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Abstract: The world’s energy crisis and environmental pollution are mainly caused by the increase in
the use of fossil fuels for energy, which has led scientists to investigate specific cutting-edge devices
that can capture the energy present in the immediate environment for subsequent conversion. The
predominant form of energy is mechanical energy; it is the most prevalent energy in the environment
and can be harvested for conversion into useful, electrical energy. Compared with electromagnetic,
electrostatic, magneto strictive, dielectric elastomer and frictional electric transducers, piezoelectric
transducers have higher high electrical and mechanical constants, large electromechanical coupling
coefficients, high dielectric numbers and low losses and are currently the most dominant method of
mechanical energy acquisition. Therefore, the research of piezoelectric transducers has received great
attention from the scientific community. This paper reviews the research progress of piezoelectric
energy acquisition technology. The main objective of this paper is to compile, discuss and summarize
the recent literature on piezoelectric energy harvesting materials and applications. Piezoelectric
catalytic materials, piezoelectric supercapacitors (SCs), piezoelectric self-charging devices and piezo-
electric electrochemical energy storage are mainly introduced. This review briefly introduces the
recent advances in piezoelectric-based catalysts and electrochemical energy storage, concentrating
on the attributes of various piezoelectric materials and their uses.

Keywords: piezoelectric energy acquisition; piezoelectric-based catalysts; electrochemical energy storage

1. Introduction

Piezoelectric materials are the key functional components in energy-related fields, such
as photo/electro catalysis, electrode materials for secondary batteries and supercapacitors.
In particular, piezoelectric materials are able to generate an electric field in response
to mechanical deformation. The applications take advantage of the direct or reverse
piezoelectric effects. Piezoelectric materials have been extensively explored for energy
harvesting and storage devices because they can transform irregular and low-frequency
mechanical vibrations into electricity [1-3]. Piezoelectric films are wearable and flexible
energy generators, due to their superior mechanical and piezoelectric capabilities [4-7].

Furthermore, the piezoelectric effect leads to piezoelectric polarization. The piezo-
electric materials have a noticeable effect in an active mode, providing a voltage signal in
response to applied force/pressure. The piezoelectric effect is a new, fundamental mecha-
nism that allows the comingling of energy conversion and storage processes into a single
step. This process is as follows: mechanical energy is converted and simultaneously stored
as electrochemical energy [8]. For example, a highly porous film can act as an effective piezo
separator for enhanced self-charging piezoelectric ceramics (SCPCs). Notably, the device
can be stabilized, and charge transfer resistance is lowered due to the porous structure.
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Additionally, the absorbent structure makes a self-charging action caused by the piezo
potential possible, which can prevent substantial capacity deterioration [9].

Moreover, piezoelectric effects successfully realize mechanical energy harvesting and
energy conversion [10-13]. Piezoelectric materials can transform mechanical motion in the
environment into electrical energy. These mechanical motions cover various daily aspects,
such as human motion, rotating tires, mechanical triggering, wind and waves, etc., [14].
These piezoelectric materials have applications in lithium-sulfur (Li-S) batteries and emerg-
ing applications such as electric vehicles (EVs), drones and unmanned aerial vehicles, due
to the unprecedented theoretical capacity and low cost of piezoelectric materials [15]. The
piezoelectric materials may resist the shuttling process. By creating unstable interfaces at
both electrodes and removing the sulfur cathode’s active material, the shuttling process
results in self-discharge and reduces cyclability. Beyond its primary purpose of preventing
direct contact between the two electrodes, the piezoelectric effect can significantly reduce PS
migration because the separator can regulate the movement of carrier ions and byproducts.

Piezoelectric components have attracted much attention lately, for their potential
to harvest energy from ambient vibration. Due to the piezoelectric element’s meagre
power output, energy storage devices are required for sporadic use. Supercapacitors and
rechargeable batteries are the leading energy storage technologies taken into account. The
collected energy must be exchanged and stored to integrate energy harvesting and storage
devices, until sufficient power can be applied to electric machines and systems. The energy
harvesting of mechanical vibrations is suitable for structural health monitoring.

At present, piezoelectric ceramics are widely used in the energy field, and there
are not many researches on piezoelectric energy storage. Due to their unique, structural
properties, piezoelectric ceramics have a good application potential in energy storage,
including piezoelectric catalysis, piezoelectric applications in batteries and piezoelectric
applications in supercapacitors (Figure 1). According to the mechanism of piezoelectric
ceramics, its specific application in energy storage is analyzed.

