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ABSTRACT

The invention of flexible piezoelectric nanogenerators in today’s nanotechnol-
ogy era attracted the attention of researchers on nano-energy harvesting sys-
tems. Since then, extensive research has been ongoing in piezoelectric
composites for energy generation because of their potential to replace conven-
tional energy sources. The latest advances in synthetic materials enhanced the
piezoelectric properties of composites and proved their potential to become self-
sustainable nanotechnology for green energy applications. In this review, a brief
introduction to the field of piezoelectricity is provided, followed by a thorough
analysis of the novel advances in materials, namely polymers, ceramics, and
composites, with their synthesis and fabrication technologies. Finally, the state-
of-the-art uses of these materials in self-charging, implantable, and wearable
devices as nanogenerators are extensively discussed.
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electromechanical conversion constant [2]. In 2001,
Glynne-Jones and team [3] proposed a “mechanical
vibrations-powered microgenerator”, and then in
2006, Wang and Song [4] manufactured the zinc

1 Introduction

Curie brothers discovered the piezoelectricity phe-
nomenon by observing the electric charge generation

in piezoelectric materials at specific locations when
subjected to mechanical stress [1]. In today’s era of
the global energy crisis, piezoelectric materials pro-
vide an alternative solution as a renewable source for
energy harvesting. Piezoelectric transduction is a
promising energy generation technology when com-
pared with triboelectric, pyroelectric, and other
transduction mechanisms owing to its massive
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oxide (ZnO)-based nanogenerator, which created a
significant impact on the piezoelectric community.
Piezoelectric nanogenerators gained a vital position
in the energy sector because of their superiority over
conventional energy technologies. Among non-re-
newable energy sources, batteries perform an essen-
tial role as a power supply component but using
them in electronic devices can be cost-inefficient
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because of replacement, maintenance, and other
issues such as charging and short life span. Due to
the drawbacks of conventional energy devices, sub-
stantial efforts are going into the development of
piezoelectric nanogenerators as self-sustainable
power sources for electronic devices. Piezoelectric
generators are more reliable, resistant to harsh envi-
ronmental conditions, perceptive to minor strains,
and manufactured in small structures, unlike con-
ventional batteries. Also, it is profitable to harvest
mechanical energy in the surroundings as a power
source because of its easy availability and the better
and longer performance of electronic devices [5].
Piezoelectric nanogenerators can also operate on
in vivo mechanical energies, such as heartbeat,
muscle stretching, and lung motion, to empower
sensors for heart monitoring, hearing aids, and other
biomedical devices [6].

In the course of time, new energy harvesting
strategies have been proposed, such as triboelectric,
pyroelectric, thermoelectric, and piezoelectric [2]. The
piezoelectric energy harvesting mechanism is
broadly accepted because of the abundance of
mechanical energy and the direct utilization of piezo-
materials to transform mechanical stimulus into
electrical energy. Active piezoelectric materials pos-
sess unique properties that allow them to have uses,
such as energy harvesters, actuators, and sensors
[6, 7]. The multifunctionality of piezoelectric materi-
als varies according to their physical and chemical
characteristics, for instance, flexibility, morphology,
brittleness, synthesis technique, and elemental
composition.

Over the past few years, different synthetic piezo-
electric materials like composites, ceramics and
polymers, single crystals, and bio-inspired materials
were investigated to enhance the piezoelectric per-
formance of devices with their unique advantages. In
ceramics, prominent piezoelectric examples include
lead zirconate titanate (PZT), barium titanate (BT),
ZnO, potassium sodium niobate (KNN), and barium
titanate—bismuth ferrite (BT-BF) [5, 7, 8]. PZT is
advantageous in the piezoelectric area among these
well-known materials because of its high-perfor-
mance values. Different morphologies of the poly-
crystalline materials like rods, particles, flakes, and
sheets were synthesized for enhancing the piezo-
electric performance [9, 10]. For polymers, there are
several choices such as polyvinylidene difluoride
(PVDF), polymethyl methacrylate (PMMA),
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polydimethylsiloxane (PDMS), and nylon 11 (PA11);
they showcase remarkable piezoelectric properties
upon electric poling treatment which facilitates the
dipole alignment inside the polymer [11]. Among
these polymer materials, PVDF offers the best
piezoelectric performance because of its inherent
dipole moment; as a result, PVDF and its co-poly-
mers have been extensively analysed in the energy
harvesting sector because of their high crystallinity,
and all-trans dipole inherited existing p-phase
[11-13]. Numerous experimentally realizable and
successful combinations of ceramic fillers with poly-
mers have attracted the academic world’s attention
towards the realization of piezo-composites to har-
ness the power and advantages of both ceramics and
polymers. Composites have exciting properties like
flexibility, lightweight, stretchability, biocompatibil-
ity, and possess an extensive range of applicability in
the piezoelectric nanogenerator domain. The
flowchart of the different stages essential for nano-
generators and their applications can be visualized in
Fig. 1 [7].

The mechanism of piezoelectricity is based on the
asymmetric shift of electrical charges in the material
when exposed to external mechanical stress, as
shown in Fig. 2 [11]. As non-centrosymmetry is cru-
cial for piezoelectricity, analysis of crystal symmetry
is vital while considering the enhancement in the
piezoelectric performance of the crystalline materials.
Perovskite materials (BT, KNN, PZT) show ferro-
electric behaviour and non-cubic crystal structures at
operational temperatures, which is highly desirable
for piezoelectric applications. Direct and converse
piezoelectric effects arise in piezoelectric crystals
mainly due to the above-mentioned crystalline
asymmetry. The direct piezoelectric effect is the
generation of electric polarization when a material is
subjected to mechanical stress. In contrast, if the
potential is applied across a material, it results in an
induced strain and is termed as the converse piezo-
electric effect. Direct and converse effects are essen-
tial in industrial applications; pressure sensors and
nanogenerators are based on direct effect, whereas
actuators are founded on the converse effect. These
materials usually attribute a polar axis. The direction
along which the mechanical stimulus was exerted on
the material with reference to the polar axis, influ-
ences the piezoelectric functioning and output of the
material. The constitutive equations which explain
the piezoelectric phenomenon are given as follows:
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Fig. 1 The visual flow of
domains comprising the
piezoelectric energy harvesters

Fig. 2 Breaking of charge
symmetry in a crystal when
outward and inward
mechanical force is applied,
giving rise to electric

polarization
D =dT +¢E (1)
X =sT +dE 2)

where E is the electric field, D is electric displace-
ment, € is the permittivity of the material, d is the
piezoelectric constant, s is mechanical compliance,
T is stress, and X is strain. Equation (1) represents the
direct effect, and Eq. (2) converse effect.

As discussed, piezoelectric materials are essential
in several technological fields and are pivotal in the
energy sector as self-sustainable devices because of
recent developments in materials and manufacturing
methods [14, 15]. The number of published journal
articles in the piezoelectric area drastically increased
from 1 to 1172 from 2000 to 2019, based on device
fabrication, applications, and material properties [5].
The present article will extensively review the avail-
able piezoelectric materials and their application as
nanogenerators. The aim is to concentrate on the
aspects such as available materials, material proper-
ties, physics of the piezoelectric mechanism, factors
affecting the performance of nanogenerators, appli-
cations of nanogenerators, performance enhance-
ment, and fabrication techniques. Also, it comprised
the detail analysis of recent advances in materials,

Material under
outward stress
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including ceramics, polymers, and composites, with
their advantages and disadvantages. More emphasis
is provided on recently developed composites
because of their novel and exciting properties,
including a broad range of applications in the har-
vesting area. Finally, it covers existing nanogenerator
applications of piezoelectric materials with their
working principle and properties.

2 Types of materials

Conversion of externally induced mechanical strain
into electrical surface polarization is an inherent
property of piezoelectric materials. The performance
of a material critically depends upon its types [2], in
particular polymers, ceramics, single crystals, and
polymer—ceramic composites (Fig. 3). Since there is
an alarming requirement for self-sustainable energy
sources, extensive work is ongoing in the piezoelec-
tric materials to achieve potential solutions.

The selection of piezoelectric materials is based on
the electromechanical conversion factor, piezoelectric
coefficient, dielectric constants, Curie temperature,
and crystal structure [2]. Among piezoelectric mate-
rials, ceramics are the most promising ones because
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Fig. 3 Synthetic materials
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of the enormous value of piezoelectric constant (ds3)
and observed ferroelectricity with high Curie tem-
perature (Tc), but possess disadvantages such as
brittle nature and heavy weight. Polymers have low
piezoelectric performance and electromechanical
coupling factor, but they are potential candidates in
the flexible piezoelectric material industry because of
their lightweight, flexibility and low cost. To conquer
the drawbacks of both ceramics and polymers, piezo-
composites were explored, which retain the advan-
tages of both ceramics and polymers and hold great
potential in the energy harvesting sector.

2.1 Piezoceramics

After the discovery of natural materials such as
quartz, many synthetic ones were prepared, exhibit-
ing outstanding piezoelectric properties relative to
natural crystals. Piezoelectric ceramics are polycrys-
talline in nature and have potential applications in
mechanical energy harvesting [7]. As discussed,
electric poling is essential to align the existing dipoles
in the material with proper orientation to obtain the
induced piezoelectric properties in ferroelectric
ceramic candidates [2, 7]. Among ceramics, synthetic
piezoelectric ceramics are famous for their better
electromechanical conversion, huge dielectric con-
stant, massive dz3 value, and high Curie temperature.
Although they have excellent properties, their brit-
tleness limits their piezoelectric performance because
they cannot absorb large strains without getting
damaged [2]. Among ceramics, perovskite and
wurtzite-structured materials are of prime impor-
tance for piezoelectric energy harvesting applications
because of their well-established non-centrosymmet-
ric properties [5]. Synthetic materials with high
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piezoelectric performance, like PZT, BT, and KNN,
show perovskite structure with high performance,
whereas ZnO exhibits a wurtzite structure with
comparatively low piezoelectric performance [5].
Asymmetricity along the ‘c’ direction in perovskite
crystal structures induces the necessary non-cen-
trosymmetry in the material, which instigates the
essential requirements for higher piezoelectric per-
formance. Perovskite materials have considerable
importance in smart applications since they showcase
various novel effects such as piezoelectric effect,
electrostriction, domain switching, and volume
change because of electric field-induced strain [5, 16].
Consequently, it is crucial to emphasize their (metal
oxides) synthesis techniques for completeness pur-
poses. Some of the conventional techniques are quite
popular within the research community because of
their unique advantages as listed below [1]:

(a) Solid-state reaction: This procedure is widely
used to prepare ferroelectric (FE) oxides with
the best piezoelectric and dielectric properties.
Solid-state synthesis is an irreversible process
where powder compacts are fused into a single
compound (dense polycrystalline ceramic) with
the help of thermal energy created during the
milling process [17]. The decrease in the inter-
facial free energy in an ensemble of particles
with respect to a collection of distinct particles
is the main driving force behind the solid-state
reaction. Major studies with the KNN, BT-BF,
and other ceramics were performed with solid-
state synthesis because the resulting high den-
sity drastically increases the piezoelectric func-
tioning and material characteristics such as
dielectric properties [18, 19].
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(b)  Sol-gel synthesis: This technique is a template
procedure for developing nanostructures in
which piezoelectric material synthesis within
the other solid’s nanopores is carried out [17].
In this method, a hydrolysis reaction is per-
formed to get the suspension of colloidal
particles (sol) followed by the condensation of
the molecular precursors, and templating is
used to provide a nanostructured morphology
to the material [17]. The two main advantages
of this method are producing materials with
better purity at low-temperature values and the
facile preparation of a uniform, multi-element
system by simply blending precursor chemicals
[17, 20].

() Hydrothermal synthesis: Hydrothermal synthe-
sis is a cost-effective solvent-based technique
used to synthesize piezoelectric polycrystalline
ceramic with advantages like controllable
microstructures, low-temperature requirement,
and substrate independency. Hydrothermal
synthesis is widely used for ceramic synthesis
because it is a facile method for modifications
like elemental doping and morphology control
of the material [20].

