached 50

MA and 65 pA under 0.026 J and 0.039 J, respectively. It is also clearly evident that fluctuation
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in current production is higher while PTENG is under higher load. Still, the current production is
considerably analogous towards the applied load. Under the load of 0.013 J in Figure 66(a),
electricity plateaued towards the value of 35.2 pA. Whereas under 0.026 J load in Figure 66(b),
it reached up to a value of 65 pA. PTENG showed the highest open circuit current value of 75
MA under a load of 0.039 J. This is mostly due to the dss values of composite. Same dss values
but different electrical output, resulted as a consequence of different applied loads, hence
different charge production from piezoelectric portion of the nanogenerator. Enlarged view of
electrical response of PTENG in 0.013 J, 0.026 J and 0.039 J is demonstrated respectively in
Figure 66(c), 66(d) and 66(e). It can be easily inferred from the graphs that the amplitude of the
response did not vary much during lower applied force (0.013 J). However, this amplitude
started to alter up and down with higher applied load (0.026 J, and 0.039 J). This alteration is due
to residual load from the last hit to the composite. Triboelectric and piezoelectric effect was
acting simultaneously, therefore the combination of the number of responses is higher than the

number of applied load.
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Figure 67: Output response of PTENG with variable load frequency in beats per minute (BPM):

(a) 30 BPM (b) 60 BPM (c) 90 BPM (d) 120 BPM.

The hybrid PTENG was characterized for the output response with different application
frequency-beats per minute (BPM) of 0.7 N force. Figure 8 shows the Output voltage of the
device for constant force with 30 BPM (Figure 67(a)), 60 BPM (Figure 67(b)), 90 BPM (Figure
67(c)) and 120 BPM (Figure 67(d)) at 0.5 Hz, 1.0 Hz, 1.5 Hz and 2.0 Hz respectively)
frequencies. Figure 67(e-h) shows an enlarged view on a response from 10.0 sto 12.0 s. The
graph demonstrates that the peak-to-peak distance of the signal reduced with the increment of
frequency. The inset of each graph provides detailed information about the voltage response. It is
clear from the insets that with the increase of frequency, the response shows more fluctuation of
voltage. This increment of fluctuation depends on the inconsistency of the stress release of the
homogenous stress on the surface film. This homogenous stress all over the surface can be
addressed as the micro-stress of the film, which depends on the film thickness [169,170].

Whenever the upper layer strikes the piezoelectric layer due to the applied force, a micro-stress is
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generated throughout the surface of the layer. This stress gets released with the withdrawal of
force from the device. While the frequency was 0.5 Hz (Figure 67(a)), there was adequate time
for the stress to be released. An enlarged view of the response of 30 BPM in Figure 67(e) shows
a lesser amount of noise due to the higher period to return to the original stage after an applied
stress. With the increment of frequency from Figure 67(a-d), the available stress release time got
reduced. So, generation and release of micro-stress became more recurrent with an increased
frequency, which showed the inconsistency of voltage response. The device displayed less
variation of voltage with a variable frequency of force. The conductivity of the device amplified
due to the application of MWCNT, which resulted in a faster transportation of electrons, thus

making the variation of voltage lower.

Conclusion
An innovative, flexible PTENG by coupling Li-ZnO/PVDF/MWCNT with PDMS-PTFE film
was developed for energy harvesting and stress sensing applications. A linear response was
obtained, able to work undervariable load along with 75 pA electricity and 60.1 V voltage. Such
findings are promising in measuring pressure and power generation. The high performance of
PTENG is due to the enhanced piezoelectric property of ZnO/PVDF after incorporation of
MWCNT in the PVDF matrix as well as the triboelectric property of PDMS-PTFE composite
film. The enhancement and combination of piezoelectric and triboelectric properties offer an
effective way to improve the performance of nanogenerators. This lightweight, flexible, highly
efficient, low-cost, and innovative fabrication process of PTENG will be a promising power

source for next-generation wearable and portable devices.
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