Piezoelectric-Catalysis

BGliss W FTO MCw,0 MZnONRs BITO electrode

Electrochemical energy storage Piezo-supercapacitors

PVDF/PZT nanocomposite film

Figure 1. Piezoelectric ceramics are used in the energy field. (a) Proposed reaction mechanisms of
piezo-catalysis. Reproduced with permission from [16]. Copyright 2017, Yawei Feng. (b) Schematic of
the fabricated device. Reproduced with permission from [17]. Copyright 2014, Pei Lin (c) Schematic
diagram of the fabricated SCSPC. Reproduced with permission from [18]. Copyright 2015, Anan-
thakumar Ramadoss. (d) Schematic structure image of SCPC with piezoelectric spacer Reproduced
with permission from [19]. Copyright 2014, Yan Zhang. (e) The effect of the poled BTO toward poly-
sulfide rejection. Reproduced with permission from [20]. Copyright 2016, Taeeun Yim. (Reprinted
with permission from [16-20]); Copyright 2017, Nano Energy. Interfaces 2017, 40, 481-486).
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Herein, we focus on the latest advances in nano/micrometer-sized materials, such
as BaTiO3 nanowires (NWs), BaTiO3; nano/micrometer-sized particles and ZnO nanorods
(NRs). This review introduces the principles of piezoelectric electrocatalysis and the
working principle of piezoelectric energy storage materials. The two processes of power
generation and energy storage of traditional piezoelectric materials are integrated into one
device, which realizes the process of the integration of power generation and energy storage.

2. Piezoelectric Catalysis for Hybrid Energy Devices

In piezoelectric catalytic hybrid devices, nano/micron materials, such as NWs, nanosheets
and NRs, can generally convert mechanical stress into polarized charge, exhibiting effective
bending compliance and flexibility. In addition, the separation efficiency of photoexcited
charge carriers can be enhanced by the mutual coupling of photoexcited and piezoelec-
tric nanomaterials in semiconductor photocatalysts. Nano/micrometer materials can be
driven by micro-vibration energy, even muscle movement, resulting in the generating of
piezoelectric potential. Researchers have recently discovered and studied the piezoelectric
effect mediated by nano/micrometer-sized materials [2,21-23]. Several researchers report
that piezoelectric catalysis was first used for degrading non-dye pollutants, demonstrating
that this is an emerging and effective advanced oxidation technology for organic pollutant
degradation and dichlorination [24]. At least three mechanisms, including the piezoelectric,
piezo electrochemical and catalytic degradation processes, may have been engaged in piezo
catalytic degradation. As is well known, there are three ways to employ the piezoelectric
effect to accelerate the breakdown of organic contaminants. First, piezo catalysis, the direct
application of the piezoelectric potential to the degradation of organic pollutants, is used.
The piezoelectric potential of one- or two-dimensional piezoelectric materials is greater
than that of particles. Consequently, the usage of nanoflowers NLs and NWs in piezo
catalysis was widespread [16,25,26].

The catalytic action known as piezo catalysis is powered by the stress-induced electric-
ity of piezoelectric crystallites [27,28]. In the absence of optical excitation and piezoelectric
polarization, mechanical motion induces the piezo catalysis. Numerous electrochemical
processes, including the breakdown of organic contaminants, the splitting of water and
electrochemical polymerization, can be caused by piezoelectricity. It has proven to be a
promising technology at the interface between energy and the environment. The medi-
ated piezoelectric action by nano/micrometer-sized materials has been discovered and
studied [29]. The piezoelectric process made the successful separation of photo-generated
electron hole pairs possible, which can accelerate the breakdown of nanostructures.

Bao et al. [30] demonstrate that the charge carriers (rather than piezoelectric charges)
inherent in piezoelectric crystals act as charge transfer agents, by modulating the concentra-
tion of charge carriers during catalysis. Piezoelectric BaTiO3 NWs and nano/micrometer
particles were synthesized, and their piezo catalytic activity was investigated. The piezoelec-
tric activity of BaTiO3 NWs can be attributed to the significant increase in pi-piezoelectric
potential along the polar axis direction. On the other hand, hydrothermally synthesized
nano/micron size tetragonal BaTiO3 particles were used as piezoelectric catalysts, and
low-frequency ultrasonic irradiation was chosen as vibrational energy to induce tetragonal
BaTiO3 deformation [24]. The 4-chlorophenol might be simultaneously dechlorinated and
degraded by the piezoelectric potential from the deformation (Figure 2). The presence of
lattice fringes across the individual grains in the TEM picture (Figure 2c) demonstrates
that the grains are single crystalline. The piezoelectric process produced several active
species, including h+, e, oH, ¢OH, 02,10, and H,O,. These findings demonstrate the
effectiveness of piezo catalysis as a cutting-edge oxidation method for the degradation and
dichlorination of organic contaminants. According to Lin et al. [31], the preferential depo-
sition of Ag nanoparticles at the positive polar end of BaTiO3 nanocubes/cubes through
piezo electrochemical and photochemical processes can enable the free charge carriers to
play a full role in hydroxyl radical generation, thus greatly enhancing piezoelectric catalytic
degradation performance.
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Figure 2. (a) Hydrothermal BaTiO3 nanowires (BTO-1) in SEM pictures. (b,c) Images of hydrothermal
BaTiO3 nanowires, captured by TEM and HRTEM. Reproduced with permission from [30]. Copyright
2018, Jiang Wu. (d) SEM micrographs of annealed commercial BaTiO3 at 800 °C. (e) Primary Routes
for 4-CP Degradation in the t-BaTiO3-Mediated Piezo-Catalysis Process. Reproduced with permission
from [24]. Copyright 2017, Shenyu Lan. (reprinted with permission from [24], Copyright 2017,
Environ. Sci. Technol. Interfaces 2017, 51, 11, 6560-6569).