2.1.1 Lead-based piezoceramics

The invention of PZT in the 1950s can be considered a
paradigm-shifting moment in the energy harvesting
research field because it is the most extensively uti-
lized and exploited material in the mechanical energy
harvesting area [21]. PZT outperforms all piezoce-
ramics because of large dielectric and ferroelectric
properties with high-performance coefficients such as
electromechanical conversion factor and piezoelectric
constant [22]. Detailed analysis of the PZT system
revealed the vital phenomenon of morphotropic
phase boundary (MPB) in the perovskite ferroelectric
materials domain, which primarily contributes to
enhancing the value of the piezoelectric constant. In
PZT, close to the compositional MPB, the possibility
of simultaneous existence of tetragonal and rhom-
bohedral phases was detected over a finite composi-
tion range, which provides extra degrees of freedom
for dipole arrangement. It is observed that ferroelec-
tric piezoceramics show extremely good dielectric
and piezoelectric properties near the phase coexis-
tence region because it increases the number of
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attainable spontaneous polarization directions [23].
Similar to MPB, scientific efforts are directed towards
understanding the mechanism of high piezoelectric
performance of PZT with the variation of doping
elements, temperature regimes, chemical propor-
tions, and phase transitions [24]. Among all the
piezoceramics, materials with perovskite structure
show the best piezoelectric properties because the
asymmetric distribution of constituent elements
allows easy deformation into non-centrosymmetric
phases like monoclinic, orthorhombic, rhombohedral,
and tetragonal. Most of the perovskite piezoelectric
ceramics show the best performance near the com-
positional MPB, where it is viable to achieve the
multiphase structure [16]. Considering the example
of PZT, it is practicable to monitor the crystal sym-
metry with the Zr content between tetragonal and
rhombohedral, and hence near Ti/Zr ratio close to 1
(near to MPB region), it is possible to achieve out-
standing performance because of easy dipole reori-
entation. The piezoelectric performance of lead-based
materials can be increased while compromising the
Curie temperature since they are inversely related
[25, 26], as shown in Fig. 4. Achieving high piezo-
electric performance at the cost of reduced Curie
temperature has several drawbacks, such as
decreased polarization stability and larger variation
in the piezoelectric properties with respect to tem-
perature, which is not favourable for pragmatic
applications [25]. There are other strategies to
improve the output of Pb-ceramics, such as inte-
grating dopants [16, 27], sintering aids [16, 28], and
mixing with perovskite-structured compounds
[29, 30].

Pb ceramics are classified as soft and hard based on
their unique traits, “soft” lead-based ceramics are
characterized by strong piezoelectric performance
with high hysteresis loss, whereas the reverse is true
for “hard” piezoceramics [16, 25]. Upon comparing
soft PZT, hard PZT, and single crystals for vibration-
based energy harvesters, it is found that for low-fre-
quency off-resonance regime, soft PZT (PZT-5H and
PZT-5A) outperform their counterpart hard PZT
(PZT-4 and PZT-8). Also, single crystals lead mag-
nesium niobate-lead zirconate titanate (PMN-PZT)
outperform relatively hard Pb-based ceramics (PMN-
PZT-Mn) [31].

Lead-based antiferroelectric (AFE) materials are
crucial in applications like high-force actuators in the
defence and aerospace industries [32]. The
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Fig. 4 (a) Crystal structure dependence on the composition for
PZT piezoceramic (PS: Pseudocubic, T: Tetragonal, R:

Rhombohedral). Adapted/Re-used with authorization from

antiparallel neighbouring electric dipoles character-
ize an antiferroelectric phase. It is possible to change
the antiferroelectric phase to a ferroelectric phase
with an external electric field which is the key
parameter in their internal strain dynamics. Here, the
transformation from AFE to FE comes with a signif-
icant volume change in the unit cell, and hence con-
siderable strain gets induced, which is helpful in high
strain applications, as discussed earlier. The induced
strain because of this transformation (0.3-0.6%) is
way higher than the strain induced due to the elec-
trostrictive effect (0.1%) [33]. It is practicable to
maintain the AFE phase of material under certain
environmental conditions with adequate precautions.
However, it is also easy to induce ferroelectric (FE) or
paraelectric (PE) phase transition with the help of an
electric field or with variation in temperature,
respectively, [34] accompanied by an increase in
volume. Zhang and his team [35] discussed the
electric field-induced strain properties and phase
transition in Sm-doped PZST (Sm-PZST) ceramics,
where it is observed that with an increase in the
amount of Sm in PZST, the phase transition from FE
to AFE takes place. During this transition, the most
significant value of strain, 0.73%, was obtained near
AFE/FE phase boundary at a frequency of 1 Hz, and
that is why PZST is well known because of its high
electrostrictive and energy storage properties [35]. It
is no surprise that similar to the MPB existence in FE
lead-based perovskites, AFE also has excellent values
of induced strains near MPB compositions [36].
Detection of high piezoelectric response from Sm-
modified PZT in the neighbourhood of Curie tem-
perature led to new findings in the PZT research
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domain. The value for Sm-PZT is twice (915 pm/V)
when compared to other dopants like Nb-PZT
(477 pm/V) and La-PZT (435 pm/V), respectively. It
is clearly shown that increased permittivity and MPB
phenomenon is not solely responsible for the high
piezoelectric response in Sm-doped PZT. Sm doping
causes immense internal stress due to deviation in
ionic radius, and PZT may allow the coexistence of
pseudo-cubic and tetragonal phases below tempera-
ture Tc. The coexistence allows higher strain accom-
modation and, hence, more feasible interphase
boundary motion; hence, a tremendous piezoelectric
response is recorded for Sm-doped PZT [24]. Upon
investigating the correlation between the microscopic
distortion in crystals and macroscopic piezoelectric
response for polycrystalline and epitaxial PZT thin
films grown on magnesium oxide (MgO) and Si
substrates, the results revealed a significant piezo-
electric response in polycrystalline thin film because
of ease of rotation of polarization direction of dipoles
along with domain reorientation and crystal phase
transition [37].

2.1.2  Lead-free piezoceramics

Lead-based materials possess many toxicity issues,
such as environmental contamination and public
health hazards; as a consequence, many restrictions
are imposed on using lead-based ceramics in piezo-
electric applications. Piezoelectric materials have
applications in several major sectors, including
biomedical and wearable devices, which motivates
exploring alternative lead-free piezoceramics with
comparable performance. The continuous efforts to
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develop new lead-free piezoceramics led to several
breakthroughs and the invention of lead-free candi-
dates such as BT, BNT, ZnO, KNN, and BT-BF. KNN
is well known because of its perovskite structure,
biocompatible nature, high Curie temperature
(~ 623 K), and high piezoelectric performance
(~ 190 pC/N) with chemical formula (KgsNags)-
NbO;. A significant leap in the lead-free materials
was taken by Saito et al. [38] when their efforts
invented lead-free textured KNN ceramic with
piezoelectric performance comparable to PZT. They
proposed that the considerable enhancement in
piezoelectric performance of KNN is possible because
of the existence of MPB in alkaline niobate per-
ovskites [39, 40] and the development of highly tex-
tured polycrystals [41]. A piezoelectric performance
constant of 300 pC/N was attained without texturing
for doped KNN, and a huge value of 416 pC/N with
texturing for doped KNN is significant for lead-free
ceramics. For better piezoelectric performance and
temperature-based stability, materials with high
Curie  temperature were selected, namely,
orthorhombic (K5Nags)NbO; (Tc = 415 °C) and
LiTaO5(T¢c = 615 °C). In addition to LiTaOs, LiSbOj;
was also used because the higher electronegativity
difference between Sb and Nb will introduce a more
covalent character into the bonding. The measured
performance for (K, Na) NbO;-LiTaO3 was 230 pC/
N with Tc =323 °C, whereas, for (K, Na) NbOz-
LiTaO53-LiSbO;, it increased up to 300 pC/N with
Tc = 253 °C which were outstanding values given
the fact that they are lead-free materials. The overall
performance of textured and doped KNN is sum-
marized in Fig. 5, emphasizing that with
microstructure engineering and elemental doping, it
is feasible to achieve results (400-500 pC/N) com-
parable to PZT. From the theory of Landau-Devon-
shire-Ginzburg, it is concluded that the piezoelectric
effect is proportional to saturation polarization (Ps),
and the value of Pg for KNN-based polycrystals is in
the proximity of 15-25 uC/cm® Moreover, it is
comparable to PZT piezoceramics [42]. The research
performed by Saito et al. [38] intensified the investi-
gation on lead-free candidates for practical applica-
tions instead of lead-based materials and led to
deeper insights into many novel phenomena, such as
MPB and polymorphic phase transitions (PPT) in
potential piezoceramics like BT, KNN, ZnO, and
bismuth sodium titanate (BNT).
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Fig. 5 Comparison of lead-free (LF) piezoceramics with well-
known PZT ceramics. Adapted/Re-used with authorization from
citation [38]. Copyright 2004 Springer Nature

KNN is the leading candidate among lead-free
ceramics because of its ferroelectric nature and
attains the best piezoelectric performance near MPB
[42, 43], similar to PZT. KNN exhibits orthorhombic
crystal structure from room temperature to 220 °C,
tetragonal structure in the range 220-420 °C, and
cubic for above temperatures where it loses its fer-
roelectric properties [16, 42]. These three possible
phase transitions in KNN at low temperatures are
termed PPT. PPT effect plays a substantial part in the
piezoelectric dynamics of KNN [44], and it is practi-
cal to get the best properties of KNN-based ceramics
by shifting the PPT point towards room temperature
(RT) with the help of dopants like Sb°* [45] and
LiNbO; [46]. However, some PPT issues, such as
temperature and ferroelectric domain instability [47],
are recently addressed in some research works
[47, 48]. The high electric field applied strain values
are obtained near the orthorhombic-tetragonal and
rhombohedral-tetragonal phase boundaries [49]. It is
also practical to boost the properties of KNN with
texturing, as reported in [38, 50], and simultaneously
reduce the temperature dependency of the strain
properties. Figure 6 shows the correlation between
piezoelectric performance and Curie temperature for
different phases of KNN [16]. Elemental doping
influences several properties of the piezoelectric
materials, including ferroelectric properties, thermal
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stability, ageing, fatigue properties, dielectric prop-
erties, and microstructure [51].

Another novel route to enhance the piezoelectric
properties of the KNNN-based system was demon-
strated experimentally by Gao and co-workers [52]. It
was found that the given dopants (Bi, Sb, and Zr)
induced a tetragonal phase with large-density
nanoscale heterostructures, which enhanced the
overall properties of the doped KNN. It is claimed
that the development of local structure heterogeneity
with comparable Landau and interfacial energies
with average tetragonal structure improved the
piezoelectric characteristics of KNN ceramics. Fig-
ure 7 summarizes the results obtained for Bi, Zr, and
Sb-doped KNN.

As mentioned above, elemental doping, inducing
local structural heterogeneity and texturing are
prominent ways to improve performance drastically.
Other than these methods, an invention of domain
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engineering led to new milestones in the develop-
ment of synthetic piezoelectric materials; domain
engineering refers to the process of reorientation of
ferroelectric domains in polycrystals with the help of
an external electric field [53]. Ferroelectric domain
engineering in the case of perovskites is advancing
because considerable modifications can be achieved
with the help of poling process in which it is practical
to align the domain in the applied electric field
direction. The motion of domain walls in the pres-
ence of an external electric field contributes hugely to
the high strain value. Poling treatment is most
effective in the proximity of the orthorhombic-te-
tragonal phase boundary in the case of KNN-per-
ovskite ceramics [42].

Given the relationship between c/a and d3; values
for perovskite ceramics, a large c/a implies a high
value for polarization. However, its direct relation
with d3;3 is not true because small c/a favours domain
wall motion since it reduces the internal compatibil-
ity stress and enhances piezoelectric performance
[42]. The presence of ferroelectric domains con-
tributes hugely to the piezoelectric performance of
ferroelectric ceramics. Almost all synthetic ceramics
need poling treatment to align ferroelectric domains
inside the material [18, 19], which induces a macro-
scopic piezoelectric response in the material.

Fig. 8 Disappearance of
nanodomains with increasing
temperature and a
simultaneous decrease in ds;3
for ferroelectric KNNLS-BZ.
Adapted/Re-used with
authorization from citation
[54]. Copyright 2015
American Institute of Physics
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A detailed analysis of ferroelectric domains present
inside the system 0.96(K0.5Na0.5)0.95Li0_05Nb0_93Sb0,07
03-0.04BaZrO; was performed using transmission
electron microscopy (TEM) for exploration of the
reasons for large piezoelectric constant (400 pC/N).
The primary reason for the high piezoelectric per-
formance is due to the presence of miniaturized
nanodomain arrangement in a domain hierarchy.
Loss of piezoelectric properties was observed upon
heating the ceramic with the disappearance of the
nanodomains, as shown in Fig. 8. Another factor
contributing to the giant ds; is the simultaneous
existence of tetragonal and orthorhombic phases,
which provided easy dipole rotation due to more
degrees of freedom and low polarization anisotropy
[54].

An interesting theory related to the movement and
re-sizing mechanism of ferroelectric domains present
in KNN-based ceramic was demonstrated where
authors studied the electric field caused stress—strain
curves over a wide compositional range across PPT in
Li-, Ta-, Sb-doped KNN (KNN-LTS). The observed
highest value of coercive electric field (Ec) near the
PPT region for pristine samples supports the idea of
the presence of nanodomains in the material, which
strongly obstructs the motion of ferroelectric domain
walls. The electric poling treatment for the same
samples caused a sharp decline in the E¢ value near

N
~
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N
o
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the PPT, confirming the formation of micron-sized
ferroelectric domains, which are irreversible in nat-
ure. The development of micron-sized ferroelectric
domains enabled the domain wall motion and
accounted for the inverted macroscopic piezoelec-
tricity in the PPT region of KNN-LTS [55].

In the ongoing quest to improvise the functionality
of piezoelectric materials, scientists developed sev-
eral engineering techniques such as domain engi-
neering, micro-texturing, and ageing treatment. The
ageing of ceramic materials is another way to modify
the piezoelectric performance in which high electro-
strain can be induced in applications such as actuat-
ing materials in optics. As discussed by Lin et al. [56]
and Hao et al. [16], the mechanism of induced high
strain lies in the dynamics of point defects present in
the material. As pointed out by the authors, when
Cu®* is used to displace the B site atom in KNN,
charge neutrality will be maintained via oxygen
vacancies, leading to the point defects (defect dipoles
Pp) that get created near the central atom. The defect
polarization is oriented along the direction of satu-
ration polarization (Pg), and upon application of an
external electric field, Ps will change its direction
along the external electric field, whereas Pp will
maintain its original polarization orientation during
the complete domain switching. Removal of an
external electric field causes a restoring force to act on
Pg because of the alignment of Pp and Ps will get
oriented along its original direction, which originates
a substantial effect known as double P-E hysteresis
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loop with significant non-linear strain in KNN poly-
crystals [56]. As already known, lead-free ferroelec-
tric materials with high strain properties have many
applications in the optical as well as the electronics
industry.

Recently discovered porous Sb-doped sodium
potassium niobate (NKNS) piezoceramics are also
crucial from an industrial perspective because it has
several advantages in underwater application [57].
Low acoustic impedance and better coupling with
living tissues make them beneficial in low-frequency
hydrophone applications and in medical diagnosis.
The freeze-casting route is adopted to manufacture
porous ceramics due to its environment-friendly
nature, low material waste, and fast-manufacturing
duration. The schematics of the freeze-cast porous
NKNS are provided in Fig. 9. The piezoceramics’
performance depends on porosity as piezoelectric
properties decreases with respect to the reduction in
the active ceramic phase. Observations revealed
enhanced microstructure and better alignment of
domains for microwave-sintered samples. Porous
ceramics have a low dielectric constant because of the
low volume fraction of ceramics. Significant results of
the study are summarized in Fig. 10.

Similarly, BNT plays a vital role as lead-free
piezoceramic with distorted rhombohedral crystal
structures at room temperature [16]. BNT is a ferro-
electric ceramic with a high remnant polarization of
38 uC/cm?, large Ec of 73 kV/cm, and exhibit a huge
value of electric field-induced strain. A study was
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Fig. 9 Schematics of the freeze casting of porous KNNS piezoelectric material. Adapted/Re-used with authorization from citation [57].
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@ Springer



] Mater Sci: Mater Electron (2022) 33:26633—26677

- -
»n w
o o
e |

Piezoelectric Coefficient d33 (pC/N)

~()-Conventional Sintered @
~— Microwave Sintered

NKNS-B

NKNS-M
Sample

NKNS-T

26643

g 60+ ~()- Conventional Sintered b
9 —#— Microwave Sintered

~ 554

)

)

T 504

1

8

'S 454
% ]

o 404
o

)

;- 35+

8

= 304

R
o 254
o T T v

NKNS-B NKNS-M NKNS-T
Sample
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Fig. 11 Prototype to elucidate
the physics behind the
enormous electric field-
induced strain in BNT-based
ceramics
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conducted based on bismuth sodium potassium
titanate (BNKT)-based ceramic for strain enhance-
ment. Sb doping in BNKT resulted in the phase
transition from tetragonal ferroelectric to elec-
trostrictive pseudo-cubic symmetry. This phase
transformation decreased the piezoelectric perfor-
mance of the material but simultaneously enhanced
the electric field-induced strain value to 585 pm/V
[58]. A similar phenomenon was observed where a

0.57%

strain value was recorded for BNT-based

piezoceramic [59]. The prototype to elucidate the
enormous value of electric field-induced strain can be

visualized in Fig. 11.

The model describes the transition in BNT-based
ceramics from the non-polar pseudo-cubic to the
polar anisotropic crystalline phase, primarily
responsible for massive electric field-induced strain.
Study of (BigsNags)i—x BayTigos(Fep55bo.5)0.0203
(BNBT100x-2FS) revealed that the randomly oriented
ferroelectric domains present inside the material
generates electric field-induced strain upon poling
treatment and shows remnant strain upon removal of
the field for x < 0.06 as shown in Fig. 11. The pre-
pared samples with x = 0.06, which are close to the
ferroelectric non-polar phase boundary, possess polar
nano-regions (PNRs) in a complete non-polar matrix,
which showcases the ability to change between a
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non-polar pseudo-cubic phase and a polar ferroelec-
tric phase under cyclic electric field application. The
transition between the two phases is possible because
of their comparable free energies which eventually
leads to a higher value of field-induced strain in the
material [59].

Over a decade, several studies were performed to
enhance the field-induced strain values in BNT
ceramics, including chemical modifications where the
BNT-BT-KNN system is used as base composition
[60] having large poling strain values. Also, chemical
modifications are performed in BNT-BT-KNN to
break the long-range ferroelectric dipole order so that
it is feasible to re-attain it via the application of an
electric field [61], enhancing the field-caused strain
values for the material. Microstructural design is
another option feasible for strain value enhancement
because it is built on the recognized material prop-
erties of the single crystal, enabling polycrystalline
material to resemble its single-crystal part [62, 63]. A
detailed MPB analysis of the BNT-BKT-KNN system
showcased its switching characteristics. The addition
of KNN causes the shift in MPB from MPB() to
MPB(I), where MPB(I) corresponds to the coexis-
tence between ferroelectric rhombohedral and
tetragonal phases and MPB(II) corresponds to the
coexistence between ferroelectric rhombohedral and
relaxor pseudo-cubic phase. After the switch from
MPB(I) to MPB(I) phase, a significant surge was
observed in field-caused strain values (0.46%) for the
BNT-BKT-KNN system [64].

BT was discovered in 1947, which was considered
revolutionary because it can be converted into per-
manent piezoelectric material after poling treatment
[5]. BT has an excellent piezoelectric performance,
better than all existing natural piezo crystals of 190
pC/N. BT ceramic powder prepared hydrothermally
acquired better dielectric properties than BT ceramic
prepared via the conventional route [65]. Similar to
BNT, BT ceramics found their application as actuator
and similar techniques were developed to enhance
the electric field-induced strain in them, such as
doping [66], microstructural engineering [67], and
ageing [16].

Lead-free piezoceramics will be the future materi-
als in the piezoelectric applications because of toxic-
ity issues in lead-based ceramics. KNN-based
materials proved to be important because chemical
modifications and texturing enabled them to match
piezoelectric performance with that of Pb-based
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ceramics [38]. Further improvement in their perfor-
mance is possible by improving the sintering process
with techniques like multi-step sintering to avoid the
loss of alkali metals and probe the required stoi-
chiometry for MPB [68]. The effect of multi-step sin-
tering on the phase fraction in KNN needs to be
addressed in detail. Also, it is important to explore
rhombohedral to tetragonal (R-T) phase boundary in
KNN-based ceramics via multi-elemental doping. In
the era of machine learning, it is also possible to use
the physical and chemical properties of the known
ceramics as features to train the model, and build a
system which can predict the properties the modified
ceramic materials. Multiferroic BT-BF system is also
crucial in this regard because it is lead-free, multi-
functional, and has high Curie temperature. It is
important to explore MPB in BT-BF with more
sophisticated and advanced characterization tech-
niques along with modified sintering techniques [69].
The phenomenon of local structure heterogeneity
might be explored for multi-elements doping in
piezoelectric ceramics for enhancing piezoelectric
properties [52].

2.2 Piezo-polymers

Polymers are widely accepted in flexible electronics
domain because of their low density, flexibility,
lightweight, ease of processing, and cost-effective-
ness. Polymers are amorphous in nature, and hence
they do not have good piezoelectric or electrostrictive
performance when compared with ceramics [2, 70].
Low dielectric constant and acoustic impedance
made them very important in the field of sensors.
First-time piezoelectric activity in PVDF [(CH;-CF,),]
was observed in 1969, which is a well-known ferro-
electric polymer, and later its co-polymers were dis-
covered with excellent piezoelectric output among
other polymers [2, 70]. PVDF occurs in many phases,
but only the f-phase was studied widely in the
piezoelectric research community because of its all-
trans chain conformations, which create permanent
dipole in PVDF, as shown in Fig. 12. Similar to the
case of ceramics, poling is essential for polymers as
well to induce permanent dipoles because of their
inherent amorphous nature [2, 70]. Other co-poly-
mers of PVDF, such as PVDF-TrFE, PVDF-TeFE, and
PVDF-HFP, were broadly explored because of their
enhanced performance due to steric hindrance as
compared to PVDF [71, 72]. A relative comparison
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Fig. 12 Schematics of the f3-
phase of PVDF. An inherent
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Table 1 Comparison between
properties of PZT Properties PZT PVDF
(plezoele(.:tnc cerar'mc) and Piezoelectricity properties High Low
PVDF (piezoelectric polymer) .. .
[11]. Adapted/Re-used with Acoustic impedance High Low
o L Density (10° kg m™") 7.5 1.78
authorization from citation . o
[11]. Copyright 2019 Wiley R.elatlve perrmtthlty » » 1200 12
Piezo-strain constant (107~ C N7") 225-590 — 33
Piezo-stress constant (107> Vm N~1) 26 — 330
Electromechanical coupling (% at 1 kHz) 30 12
Dielectric constant 1180 10-15
Mechanical Flexibility Poor Outstanding
Curie temperature (°C) 386 80
Table 2 Piezoelectric
polymers available with their Polymers dss3 (pC/N) Relative permittivity References
piezoel.ectric and dielectric PVDF _ 24 to — 34 6-12 [22, 73]
properties PVDE-TiFE 24 to 40 18 [74, 75]
PVDF-HFP 24 11 [76, 77]
Polyamide 11 4 5 [78]
Cellulose 5.7 2.6 [79, 80]
Polyurea 19 6 [81, 82]
Polyimide 2.5t0 16.5 4 [83]

between piezoelectric ceramic (PZT) and piezoelec-
tric polymer (PVDF) is given in Table 1 [11].

Polymers have exciting properties and are widely
explored in piezoelectric nanogenerator applications.
Some other well-known polymers with good piezo-
electric performance are polylactic acid (PLA), poly-
amide 11, polyimide, polyurea, and celluloses
[11, 22]. To enhance polymers’ performance, they
usually undergo processes like stretching, drawing,
and corona poling (Table 2) [22].

PVDF and its co-polymers are primarily used for
flexible nanogenerator applications because of the
polar nature of f-phase of PVDF (all TTT chain con-
formations as in Fig. 12) and its excellent properties
as ferroelectric material with a dipole moment of

8 x 107Cm. Other co-polymers perform better

because extra PVDF fluorine atoms cause steric hin-
drance and limit the formation of non-polar phases
[11].

PVDF has excellent piezoelectric properties, and
scientists in the biomedical domain have given a lot
of attention to flexible and self-powered piezoelectric
devices based on ferroelectric polymers because of
the drawbacks of conventional real-time biomedical
monitoring devices, such as high-power consump-
tion and rigid structure. Many researchers recently
explored the metal-organic frameworks (MOF),
which are newly invented nano-porous crystalline
materials having unique properties such as
adjustable pore size, high porosity, and large surface
area to increase the piezoelectric properties of PVDF.
Moghadam et al. [84] made a novel self-sustainable
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Fig. 13 Schematics of a

(a) sensor fabrication,

(b) measurement setup, and e
(c) recording of radial artery _—
pulse signals. Adapted/Re- Piezoelectric
used with authorization from nanofiber mat Cu
citation [84]. Copyright 2020

American Chemical Society

flexible piezoelectric sensor device for wrist pulse
monitoring with UiO-66 MOF-incorporated (Zr-
based metal organic framework) PVDF nanofibers. It
is observed that the percentage of f-phase increases,
whereas the size of electrospun polymer fibres
decreases, resulting in flexible piezoelectric mem-
branes with high performance (568 mV). The func-
tioning of the developed self-sustainable (Fig. 13)
device is comparable to or better than other reported
PVDF energy harvesters so far [85-87].

Chinya et al. [88] prepared flexible nanocomposite
films using PVDF and polyglycolated Zinc ferrite
(ZF), where sol-gel auto-combustion prepared ZF
particles were treated with polyethylene-glycol-6000
(PEG-6000), and films were prepared using casting
technique. The PEG-6000 treated sample showed
better dielectric and piezoelectric properties because
the PEG layer acts as a coupling between organic and
inorganic parts of the composite and improves the
Maxwell-Wagner—Sillars  interfacial polarization
(Fig. 14). These modifications improved energy stor-
age density (4.3 J/cm’) and maximum energy dis-
charge efficiency with an open-circuit voltage of 18 V.
It is essential for better coupling between ceramic and
polymer matrix to functionalize ceramic particles
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with various matrix-compatible surfactants, poly-
mers, and natural materials.

Polylactic acid (PLA) is popular within the research
community because of its biodegradable nature,
mechanical stability, ease of fabrication, and flexibil-
ity. The carbonyl group in the structure induces
polarity and showcases piezoelectric performance
without poling treatment which is desirable for
energy harvesting applications. Tajitsu [89] attemp-
ted to enhance the piezoelectric performance of PLA
by designing a film actuator whose driving force is a
surface wave which induces shear motion where it is
concluded that the crystal structure of PLA is helical.
However, it has several disadvantages, such as
higher cost, the requirement of food crops for syn-
thesis, a prolonged composting rate, an effect on the
soil's pH value, lower melting point making it
unstable at higher temperatures, and low mechanical
properties.

As a biomaterial, cellulose is readily available and
is multifunctional in the energy harvesting and sen-
sors industry. Dipolar alignment and confined char-
ges hugely contribute to cellulose’s piezoelectric
activity and are comparable to naturally occurring
quartz crystals. The enhanced piezoelectric
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Fig. 14 Zinc ferrite and %
suggested interaction between

ZF and PEG-6000. Adapted/

Re-used with authorization

from citation [88]. Copyright l
2017 Elsevier

performance of bacterial cellulose (BC) was attained
by incorporating MnFe,O, The sensors were manu-
factured using the composite films of BC/MnFe;Oy,
where the piezoelectric response raised from 5 to 23
pC/N [90]. Scientists explored odd-numbered poly-
amides and showed the existence of piezoelectric
behaviour because of their inherent polar nature [91].

In summary, PVDF and its co-polymers are highly
desirable in piezoelectric applications because of
their inherent dipole moment. Also, it is possible to
understand the fundamental mechanism in PVDF for
piezoelectricity via structural characterization and
molecular simulation to achieve a performance as
high as — 62 pC/N [92]. Other bio-polymer such as
cellulose is also potential candidate for piezoelectric
application because of its high crystallization and
inherent abundance of polar hydroxyl groups with
strong electron donating capacity. Further attention is
required towards cellulose-based composite to
understand the piezoelectric dynamics in detail for
enhancement comparable to PVDF [93]. Also,
recently reported polarization interlocking phe-
nomenon in PVDF needs further attention to under-
stand the relevant dynamics [94]. Nanogenerators
have wide applications in wearable piezoelectric
devices, and their poor stretchability and mechanical
stability limits their applications because constant
movements induce deformations in the polymer.
Incorporation of other structural adhesives might
improve the properties of PVDF films substantially
[95].

2.3 Piezo-composites

Researchers directed their attention towards com-
posite materials to harness the outstanding
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characteristics of ceramics and the flexibility of
polymers simultaneously. Fabrication technology of
composite materials created the path to probe the
best characteristics of both ceramics and polymers for
application in energy harvesting systems. The study
of piezoelectric composites is rich and offers multi-
dimensional applications in biomedical devices, sen-
sors, and energy scavenging. Recently, intense
research has been carried out on piezoelectric com-
posites, which produce sustainable solutions for low-
power and high-performance electronic devices [96].

2.3.1 Advances in piezo-composites

The first breakthrough in piezoelectric nanogenera-
tors was in 2006 by Wang and Song when they
reported the first-ever nanogenerator based on ZnO
nanowires. The authors showed that when the
aligned nanowires of ZnO are deflected with the help
of the tip of the probe of an atomic force microscope
(AFM), the coupling between the piezoelectric and
semiconducting properties occurs in ZnO, which
results in the charge separation and strain field across
the nanowire. This phenomenon causes the formation
of the Schottky barrier between the metal tip and the
ZnO nanowires, which creates an electrical current
with an efficiency of 17 to 30%. This breakthrough in
converting nanoscale mechanical energy into electri-
cal energy with ZnO nanowires caused a paradigm
shift in the piezoelectric community, and nanocom-
posites became potential applicants for energy har-
vesting applications. Later, intense efforts from the
scientific community led to the invention of novel
fabrication techniques for composites to strengthen
the performance of piezoelectric nanogenerators [97].
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Tri-layer nanocomposites with Ni-doped ZnO and
PVDF-HFP were formed first time through the
sandwich preparation technique, where the layer-by-
layer structure showed enhanced properties com-
pared to the monolayer. XRD analysis showed Ni
doping in ZnO caused a decrease in the intensity
values of peaks with broadening and slight shift
towards the low angle value, which indicates Ni ions
occupied interstitial position and the samples are in
uniform compressive stress. The decreased crystallite
size after doping resulted from the distortion in the
lattice due to Ni doping, and the strain enhancement
eventually increased the piezoelectric performance of
Ni-ZnO. Dielectric studies of the tri-layer composites
showed that the values of the dielectric constant
increase in the low-frequency regions with the addi-
tion of the nanofillers because of the interfacial
polarization within ceramic particles and polymer
matrix. The values tend to decrease at higher fre-
quencies because of the lower contributions from

@ Springer

dipolar effects. The piezoelectric performance of the
tri-layer composites was evaluated and shown in
Fig. 15, where it was observed that composite with
0.5 wt% Ni-doped ZnO highly increased voltage as
compared to other composites due to uniform dis-
tribution of filler also the nomenclature for the com-
posites is as follows: A1(PVDF-HFP) and A3(PVDF-
HFP/0.5 wt% Ni-ZnO) [98].

Chary and group [99] prepared an energy har-
vester based on a large aspect ratio BaggsCag 15Zr0.1-
TipoO3 (BCZT) nanofibers prepared with RT
vulcanized silicone elastomer using the electrospin-
ning technique. The newly developed BCZT nanofi-
bers with standardized sintering temperatures were
used to fabricate nanogenerator with required
toughness and flexibility having potential applica-
tions in wireless microelectronics and structural
health monitoring. The fabrication of nanogenerator
was done with the help of sintered nanofibers
obtained via electrospinning of precursor gel of
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BCZT-PVP. Structural analysis of BCZT revealed the
appearance of the perovskite phase for sintering
temperature above 500 °C, and the grain growth
caused the narrowing of XRD peaks. Although the
crystal structure of Ba (Zr(1Tip )O3 is rhombohedral
at RT, the substitution of Ca®* ion at the “A” site is
responsible for splitting (002) plane, and hence cre-
ates an MPB Dbetween the tetragonal and
orthorhombic phases. The Raman spectra of BCZT
showed a broadening of the AI(TO,) peak at
205 cm ™!, which indicates the phase transformation
from tetragonal to rhombohedral and occurred due to
the substitution of Zr at the Ti site. The peak at
738 cm™! confirmed the presence of the tetragonal
phase in BCZT, and the above phase formation was
confirmed via thermogravimetry analysis (TGA).
Dielectric studies of BCZT sintered nanofibers were
carried out to study the polarization dynamics better
and understand phase transition. An expected trend
was observed in the variation of the dielectric con-
stant with respect to the frequency since the decline
in the dielectric constant at higher frequencies is
expected due to a lowering of polarization time. The
dielectric constant increased from 0 to 108 °C due to a
decrease in dipole relaxation time. The phase transi-
tion from ferroelectric to non-ferroelectric caused the
decrease in dipole relaxation time, and results
demonstrated that the Curie temperature for BCZT is
close to 108.8 °C. The Curie temperature of 108.8 °C
is much higher than the ceramic counterpart
(80-85 °C). The possible reason for this increment is
that electrospinned fibres have a diameter in the
range of 80-250 nm with a very small grain size in the
order of 10-20 nm, and hence the reduced grain size
in nanofibers results in a large grain boundary den-
sity and relieves the internal stress in the material
due to sliding of the grain boundary. This results in
the decreased free energy of the ferroelectric phase
and is responsible for the increased value of the Tc.
Several other studies were performed to manufacture
nanocomposites for piezoelectric nanogenerators,
and researchers obtained remarkable results and
output favourable for industrial applications. There-
fore, it is vital to perform a detailed analysis of the
fabrication of the piezo-composites and nanogenera-
tors and the factors that affect their performance.
Recently, in piezoelectric composite research, two-
dimensional materials are becoming centre of attrac-
tion because of their unique characteristics such as
ferroelectric nature, non-centrosymmetry in 2D
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plane, and better mechanical-to-electrical conversion
efficiency. Two-dimensional nanomaterials such as
boron nitride (BN), tungsten diselenide, and molyb-
denum sulphide have excellent flexibility when
compared with conventional piezoelectric one-di-
mensional nanorods and nanowires. h-BN is a wide-
band semiconductor with high thermal conductivity,
chemically inert, and environmentally friendly. BN is
well known for its planar three-fold symmetry, which
does not allow electric polarization in its ground
state, but when the BN sheet is enveloped into a
nanotube, the symmetry breaks and leads to the
polarization along the cylindrical axis, which is gov-
erned by the boundary conditions on the electronic
states present around the nanotube’s circumference
[100]. Hence, the electric polarization in BN nan-
otubes has a quantum mechanical origin, which can
be formulated using Berry’s conjecture. Kuang and
group [101] created boron nitride nanosheets
(BNNS)-based piezo-triboelectric nanogenerator with
PDMS polymer, which showed a current density of
230 mA/m? an output voltage of 1870V, and a
power density of 100 W/m®. The schematics of the
piezo/triboelectric nanogenerator fabrication using
BNNS-PDMS/PA6, including its electrical output
characteristics are shown in Fig. 16. Authors used
powder of h-BN (98% Aldrich) and added into glass
vial with isopropanol for magnetic stirring and then
finally ultrasonicated to achieve the required mor-
phology. The BNNS-PDMS membranes were fabri-
cated through the process of spin coating.

Boron nitride nanotubes (BNNT) possess a
strength-to-weight ratio equivalent to carbon nan-
otubes (CNTs), high-temperature stability up to
800 °C, and outstanding neutron radiation shielding
properties, which are essential for space missions
[102]. The multifunctional electroactive nanocom-
posite was developed using boron nitride nanotubes
which showcase significant electroactive coefficients.
Authors aligned the BNNTSs present in the composite
via stretching the 2 wt% BNNT/polyimide film and
found the value of d33 equal to — 4.17 pm/V which is
quite high for 2D materials [102].

2D materials also possess high crystallinity and
strength to endure high levels of strain during
piezoelectric applications. MoS; is an interesting 2D
material because they do not display the piezoelectric
phenomenon in bulk form because of opposite
alignments of the neighbouring atomic layers, which
induces centrosymmetricity in bulk. When the
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Fig. 16 Schematics of the piezo-triboelectric nanogenerator based
on BNNS-PDMS/PA6 and its electrical output characteristics,
a 3D view of the generator, b photo of nanogenerator, ¢ enlarged
view of an output waveform of nanogenerator, d short-circuit
current density with respect to time, e output voltage of

identical MoS, is thinned to a few odd-numbered
layers, inversion symmetry vanishes, and piezoelec-
tricity appears; hence the effect in 2D MoS, depends
on the number of layers [103]. It is shown that strain-
induced polarization charges in MoS, modulate the
charge transport at the interface and is responsible
for the increased strain-sensing properties [104]. Un-
doped MoS; has low piezoelectric response also finite
charge carrier density; hence modification of the
distribution of free charge carriers in MoS; or addi-
tional doping can result in higher piezoelectricity
[103, 105]. Nakamura [106] reported that the p-type
MoS; monolayer has high longitudinal gauge factors
than n-type MoS,. When uniaxial tensile strain is
applied to a p-type monolayer, carrier reallocation
occurs in the bands, which causes asymmetrical
modulation of carrier transport and hence higher
piezoelectric response. Choi et al. [103] implied that it
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nanogenerator with respect to time, f charge density of the
composite as a function of BNNS weight composition, g short-
circuit current density, and h output voltage with respect to of
BNNS-PDMS membrane thickness. Adapted/Re-used with
authorization from citation [101]. Copyright 2021 Elsevier

is viable to tune the piezoelectric properties with the
precise control of defects in 2D MoS,. The difference
in atomic bonding lengths creates inequivalent
charge distribution, which results in the broken
reflection symmetry along the vertical direction. Choi
et al. in [103] extended the thermal solvent method
for the synthesis of asymmetrical 2D MoS, with
induced defects for achieving exceptional piezoelec-
tric properties where authors obtained current and
voltage of 20 pA and 700 mV respectively (Fig. 17).
Graphene oxide (GO) as well-captivated massive
attention from the community because of its many
applications attributed to various functional groups
present in it, such as ketonic, carboxylic, hydroxyl,
and epoxy [107]. The incorporation of GO and
reduced-GO (RGO) in PVDF-TrFE-based composites
resulted in the crystallization of the ferroelectric
phase, which enhanced the properties of the
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Fig. 17 Piezoelectric characteristics of MoS, (a, d) output voltage
and current with respect to temperature for samples MoS,, (b,
e) current and voltage data of 450- MoS,, (c, f) output voltage and
current values of pristine and ten samples annealed between 350

fabricated composite materials. The high Young’s
modulus and dielectric constant of GO are shown to
be responsible for the effective transmission of elec-
trical and mechanical energy [107]. From experi-
ments, it can be concluded that using charged
materials’ interface with ferroelectric polymers is a
great way to improve the piezoelectric performance
of materials. Authors prepared the bilayer films with
drop casting of GO on the PVDE-TrFE film followed
by vacuum drying at room temperature. The working
mechanism and the voltage output characteristics for
the bilayer energy harvesting devices are provided in
Fig. 18.

Transition metal dichalcogenides possess intrinsic
piezoelectricity due to their inherent non-cen-
trosymmetric structure, and tungsten disulphide has
been explored for its good electrical and optical
properties. Zhou et al. [108] reported direct evidence
of intrinsic piezoelectric behaviour in WS, monolayer
with 325 pA and 65 mV as output performance.

Some critical advancements are also reported in the
case of piezoelectric polymers which perform a piv-
otal role in fabricating composites for energy appli-
cations. As known, in order to transform mechanical
energy into electrical energy, an induced net

and 450 °C which revealed that systematically controlled sulphur
vacancy has an output current enhancement. Adapted/Re-used
with authorization from citation [103]. Copyright 2021 American
Chemical Society

polarization is essential in polymers via poling pro-
cess. Shepelin et al. [94] invented the polarization
locking phenomenon in PVDF-TrFE perpendicular to
the base plane of 2D TizC,Tx MXene nanosheets and
showed that the strong electrostatic interaction-based
polarization locking can demonstrate an outstanding
energy harvesting performance of — 52 pC/N. The
fabrication of a self-sustainable linear pressure sensor
was carried out with the help of a blend of MXene
and PVDF-TrFE. MXene supported the percentage
increment in the electroactive phase of PVDF-TrFE
and improved the polarization of the fibres during
the electrospinning process, generating an output
voltage of 1.58 V, three times the pure PVDF-TrFE
with linear voltage-pressure response [109].
Polypyrrole (Ppy) is a conductive polymer with a
facile preparation route and is easy to blend with
other polymers; a recent study reported that incor-
porating Ppy fillers in PDMS dramatically improves
the dielectric constant and conductivity of the com-
posites. In human wearable applications, self-pow-
ered and biodegradable electronic devices are in
huge demand, and recently, Veeralingam and his
team [110] made a low-cost PDMS/Ppy composite-
based nanogenerator as a self-driven arterial pulse
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Fig. 18 Schematics of the
functioning mechanism of the
bilayer harvesting device.
Adapted/Re-used with
authorization from citation
[107]. Copyright 2016
American Chemical Society
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[

Piezoelectric + Electrostatic
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pressure sensor. The authors successfully fabricated
the piezoelectric nanogenerator with Al-coated
polyethylene terephthalate (PET)/(PDMS: Ppy)/ITO-
coated PET and drew a voltage output of 12 V and a
current density of 110 nA/cm® when 1.47 N/cm?
pressure was applied.

2.3.2  Factors affecting piezoelectric properties
of composites

Piezo-composites’ performance depends on several
factors during their manufacturing, such as filler
volume fractions, temperature, synthesis procedures,
and several other elements. After years of research,
many cutting-edge techniques are available for
piezoelectric composite fabrication, namely, dice and
fill [111], solvent casting [112], 3D printing [113],
dielectrophoresis [114], and injection moulding [115],
which significantly affect the piezoelectric and
dielectric performance of piezo-composites. The fac-
tors that substantially affect a piezo-composite’s
piezoelectric performance are arranged in Fig. 19 and
are discussed in detail.

2.3.2.1 Crystallinity The degree of crystallinity of
polymers and ceramics performs a vital role in the
performance of piezo-composite because [116-118]
high crystallinity of constituents increases the tensile
strength, elastic modulus, and heat resistance of the
polymer [119]. Researchers incorporated various
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Fig. 19 Essential factors during the manufacturing process
affecting the overall performance of the piezoelectric
nanocomposites

fillers in the PVDF to increase the crystallization of
the polar phase of PVDF for better piezoelectric per-
formance and increment in the f-phase of PVDF
[120, 121]. In the case of ceramics, it is evident that
single crystals will show higher piezoelectric perfor-
mance than other polycrystalline ceramics because of
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the highly ordered crystal structure and dipole
alignment [2, 122, 123].

2.3.2.2 Filler alignment Filler alignment inside the
composite decreases interparticle distance and
increases the piezoelectrically active phase in the case
of PVDF and its co-polymers. It has already been
observed that aligning the filler inside the polymer
matrix has led to the enhancement of piezoelectric as
well as dielectric properties of the materials. Several
techniques which can be used to perform filler
alignment inside the polymer matrix are namely,
injection moulding [124], doctor blading [125], vac-
uum-assisted assembly [126], and electric field-de-
pendent alignment [127]. Injection moulding is
primarily used to align fillers in the fibre-shaped
template. When the dispersion of filler and polymer
is injected through a nozzle, the filler tends to align
along the direction of the injection. Electric field
alignment is quite important in the field of science
because it allows us to control the electric field in site-
selective mode and have a remote effect on fillers. It
can manipulate the filler orientation inside the matrix
and allows anisotropic fillers to have physical contact
[127]. The activity of filler alignment in composites is
sometimes performed using dielectrophoretic tech-
niques, which helps achieve higher performance in
the ds3 value. Pohl [128] found that the alignment of
filler particles will occur inside the solvent due to the
polarization forces produced by the alternating/in-
homogeneous external electric field. A study by
Zhang and his colleagues [114] implemented the
dielectrophoresis technique for the alignment of ZnO
filler in the PDMS matrix for the enhancement of the
piezoelectric and dielectric properties of the com-
posite. After dielectrophoresis, microscopic analysis
revealed a chain-like structure of particles along the
applied field direction, which showed an increase in
permittivity with respect to filler concentration. Sig-
nificant improvement in piezoelectric properties of
the ZnO/PDMS composite was achieved through the
dielectrophoretic process. When low concentrations
of ceramic additives are randomly dispersed in a
polymer matrix, a large difference between the two
(ceramic and polymer) causes uneven distribution of
electric field which results in poor properties of the
composite. Whereas composites with 1-3 connectiv-
ity have better properties as compared to 0-3 con-
nectivity but the cost of fabrication is much higher.
Hence, dielectrophoretic activity can be implemented

26653

to create composites which are in between 0-3 and
1-3 connectivity to achieve better properties [114].
Freeze casting is another method which is based on
the directional freezing technique [127] used for cre-
ating links of fillers. A highly active strain sensor
array was created using oriented PZT-PDMS com-
posite materials where the authors invented porous
PZT with a freeze-casting technique, and PDMS was
impregnated into the aligned pores of PZT for com-
posite manufacturing where the measured perfor-
mance of highly active composite was 750 pC/N
which is 110% higher than PZT ceramic alone [129].

2.3.2.3 Properties of constituents Constituents of the
composites, namely ceramics and polymers, and their
properties significantly affect the overall functioning
of the composite materials. Among ceramics, per-
ovskites show the best properties, and it is practical
to probe their properties by variation in synthesis
processes [18, 52, 130-134], doping with other ele-
ments or compounds [135, 136], and controlling their
composition to achieve the MPB [41, 137, 138].

Researchers attempted to introduce dopants in
prominent perovskite piezoelectric ceramics such as
KNN, PZT, BT, and BNT, which resulted in the PPT
effect [16, 44]. According to PPT theory, properties of
KNN-based ceramics improved because of the shift
in PPT points (Tgr.o or To.1) towards room tempera-
ture [45, 139], whereas in the case of PZT, the best
performance was attained near the MPB. Enhanced
piezoelectric performance for PZT was observed with
Zr/Ti ratio equal to 52:48 because, at this composi-
tion, structural changes resulting from tetragonal to
rhombohedral took place with the intermediate
monoclinic phase [16, 140].

In the case of polymers, a higher percentage of
crystallinity, the presence of aligned electric dipoles,
and flexibility are favourable for better piezoelectric
performance. In the case of PVDF, the f-phase has an
all-trans configuration with an inherent net dipole
moment; hence, it is favoured in piezoelectric appli-
cations [141]. Several researchers included filler
addition into the PVDF polymer to increase the per-
centage of f-phase crystallization [142]. Odd-num-
bered nylons and PLA are other polymers showing
inherent dipole present in their structures.

Both ceramic and polymer must be compatible for
better dispersion and supportive interfacial interac-
tion for composite fabrication. Some barriers to
ceramic and polymer composites include phase
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separation and agglomeration of ceramic additives
inside the matrix. Fu and his colleagues [143] mod-
ulated the interface between the ceramic filler (BT)
and polymer matrix (PVDF) by chemical modifica-
tion of BT fillers with polyvinylpyrrolidone (PVP)
which is low in toxicity. In accordance with the multi-
layered core model, creating an intermediate layer
tightly bonded to ceramic and polymer will improve
interfacial compatibility since PVP and PVDF can
interact. The authors demonstrated that PVP is
effective for surface modification of BT ceramics,
being the cause of the uniform dispersion of BT in
PVDF matrix with enhanced properties and energy
density 4.5 times higher than pure PVDF matrix.

2.3.2.4 Poling  conditions Unpoled  ferroelectric
ceramics and polymers accommodate randomly ori-
ented dipoles, resulting in net-zero electrical polar-
ization. For piezoelectric properties, both ceramics
and polymers require poling treatment under a
strong DC field for dipole alignment along the elec-
tric field direction. For the composites, the electric
field experienced by the ceramic particles during the
poling treatment heavily depends on the dielectric
properties of the polymer matrix used and is given by

3ep

E. = E,. 3
¢ EC—|—26p0 (3)

Here, ¢, and ¢ are the dielectric constant of poly-
mer and ceramic, and E,is the applied electric field,
respectively; hence to enhance the piezoelectric per-
formance of the composites, polymers like ferroelec-
tric PVDF with comparatively high dielectric
constants are used [96]. Domain engineering is
doable in the case of ferroelectric ceramics with the
help of electric poling. It is practicable to attain
domain alignment in ceramics with the help of a high
electric field of thousands of V/mm [42].

Wang and his group [144] showed a novel direc-
tion for improving Li-doped KNN ceramics’ ferro-
electric properties by manipulating the crystal’s
vacancy configuration. In short, the authors imple-
mented domain engineering to increase the piezo-
electric performance from 190 to 324 pC/N, which is
accomplished through the externally applied electric
field. The Li-KNN samples were re-poled after room
temperature ageing treatment which improved ds; to
a large extent. Figure 20a shows an ideal perovskite
crystal structure, and after sintering treatment above
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500 °C, A-site and O-site vacancies will be created.
A-site vacancy will be created because of the volatile
nature of alkaline components, and O-site vacancies
will be there to maintain charge neutrality.

Above Tc, Li-KNN has a cubic structure; hence,
the vacancies will distribute randomly in the crystal,
as in Fig. 20b. After first poling, 90° domains of
tetragonal phases are maintained at a high level and
over a period of ageing, defect dipoles will attain a
minimum energy level perpendicular to remnant
polarization as shown in Fig. 20d. During the pro-
cess, defect dipoles will affect spontaneous polariza-
tion through interactions which plays a deciding role
in the value of ds; after re-poling. Both tetragonal and
orthorhombic phases have comparable energies for
samples with a composition close to 8 mol%, and To.
T is close to room temperature. It is possible that
spontaneous polarization can rotate in different
modes of two phases easily. After re-poling, Ps can
remain along the electric field direction even after
removing the electric field, which eventually leads to
the enhanced piezoelectric performance of the Li-
KNN-based ceramic.

2.3.2.5 Filler fraction The volume fraction of ceramic
filler strongly affects the dielectric and piezoelectric
efficiency of the composite in several ways. Hence,
optimizing the volume fraction of filler for better
performance of the polymer—ceramic composite is
crucial. Calculations of volume fraction inside the
composite are done using SEM images of the cross-
sectional area of the composite, where the formula for
volume fraction is given as V; = A¢/A (Ay: filler area,
A : cross-sectional area) and the dielectric constant for
a piezo-composite is predicted by Yamada et al
[96, 145] as

ne (e — &)
ne, + (1 —¢)(ec — )]

&=¢|l+ 4)

Here, €. and ¢, are the dielectric constants of the
ceramic and polymer, respectively, with n as the
aspect ratio of ceramic and ¢ as the volume fraction.
Khaliq and his team [146] demonstrated that the
dielectric constant value of ceramic has more signif-
icant role than the piezoelectric coefficient in the
determination of the piezoelectric properties of the
composite. It is observed that the effective electric
field experienced by the ceramic filler is inversely
proportional to their dielectric constant value; hence
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Fig. 20 Saturation
Polarization and remnant

ABO, structure

polarization alignment
mechanism responsible for
large piezoelectric
performance after ageing and
re-poling of the material.
Adapted/Re-used with
authorization from citation a
[144]. Copyright 2010 Wiley
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it is vital to consider the dielectric and piezoelectric
properties of filler material. Jayendiran and Arock-
iarajan [147] modelled the dielectric and piezoelectric
response of 1-3 type piezo-composites (PZT5Al
fibres and epoxy matrix) and compared the theoret-
ical predictions of stiffness, coupling factor, and
piezoelectric constant with the experimental results.
It is observed that the given model successfully pre-
dicted the characteristics of non-linear coupled
response for the material.

2.3.2.6 Temperature In the composite fabrication
process, the calcination temperature of ceramic and
glass transition temperature of polymer plays a sig-
nificant role in finalizing the composite [96, 148].
Perovskite ceramics exist in several phases, namely
cubic, rhombohedral, tetragonal, and orthorhombic,
whereas it is feasible to probe their geometrical
phases through the variation of temperature and
composition. In review, Li et al. [42] re-examined the
phase structure of KNN, showing phase transitions
with temperature variation, as shown in Fig. 21.
Calcination and sintering temperatures are essen-
tial in deciding the piezoelectric properties of the
synthesized ceramic powder because these processes
significantly affect their grain size and density.
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Fig. 21 Polymorphic phase transition temperatures for KNN
ceramic in temperature range 0 °C—600 °C. Adapted/Re-used with
authorization from citation [16]. Copyright 2019 Elsevier

Calcination removes the volatile substances from the
ceramic, and sintering is mainly used to densify
polycrystalline ceramics. Yang and his colleagues
[149] analysed the results of sintering porous PZT at
different temperatures on the microstructure and
piezoelectric properties. It is observed that porosity
and grain size are crucial factors in determining the
material’s overall properties. Authors reported that
with the increase in the sintering temperature, a
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Fig. 22 Effect of sintering
temperature on porous PZT-
based ceramic. al150 °C,
b1175 °C, ¢ 1200 °C,

d 1225 °C, e 1250 °C.
Adapted/Re-used with
authorization from citation
[149]. Copyright 2010
Elsevier

decline in porosity, whereas an increase in grain size
was observed, which led to the possibility of opti-
mum control of both factors for the best piezoelectric
properties. The morphology of pores of PZT at dif-
ferent sintering temperatures is shown in Fig. 22.

Among lead-free piezoceramics, Yoo [150] anal-
ysed the effect of sintering temperature on ferro-
electric, piezoelectric, and dielectric properties of
KNN-based ceramic synthesized using a conven-
tional solid-state route. Obtained observations pro-
vide an insight that 1040 °C is an optimal
temperature for sintering in order to get a high Curie
temperature (225 °C) and piezoelectric performance
(343 pC/N) with high K, (0.52).

Several other studies related to various sintering
processes were conducted [151, 152]. Spark plasma
sintering, two-step sintering, and normal sintering

@ Springer

J] Mater Sci: Mater Electron (2022) 33:26633-26677

treatments were given to BCZT to obtain grains of
different sizes. As grain size decreases, both T. and
Tr.r shift towards higher value and excellent piezo-
electric performance was observed for grain sizes
more than 10 pm [153].

Calcination also impacts the piezoelectric proper-
ties and morphology of the material. Anh and Koh
[154] varied the calcination temperature from 720 to
840 °C and optimized it to obtain an enhanced
piezoelectric coefficient from 388 to 440 pC/N. The
impact of poling temperature on the piezoelectric
properties of ceramics is discussed in detail in Wan
et al. [155] and Yao et al. [156]. It is found that poling
performed above room temperatures gives a better
piezoelectric performance.

Hafner and group [157] discussed the temperature
effect on piezoelectric properties of P(VDF;,—TrFE3).
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It is observed that the piezoelectric constant increases
by 150% when the temperature is increased from 25
to 80 °C, and the authors concluded that the incre-
ment in piezoelectric properties of the polymer is
linked to the temperature dependence of its elastic
modulus and polarization. Sherman et al. [158] dis-
cussed the effect of temperature on piezoelectric
properties of pre-poled PVDF, where no degradation
was observed in the piezoelectric constant for tem-
peratures below 100 °C.

2.3.3 Fabrication

Various bulk fabrication methods are available, such
as dice and fill, Solvent casting, 3D printing, 4D
printing, arrange and fill, injection moulding, and
dielectrophoresis. [111-115, 159] They largely influ-
ence the piezoelectric performance of the composites
and are used mainly for targeted functions [160-162].

Alluri et al. [163] proposed a BT/PDMS-based
composite using the solvent casting technique, which
is lightweight, flexible, eco-friendly, and a potential
candidate as a piezoelectric energy harvester with an
output voltage of 55.9 V (Fig. 23) under the human
foot force. The BT particles synthesized with molten
salt technique and composite films were fabricated
with simple solvent casting technique with electrical
poling at 8 kV for 24 h at room temperature. The
nanogenerator performance was evaluated with a
load of 2 N and obtained peak-to-peak voltage of
126.3 V and current density of 77.6 pA/cm?. The role

BTO nanocubes

ﬁ

no transparency

BTO/PDMS composite
@70°C
Fig. 23 Preparation and BT/PDMS

nanocomposite (a) synthesis procedure, (b) flexibility visuals,
(c) rolling capability, (d) fabrication of generator, (e) performance

performance  of
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of PDMS in energy generation and rolling capability
was successfully demonstrated.

Piezoelectric composite with high-aspect-ratio
micro-rods were developed using the dice and fill
method with LKNNT-AS-M piezoelectric ceramic
[111]. Dice and fill is a facile method for fabricating
1-3 piezo-composites, and AgSbO3;, MnO,, and Ta-
doped KNN ceramic used in this work showed a
much better value of ds; =287 pC/N. The groove
cutting and dicing were performed with an automatic
dicing machine ZSH-3, in which a diamond dicing
saw can rotate at a speed of up to 30,000 rpm. The
schematics of the modified dice and fill method
implemented to fabricate piezo-composite are illus-
trated in Fig. 24.

Bodkhe and his team [112] designed nanocom-
posite using a 3D printing technique to attain piezo-
electric performance comparable to commercial
PVDF without the electric poling treatment. Experi-
mentally, authors achieved the combination of
printability and piezoelectric properties close to the
commercial PVDF without the requirement of poling.
The nanocomposite formulation was achieved using
three different processes, ball milling, extrusion
mixing, and sonication, to include different concen-
trations of BT nanoparticles into the PVDF matrix,
which will eventually support the nucleation process
p-phase in PVDF for better performance. An exten-
sive study of the nanocomposite formulations pre-
pared concluded that the best properties were
achieved with the solvent evaporation-assisted 3D
printing of 10 wt% BT nanoparticles ball-milled with
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concerning BT concentration. Adapted/Re-used with authorization
from citation [163]. Copyright 2017 American Chemical Society

@ Springer



26658 '

Fig. 24 Modified dice and fill
process for fabricating 1-3
composites with high-aspect-
ratio ceramic pillars. Adapted/
Re-used with authorization
from citation [111]. Copyright
2016 American Chemical
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PVDF due to a large percentage increase in -phase of
PVDF (Fig. 25).

Over the past decade, many 3D printing-based
piezoelectric materials have been invented; however,
the current 3D printing technology in the piezoelec-
tric domain is still in its infancy because they possess
challenges such as weak electromechanical coupling
constant and poor mechanical properties; also, the
maximum value of piezoelectric constant reported for
3D printed piezoelectric PZT-based composite is 110
pC/N [164]. Li et al. adopted the nacre architecture to
enhance its mechanical strength, where alternate

Fig. 25 a Schematics of
solvent evaporation-assisted
3D printing for PVDF
nanocomposites, b 3D
cylindrical sensor,

¢ piezoelectric output of the
fabricated sensor. Adapted/Re-
used with authorization from
citation [112]. Copyright 2017

American Chemical Society sythge with

nanocomposite ink

solvent evaporation

| moving platform
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layers of soft ferroelectric material and hard elec-
trodes were directly printed with in situ poling
through fused deposition modelling (FDM). The soft
ferroelectric material consists of lead-free high T¢
material, Li-KNN blended with PVDF-HFP, whereas
the electrode material contains bio-friendly print-
able polymer PLA and conductive carbon black. The
invented ferroelectric metamaterial showed a piezo-
electric coefficient comparable to that of ceramics and
bone-like mechanical strength with Li-KNN, which
is the key material for strong interfacial binding
(Fig. 26) [164].
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Fig. 26 Piezoelectric study of the printed lamellar metamaterial.
a ferroelectric characteristic of the single layer, b piezoelectric
coefficient of single layer with respect to poling electric field,
¢ schematics of the ferroelectric metamaterial with electrode
configuration and alternating dipoles, d capacitance of the material
with respect to ferroelectric layers, e output current and output
voltage of ferroelectric print as a function of ferroelectric layers,
f piezoelectric coefficient of the metamaterial with respect to

3 Piezoelectric nanogenerators

In today’s era of nanotechnology, mechanical energy
harvesting technology is developing at a much faster
pace to support the urgent need for power for mul-
tifunctional microelectronic and nanoelectronic
devices. Piezoelectric nanogenerators are quite

Load resistance (Q)

ferroelectric layers, g Voltage curve for 1 pF capacitor charged via
7-layered ferroelectric print, h twenty-five ferroelectric layer
material and its d;3 measurement photograph along with output
electrical characteristics, i voltage (blue), current (black), and
power (red) outputs from the print as a function of different load
resistances. Adapted/Re-used with authorization from citation
[164]. Copyright 2021 American Chemical Society (Color
figure online)

popular among researchers due to their ability to
harvest freely available ambient mechanical energy in
extremely harsh environments. Since 2006 when the
first piezoelectric nanogenerator was invented,
researchers successfully increased the output perfor-
mance from 8 mV in 2006 to 250 V at present in terms
of voltage [165]. But in terms of short-circuit current,
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Fig. 27 a 3D representation of intercalation electrode in which
piezoelectric material is sandwiched, creating a stacked structure.
Blue and red arrows represent the electric dipole orientation along
the thickness. b Upon applied pressure, the distribution of
piezoelectric potential in different units when the same layer is

the progress is still in the range of pA, which is very
low for practical applications [166]. Many successful
attempts were made to improve the overall power
density output of piezoelectric nanogenerators. Hu
and team [167] concisely explained the recently
developed strategies to improve the performance of
piezoelectric nanogenerators: use of piezoelectric
materials with different crystal structures, use of
different morphologies of the material, selection of
proper substrates and chemical modifications via
elemental doping. As per the authors’ investigation,
it is possible to improve the power output of a
piezoelectric nanogenerator in the range of mW by
elemental doping with appropriate substrate selec-
tion [167]. Initially, Park et al. fabricated PZT thin
film-based nanogenerator with intermediate elec-
trodes and connected several PZT films to record the
high current density of 150 pA/cm? [168]. Recently,
Gu et al. proposed a way to enhance the output
current density in a piezoelectric nanogenerator with
the help of a 3D intercalation electrode. With the
creation of several boundary interfaces between the
piezoelectric material, increments in the surface
polarization of charges occurred, which eventually
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divided into 1, 2, 3, 4, 6, and 12 units with the help of intercalation
electrodes. ¢ Corresponding output characteristics showing charge
density and voltage variation. Adapted/Re-used with authorization
from citation [165]. Copyright 2020 Springer Nature (Color
figure online)

led to the increased current density and current
output (290 pA/cm® and 320 pA). The resulting
integrated electrode nanogenerator can light up 100
commercial LEDs and can charge one pF capacitor to
8 V in only 21 cycles [165]. The schematic for the
developed integrated electrode nanogenerator is
provided in Fig. 27. However, it is important to fig-
ure out the working principles and the mathematical
formulation of the nanogenerator for improving the
performance, as discussed in the subsequent section.

To improve the performance of nanogenerators, it
is important to figure out the working principles and
the mathematical formulation of the nanogenerator
as discussed in the subsequent sections.

3.1 Working and formulation
of nanogenerator

In nanogenerators, the transformation of mechanical
oscillations into electrical polarization takes place
with added advantages such as enhanced energy
density and flexibility of integration in a system.
Incorporating ceramic nanofillers into flexible poly-
mers allows the composites to be used as generators
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with low input frequencies and large excitation
amplitude without compromising power output [70].
Formulation for calculating performance metrics of a
nanogenerator is quite straightforward as given
below. For any nanogenerator developed, the gener-
ated charge across the opposite faces of materials can
be calculated using

Q=d33><A><AO'7 (5)

where Q is the charge, ds; is the piezoelectric coeffi-
cient, A is the surface area, and Ac is the applied
mechanical stress [22]. In open-circuit condition,
impedance is infinite, and hence Q = CV is applicable
here, and the open-circuit voltage can be calculated
using

iy
C=Ax-38 (6)
h
d
V:%xtho. (7)
€33

Here, “h” is the material thickness and “el,” is the
dielectric permittivity at constant stress in 33-mode
[22], C is capacitance and V is voltage. E=1 CV? gives
the energy generated due to the applied electric field.
To calculate the short-circuit current, it is workable

using above equation and I = %,
Ao
I=dy xAx— 8
33X AX At (8)

short-circuit current and open-circuit voltage calcu-
lations are primarily performed in energy harvesting
applications; however, it is difficult to obtain effective
power output value under the given constraints. In
short-circuit mode, there will not be any potential
difference; in open-circuit mode, there will not be any
current to calculate the effective power. To calculate
the instantaneous power density, P = % is generally
used, where A is the surface area of electrodes and
V is the potential difference across load (R) [22].
The atmosphere contains a mixture of various
gases such as oxygen, nitrogen, and water vapour.
Water vapour and oxygen can affect the piezoceramic
materials and hence can affect the performance of
nanogenerators. Water may penetrate through the
polymer packaging and degrade the materials’
piezoelectric and dielectric properties, reducing the
nanogenerator’s performance, whether in liquid form
or vapour form. The amount of degradation depends
upon the wettability of the surface and the amount of
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water present [169]. Since nanogenerators have a
large surface-to-volume ratio, they are prone to the
adsorption of various elements from the atmosphere
including moisture and oxygen [170].

Chowdhury and his group [17] classified nano-
generators based on the different dimensionality of
piezoceramics as 0D, 1D, 2D, and 3D. Among the four
classifications, nanogenerators based on 0D piezo-
nanoparticles are most famous among researchers
because of advantages like higher surface area and
easy preparation compared to other dimensions, and
they are composed of nanoparticles isolated from
each other. In the case of 1D structures, piezoelectric
nanostructures have one dimension less than 100 nm
and a length more than micrometers; piezoelectric
nanowires are primarily used in self-powered nano-
generators. 2D structures include films or coatings
with thickness in the range of nanometers, whereas
3D piezoelectric nanostructures comprise piezoelec-
tric powders, fibrous and multi-layered materials in
which lower dimension structures are in close contact
with each other. A detailed discussion on the classi-
fication of nanogenerators based on dimensionality is
also discussed in [20].

3.2 Applications of nanogenerator

Now, it is crucial to explore the various applications
of nanogenerators in different sectors such as trans-
port, smart homes, defence, automotive, and elec-
tronics industries. Nanogenerators are available in
different configurations in which bimorph cantilever
geometry is most popular among the research com-
munity because of its simplicity in the fabrication
process and enhanced performance compared to
unimorph cantilever [10]. Other practical application-
based configurations are shown in Fig. 28.
Vibrations-based energy harvesters are critical for
implantable devices because they help in integration,
sealing, and mechanical reliability. Deterre et al. [171]
demonstrated the fabrication and several experi-
ments of a piezoelectric energy nanogenerator which
operates on blood pressure vibrations in the cardiac
environment. They produced 3 pJ/cm?/heartbeat
power and a transduction efficiency of 0.57% at
1.5 Hz. With smart adapted electronic circuits, it is
predicted that ten-fold power output is attainable.
The responsive environments group at MIT media
invented an unobtrusive device that scavenges elec-
trical energy from the shoe [172]. They mounted a
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Fig. 28 Different types of

nanogenerator configurations
implemented for piezoelectric
energy harvesting application

Electrode

Unimorph Cantilever Beam

PVDF-based piezoelectric nanogenerator into the
shoe with a conditioning circuit. It is viable to use a
piezoelectric nanogenerator as a power generation
device and a pressure sensor for external activity
recognition [173-175].

Timely detection of structural damage is an
important task in the structural health monitoring
domain. Structural health monitoring is a process of
observing and evaluating the structural integrity and
real-time performance of various composites. Piezo-
electric materials have two-way benefits, which
include sensing as well as energy harvesting making
them potential self-energized active sensors for
structural health monitoring. Yuan and team [176]
developed Polyacrylonitrile and BT-based nanofiber
membrane sensor for real-time structural evaluation
in composites. Figure 29a and b shows the schematics
of the connection and voltage output characteristics
of the sensor. Pure polyacrylonitrile film produced a
voltage output of 3.2 V, whereas the addition of 15%
BT demonstrated the highest value of voltage equal
to 9.3 V (Fig. 29¢). Here, Fig. 29d and e shows that
when a simple sensor unit is connected to the
detector with the help of wires and pasted on the
finger and the fist, it is able to produce a voltage
output of 1.9 V when strain is induced due to finger
movement and 1.0 V when very small pressure is
generated due to action of clenching and relaxing of
the fist.

Deng et al. [177] found an interesting real-time
application in the interactive human-machine inter-
face domain in which they fabricated a self-sufficient
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ZnO/PVDF nanofibers-based piezoelectric sensor for
pressure sensing and monitoring the bending
motions of a robotic arm. Deng and team successfully
achieved the pressing and bending sensitivity of
0.333 V kPa! (response time = 16 ms) and 4.4 mV/
deg (response time = 76 ms) and implemented a self-
powered, wireless gesture control system. Park et al.
[178] addressed an important real-time technology
for detecting the early onset of cardiovascular dis-
ease. The authors successfully demonstrated contin-
uous monitoring of the pulse with a PZT-based
piezoelectric pressure sensor. The PZT thin film was
prepared via the sol-gel method, which demon-
strated a sensitivity of 0.018 kPafl, a response time of
60 ms and good mechanical stability. Figure 30
shows the schematics of the arterial pulse monitoring
sensor.

Self-powered and portable devices are critical
candidates for future energy applications because
they can efficiently function without any external
source or agency, and several attempts have already
been made in this direction [179, 180]. An eco-
friendly, flexible, self-powered fluid velocity sensor,
and piezoelectric nanogenerator was manufactured
based on BaTi;, Zr,Os; nanocubes with PVDF as a
matrix [181]. Observations showed that the piezo-
electric potential generation in the composite pri-
marily depends on the periodic frequency of the
applied stress. Composites showed a small piezo-
electric response at a load of 11 N with a low periodic
frequency of 3 Hz because of the internal capacitance
or the beginning of piezoelectric behaviour, and it
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Fig. 29 a Detailed assembly a
of circuit elements for energy
transformation testing. b The
voltage output from pure
polyacrylonitrile (PAN) film
for forward and reverse

connections, ¢ the voltage
output of PAN film for
different amounts of BT
content, d the voltage output
from the movement of a finger,
e the Voltage output from the
movement of a fist. Adapted/
Re-used with authorization
from citation [176]. Copyright
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reaches a maximum for 21 Hz, which confirms the
orientation of electric dipoles in the composite due to
stress-caused poling effect. The prepared flexible
piezoelectric nanogenerator (PNG) is implemented as
an active pressure sensor to calculate liquid velocity
at the exit of the pipe because of its high sensitivity
and conformability. Fabricated PNG3 (for x = 0.1 in
BaTi;ZryO3) was attached perpendicular to the flow
of water, and the electrical output of assembly was
noted with the water ON and water OFF conditions.
The mechanism involved in working the velocity
sensor is similar to that of periodic pressure acting on
the sensor due to the water flow through the outlet.
The PNG3 measured an output potential difference

Time (s)

and current of 26 mV and 8 nA at the water velocity
of 31.43 m/s (water ON) and 80 mV and 10 nA at the
water flow OFF condition. Upon increment of water
velocity, a corresponding increment in the output
voltage and current was observed for PNG3 (water
ON condition). To showcase the self-powering
capacity of the PNG sensor, several measurements
were performed which showed the ability to store the
alternating energy from PNG in the capacitor and
that it can be subsequently used for an
implantable device and self-powered sensors
(Fig. 31) [181].

He et al. [180] invented a self-sustainable device
that specifically integrates the nanogenerator and
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Fig. 30 a Schematics of the
fabrication of a self-
sustainable pressure sensor. i)
PZT film is coated on sapphire
paper, which is then
transferred onto PET substrate
and then finally attaching it to
the human wrist to monitor the
pulse signal via smart-phone
(b) PZT film on PET substrate ii)
floating on soap bubble (inset
shows the cross-sectional SEM
image) (c¢) Simulated
piezoelectric potential over the
PZT film under vertical
applied pressure. Adapted/Re-
used with authorization from
citation [178]. Copyright 2017
Wiley

Adhesive (PU)

Ultrathin PET

storage device to store the scavenged energy from the
harvester for a sustainable power supply (Fig. 32).
Recently developed piezoelectric nanogenerators
were chosen for energy scavenging applications to
convert ambient mechanical energy input into elec-
trical energy. For energy storage purposes, superca-
pacitors were chosen because of unique advantages
such as short charging time and high energy density,
long life, and being environmentally friendly. The
testing of piezoelectric nanogenerator (PENG) for
energy harvesting from the human movement was
carried out at various locations (Fig. 33), such as the
knee joint, elbow joint, and under the foot.

Recently, much development has been happening
in piezoelectric wearable and implantable nanotech-
nology, which enabled personalized care from fitness
to health monitoring. These devices can be thought of
as an interface between humans and technology.
Although several challenges need to be addressed to
achieve sustainable growth in this domain, such as
high flexibility and stretchability are essential for
wearable devices and biocompatibility to care for
health and wellness. It is also essential to meet the
challenge of designing a device compatible with a
diverse range of consumers. Another challenge that
needs to be addressed is that energy harvesters
require a resonance environment essential for the
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best performance, and changes in those conditions
can drastically reduce the device’s performance.
Although there are many challenges, they allow us
for continuous, real-time data transmission enabling
various sensing and monitoring applications, which
is the need to revolutionize humans’ daily lives and
healthcare. Advances are going on in the field of
nanogenerators, and some of the energy harvesting
devices, along with their specifications, are men-
tioned in Table 3.

Aside from energy harvesting from nanogenera-
tors, simultaneous storage of produced energy can
improve the overall flexibility of energy usage,
enabling us to use electronic devices at any time and
at any location. From the existing technology per-
spective, electrochemical energy storage is the best
suitable option with Li-ion batteries. In the electro-
chemical mechanism of energy storage, externally
applied voltage causes a reaction between the anode
and cathode inside the cell resulting in the migration
of ions. So, in a nutshell, first mechanical energy gets
converted into electrical energy, which is then stored
as chemical energy inside the cell [182]. Wang et al.
[183] demonstrated the first-ever self-charging power
cell with a novel mechanism which can directly
transform mechanical energy into the stored chemical
energy inside the cell. To realize the hybridization of
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Fig. 31 a Voltage output and area power density of PNG3 at 3 Hz
with respect to variable load, b comparison of the area power
density of PNG1, PNG2, and PNG3 at two different frequencies of

mechanical load at a resistance of 10 MQ, ¢ potential differences
across storage capacitor (1 pF) when charged with PNG3 at 21 Hz,

two mechanisms, authors replaced the conventional
separator between the cathode (LiCoO,) and anode
(TiO,) in batteries with PVDF film. The device is
fabricated as a completely sealed stainless-steel coin
cell filled with electrolyte (LiPFe), as shown in Fig. 34.
When a compressive force acts on the cell, PVDF film
will induce piezo-potential which will, in turn, create
an electric field resulting in the movement of Li ions
in the electrolyte towards anode through the PVDF
separator film. Reduction in Li* ions at the cathode
will cause an imbalance in the equilibrium reaction at
the cathode, and Li" ions deintercalation from
LiCoO; and leave excess electrons at the cathode end.
Migrated Li" ions at the anode will react with TiO,
forming Li,TiO, and leaving positive charges at the
anode, and this process continues to charge the cell.

When compressive force was applied to the cell
assembly (~ 2.3 Hz), the voltage increased from 327
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d five LEDs can be light up by rectified piezoelectric potential
from PNG3, e output current of PNG3. Adapted/Re-used with
authorization from citation [181]. Copyright 2015 American
Chemical Society

to 395 mV in 240 s and discharged back to its initial
value of 327 mV once the self-charging was over with
discharge current of 1 pA (for 130 s). Schematics of
the assembly, internal charging dynamics, and per-
formance metrics are depicted in Fig. 35. With a
similar principle, Ramadoss et al. [184] demonstrated
piezoelectric driven self-charging supercapacitor
power cell based on ZnO/PVDF composite and
MnO,-based electrodes showing charging efficiency
of 100 mV for 300 s.

Chary and his team [71] created KNN-Sb and
PVDF-HFP-based nanofibers for thermal manage-
ment in heat pipes. A flexible nanogenerator was
invented using the composite of nanofibers prepared
via hydrothermally synthesized Sb-doped KNN and
PVDF-HFP with electrospinning. Crystal structure
and morphology analysis revealed the formation of
orthorhombic crystal structure with two symmetric
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Fig. 33 Testing of PENG for
energy harvesting from human
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configurations (Amm2 and Bmm2), where elemental
doping resulted in a minor shift in the diffraction
peaks of KNN slightly towards the greater angle
values with lattice shrinkage and distortion due to
size difference in Sb and Nb. XRD analysis of
KNNSb/PVDF-HFP revealed the peak at 20.4°,
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which confirmed the formation of f-phase. Calcula-
tion of peak intensity ratios from XRD patterns of
both PVDF-HFP and KNNSb/PVDEF-HFP strongly
suggested that KNN-5b filler acted as a nucleating
agent for f-phase.



Table 3 Summary of recently developed piezoelectric composites with their performance for nanogenerator applications
Sr.  Polymer matrix Filler Synthesis techniques Performance Application Reference
No
1 PVDF-HFP GQD Chemical exfoliation/spin Vo=6V,Is=25nA Flexible [185]
coating nanogenerator
2 PVDF Fe-RGO Solvent casting V,=51YV,Is=254nA Flexible [186]
nanogenerator
3 PDMS BT Solid state/freeze drying V,=39V, Is=2900nA, Tactile imitation [187]
P =24200 nW application
4 PVDF-HFP KNN Hydrothermal/electrospinning  V, =4.9 V, Is = 250 nA, Thermal heat pipes  [71]
P =780 nW
5 PVDF ZF Hydrothermal/solvent casting V, = 39.1 V, Energy Flexible energy [188]
storage = 7.68 mJ cm™  harvesters
6 PVDF KNN/CNT Hydrothermal/electrospinning V, = 23.24 V, Is = 900 Nanogenerator [189]
nA,
P =5229 uW cm™>
7 PVDF NN/RGO Hydrothermal/drop casting V,=2.16 V, Is =383 nA Nanogenerator [190]
8 PVDF-HFP BT/h-BN Solvent casting V,=24V Nanogenerator [191]
9 PVDF Ag-RGO Solvent casting V,=18V, Is = 1050 nA Nanogenerator [192]
10 PDMS NN Hydrothermal/spin coating V,=32V,Is=72nA Nanogenerator [193]
11 PVDF LiTaO; Solid state/solvent casting V,=18 V, Is = 1200 nA, Nanogenerator [194]
P=25mW m?
12 PDMS BT Electrospinning V,=2.67V,Is=261.4 Nanogenerator [195]
nA, P =0.184 pW
13 PDMS Mn—KNN Electrospinning V,=03V,Is=50nA Nanogenerator [196]
14 PVDF ZnO Solvothermal/electrospinning  V, = 85 V, Is = 2200 nA  Nanogenerator [197]
15 PVDF-TtFE BT@C Solution blending V,=17V, P =143 W  Nanogenerator [198]
16 PVDF Tb-BCZT Electrospinning V,=485V, Is = 3350 Microenergy [199]
nA Harvester
17 PVC ZnSnO3 Solution casting V,=40V, Is = 1400 nA Power source for [200]
portable electronic
device
18 PDMS Li-ZnO Hydrothermal/spin coating V,=180V, Is =50 pnA  Nanogenerator [201]
19 PDMS BT Molten salt/solution Casting V,=1263 V, P =7 mW [163]
cm™>
20 PDMS 2D-BT Hydrothermal V,=13V, Is =200 nA  Nanogenerator [202]
21 PDMS PANI-ZnS Hydrothermal/solvent casting V, =35V, P =243 yW Power source for [203]
em™3 portable electronic
device
22 PVDF BT-BF Electrospinning V,=83V, Is=1.62 nA, Source for fast- [204]
P =142 mW m— charging
supercapacitor
23  PDMS ZnSnO3 Hydrothermal/solvent casting V, =20V, Is = 0.6 pA Energy Harvesting [205]
24 PVDF KNN/ZnO Electrospinning V,=25V,Is=1.81 pA Energy Harvesting [206]
25  Flexible cellulose  MoS, Solvent casting V,=4.1V,Is=0.21 pA Energy Harvesting [207]
nanofibril
26 PMMA BT Hydrothermal/electrospinning  V, =12.6 V, I[s = 1.3 pA  Nanogenerator [208]
27 PVDF-TrFE KNNS-BZ-  Combustion V,=122V,P =332 Nanogenerator [209]
BKZ synthesis/electrospinning nW
28 PDMS Zn,Si0y4/ Hydrothermal V,=10V, ] =50 nA/ Transparent flexible [210]
Graphene cm? nanogenerator
sheet
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Sr.  Polymer matrix Filler Synthesis techniques Performance Application Reference
No
29 PVDF-TrFE BNNT Solution casting V,=22V,P=113 pyW/ Radiation protection [211]
cm? in space and
energy harvesting
30 PVDF-HFP BTO Spin coating V,=75V,Is =15 pA Nanogenerator [212]
31 PDMS BNNT-ZnO  Casting ds3s = — 60.3 pC/N Nanogenerator [213]
QD
32 PVDF MoS, Casting V,=47V, Is=0.12 pA  Photovoltaically [214]
self-charging
power cell
33 PVDF ZnO-rGO Electrospinning E=487n] Self-powered cardiac  [215]
P =138 uW/cm’® pacemaker
34 Thermoplastic PZT-NH, Drop casting V,=65V,Is=1.6 pA  Nanogenerator [216]
triblock
copolymer
grafted with
maleic
anhydride
35 PVDF-HFP BT Solvent evaporation V,=110V, Is = 22 pA, Nanogenerator [217]
P = 0.48 pW/em?®
36 PVDF Pt Electrospinning V,=30V, Js =6 mA/ Wearable nano- [218]
nanoparticle cm?, P =22 pW/cm2 tactile sensor
37 PVDF SnO, Solution casting V,=42V, Self-cleaning energy [219]
nanosheets Js = 0.0062 mA/cm?, harvester
P = 4900 W/em®
38 PVDF Ce-Graphene Electrospinning V,=11V,Is=0.07 pA, Nanopressure sensor [220]
P =0.56 pW/cm® and ultrasensitive
acoustic
nanogenerator
39 PVDF Graphene-Ag  Solution casting V,=0.1V,Is=0.1 nA, Self-powered optical [221]
sensor
40 PDMS BiFeO3 Spin casting V,=3V,Is=250 nA Energy harvester [222]
41 PDMS BT Spin casting V,=32V,Is=350nA Nanogenerator [223]
42  PDMS KNLN and Spin coating V,=12V,Is=12 pA  Nanogenerator [224]
Cu rods
43  PDMS ZnO NP and  Mechanical mixing Vo=75V,Is=25pA Flexible [225]
MWCNT nanogenerator
44  PDMS PZT and Ball Milling and Stirring V,=100V, Is =10 pA  Energy harvester [226]
CNT
45  Cellulose BT Aqueous suspension casting  V,=2.86V, I =0.262  Nanocomposite [227]
LA
46 PVDF PMN-PT/ Magnetic stirring and heat V,=4V,Is=30nA Nanogenerator [228]
CNT treatment
47 PDMS BT Hydrothermal/casting V,=7YV, Is =360 nA Generator [229]
48 PDMS PMN-PT Mechanical mixing V,=17.8YV,Is=2290 nA Nanocomposite [230]
49 PDMS ZnSnO; Hydrothermal/curing V,=120V, Is =13 pA, Nanogenerator [231]

P =230 pW/em?
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Fig. 34 a Structure of the self-charging power cell having LiCoO,
as a cathode and TiO, as an anode. PVDF film acts as a separator
for the power cell (b) Complete power cell assembly is sealed
inside the stainless-steel coin-shaped packaging and installed

Fig. 35 Working mechanism
of self-charging power cell. a
a Power cell with TiO, as
anode and LiCoO, as cathode;
PVDF film is used as a
separator with LiPF¢ as
electrolyte (b) Upon
application of pressure, PVDF
causes piezo-potential with
positive potential towards the
cathode and negative towards
anode (c¢) Under the piezo-
potential, Li ions from cathode
will travel towards anode
through PVDF film, resulting
in the cell charging reaction c
(d) Stage at which the
chemical equilibrium between
the two electrodes is
established. Adapted/Re-used
with authorization from
citation [183]. Copyright 2012
American Chemical Society

LiCoO,

Ti Foil

LijxCoOr——% & ¢ @

Li, TiO,

Further, the authors performed the dielectric
studies of pure PVDF-HFP and composite fibres at
room temperature for the range of 1 Hz-1 MHz. At
the low-frequency range (1 Hz-1 kHz), composites’
dielectric constant increased drastically compared to

Al Foll — SRS E—
—

below the shoe to harness the mechanical pressure energy while
walking. Adapted/Re-used with authorization from citation [183].
Copyright 2012 American Chemical Society

Piezoelectric
separator
(PVDF) L
LiPFg"’ % ®s ees e ee ee e o
Electrolyte
TiO, NT: Al
—>

4r

LiCoO,—Li;.xC00, + xLi* + xe-
?

pristine PVDE-HFP due to the interfacial polarization
that occurred on the surface of nanoparticles
(Fig. 36). The emergence of interfacial polarization
occurred due to the shape and size of the nano-ad-
ditives and the drastic difference in the dielectric
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Fig. 36 a Variation in a 4xio' b 1.0 ®— PVDF-HFP fibe
dielectric constant with respect — \[:” L‘fflf?m DF-HFP compositc fibers ( — 10 wt% KNNSb/PVDF-HFP composite fibers
! & 20 wi% KNNSb/PVDF-HFP composite fibers 0.8« 4— 20 wi% KNNSb /PVDF-HFP composite fibers
to frequency, b loss tangent for & 3X10714 | v 30wt KNNSO/PVDF-HEP composic fibes L - 30 wi% KNNSb /PVDF-HFP composite fibers
composites with different Z 1 £
. - =L
weight percentages of KNNSb s 2x10* A =
dispersed in PVDF-HFP £ kA ;
. . P 4
matrix. Adapted/Re-used with g Ix1009 % A S
. . . . = p! LY
authorization from citation g " :: "‘ ;:
[71]. Copyright 2021 | =T
American Chemical Society 100 100 100 10° 10° 10° 10° 10 10 10' 100 100 10° 10° 10° 10
Frequency (Hz) Frequency (Hz)
400+ 0.2-
£ ’ .
8 “ v
w -
= =
S 200- 011 .
.E 5 - - :
‘g v g - - -
2 = 0.0
g ol s
r - e -0.1 - y=s s
8x10 10 1.2x10° 8x10° 10 1.2x10

Frequency (Hz)

values of the ceramic and the polymer. Extensive
reduction in size and wire-like shape of nanofibers
with increased surface area facilitated the enhanced
contribution from interfacial polarization. The same
effect is also confirmed from the decreased value of
loss tangent in the lower frequency region; however,
at higher frequencies, a slight increase in the loss
tangent is seen for the composites, attributed to the a-
relaxation of the PVDF-HFP polymer. Notably, the
anomalous behaviour of the 30 wt% KNNSb/PVDEF-
HFP may have resulted from the non-uniform dis-
persion of nano-additives in the PVDF-HFP polymer
matrix (Fig. 36). For the fabrication of the nanogen-
erator, 20 wt% KNNSb/PVDF-HFP nanofibers were
selected because they showed higher ferroelectric
values of (Ps: 0.992 pC/cm? as compared to pure
PVDF-HFP nanofibers (0.510 pC/cm?) and also
exhibited a low value of tangent loss which is desir-
able. The energy harvesting functioning of the
KNNSb/PVDF-HFP composite was measured with
the help of periodic impulsive pressing on the
nanogenerator, resulting in the nanogenerator’s
open-circuit voltage. When this periodic impulsive
pressing causes alternating mechanical pressure
variations on the nanogenerator, the outcome is the
separation of the charged dipoles present and there-
fore causes a potential difference generation across

@ Springer

Frequency (Hz)

the material. The positive potential in the output
window is appeared because of the transient flow of
electrons, and the negative potential is due to the
reverse flow of the electrons after the release of the
pressure from the nanogenerator. The high value of
output voltage of 4 V is observed for 10 wt% KNNSb
composites, which is significant with respect to pure
PVDF-HFP, whereas 4.9 V and 4.5V values were
observed for 20 wt% KNNSb and 30 wt% KNNSb,
respectively, under cyclic pressure of 2 kPa (Fig. 37).
The poling treatment and the addition of nanofillers
in the PVDE-HFP are responsible for the increase in
the percentage of fi-phase of polymer, which resulted
in this significant improvement in the output voltage
in the composite. The short-circuit current observed
for the 20 wt% KNNSb-based nanogenerator is 0.25
HA with a current density of 0.014 pA/ cm? across the
load of 1 MQ. The developed flexible nanogenerator
is used as a temperature monitoring device in the
heat pipe. The nanogenerator exhibited a V¢ of
0.1-0.3 mV from 20 to 80 °C, and then Vg reached
6 mV from 80 to 100 °C. After 100 °C, it boosts to
150 mV because of the evaporation of the water. The
nanogenerator showed sensitive behaviour to low
variations in temperature and pressure; hence, it is
possible to use it as a thermal controller in electronic
devices.



Fig. 37 a Mechanism of a

piezoelectric nanogenerator, Dipole

b output voltages of different Composite ‘l Pressure TESSUTe
KNNSb and PVDF-HFP fiber film E"‘“‘F"de“ IORUI® o aleased
polymer. Adapted/Re-used l applied

with authorization from
citation [71]. Copyright 2021
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With so many advances in piezoelectric nanogen-
erators, it is possible to power micro-devices with the
corresponding output. Although more emphasis in
necessary on making them bio-friendly and increas-
ing their current output to achieve power output in
the range of mW. It is important to make currently
available PENGs more durable, eco-friendly, and
ready to use in real-life applications which can
withstand problems such as intense heat or cold
weather and external environmental factor for longer
duration [97]. Further investigation is required to
understand the dynamics of stacked alternate piezo-
electric-electrode assembly which is novel tool to
boost the current density. It is necessary to gain better
understanding of the dynamics happening inside a
self-charging power cell which is causing the con-
version of mechanical energy directly into chemical
energy.

Time (s)

Since the demand for portable and wearable
microelectronic devices is increasing exponentially,
they are currently trending in research community as
well. As a self-sustainable energy source, piezoelec-
tric nanogenerators are expected to be eco-friendly,
biocompatible, flexible, lightweight, have high power
output, and long service life.

4 Conclusion

Piezoelectric materials are multifunctional in nature
and hold the potential for nanogenerator applica-
tions. In this review, a brief discussion and explo-
ration of the ongoing advances in piezoelectric
research in ceramics, polymers, and composites was
performed. In addition, for achieving self-sustainable
flexible devices, piezoelectric nanogenerators are also
deliberated as potential future substitute for existing

@ Springer
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conventional energy sources. Since many new lead-
free piezoceramics are coming into the market with
performance comparable to PZTs, it is plausible to
make piezoelectric nanogenerator environmentally
friendly in near future for a better tomorrow.
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