ZnO additionally offers the benefit of being environmentally benign, in addition to
BaTiOs3. ZnO is a novel piezoelectric material, known for its affordable, environmentally
benign and chemically stable properties. It was discovered that the effective piezoelectric
coefficient was high [32]. The ZnO nanorods demonstrated significant vibration—catalytic
activity, by using the linkage of the piezoelectric effect and the electrochemical process.
Acid orange 7(AOy) solution (5 mM) has a vibration catalytic decolorization ratio of as
high as ~80%. The catalytic vibration process was achieved by creating electric charges
triggered by piezoelectricity. Z. A. Ujjan et al. [33] showed a decrease in the optical band
gap of ZnO, after the simultaneous doping of C1~! and S~2 in ZnO by a hydrothermal
method, leading to an increase in the density of active sites and a decrease in the charge
recombination rate of electron-hole pairs, which significantly improved the photocatalytic
performance of ZnO for methylene blue (MB). However, the morphology of the nanorods
remained essentially unchanged.

Moreover, there were some researches concerning all-oxide systems, such as ZnO,
MnO; and CuyO/ZnO. By using the piezotronic effect, the photoresponse of an all-oxide
Cup0/ZnO0 heterojunction was improved [17]. The band modification caused by interfacial
piezoelectric polarization may be viewed in terms of this amplification, according to
the CuyO/ZnO. Under illumination, the ZnO side’s positive piezopotential supplied an
additional pushing force to separate the excitons more effectively (Figure 3).
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Figure 3. (a) The designed basic principle of the vibration—catalytic process; equations of the vibration—
catalytic effect of ZnO nanorods. Reproduced with permission from [32]. Copyright 2018, Xiaoli Xu
(b) Schematic of the control device CuyO/ZnO. (c) Reversibility test of the piezoelectric modulation
with decreasing applied compressive strain. Reproduced with permission from [17]. Copyright 2014,
Pei Lin (reprinted with permission from [17]; Copyright 2014, Nano Res. Interfaces 2014, 7, 6, 860-868).

The Li and Bian group created lead zirconate titanate (PZT), a piezoelectric material
with a spherical form [16]. There are free charges in piezoelectric materials, which may be
generated by narrow band gap semiconductors or defect doping. The piezoelectric material
generates an internal electric field to separate the free charges during the compression
process. At the surface of the piezoelectric material, the free charge triggers a redox
process that produces oxidatively active chemicals that break down dye molecules into
carbon dioxide and water (Figure 4). More significant than the morphological structure
of the material, PZT’s distinctive spherical form may create piezoelectric catalytic activity.
Piezoelectric materials may be utilized to collect and contaminate discrete mechanical
energy. It is crucial for piezoelectric catalyst development and piezoelectric catalysis
applications. In Zhang et al. [34], the chemical reaction driving force for the catalytic
reduction of CO, by piezoelectric particles is when Nb-doped PZT lead piezoelectric
particles are subjected to polarization changes at a low Curie temperature (Tc~38 °C) in an
ultrasonic, vibrational environment.
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Figure 4. Proposed reaction mechanisms of piezo catalysis. Reproduced with permission from [16].
Copyright 2017, Yawei Feng. ( reproduced with permission from [16]; Copyright 2017, Nano Energy.
Interfaces 2017, 40, 481-486).

The primary cause of the degradation and dichlorination was determined to be —OH
radicals, produced by the electron reduction of O, and hole oxidation of HyO. These inquiry
findings demonstrate the effectiveness of piezo catalysis as a new and practical oxidation
approach for environmental cleanup. Numerous intricate procedures, such as constructing
heterojunction structures [35,36], doping [37] and decorating with noble metal particles [38],
have been shown to increase the efficiency of light energy harvesting. The mainstream has
recently been introduced to a more ambitious trend that aims to create a catalytic system
without the need for light irradiation.

The Jyh-Ming Wu group [39] demonstrated the ultra-high degradation activity of
monolayer and layer-less MoSe; nanoflowers to decompose rhodamine (RhB) dyes through
the piezoelectric catalyst effect. By applying mechanical forces (e.g., ultrasonic vibrations)
in the dark, the MoSe; nanofluid can successfully decompose 90% of the RhB dye within
30 s. This is the first work to demonstrate very efficient catalytic and redox processes using
the piezoelectric catalyst effect of the MoSe; nanofluid.

3. Piezo Supercapacitors

As the name implies, a supercapacitor is a device that stores energy and functions
similarly to a rechargeable battery because it can store electrical energy. The voltage is
provided; its charge carrier can be kept inside. Since a direct current cannot flow inside a
conventional capacitor, its essential components are two parallel plates separated by a di-
electric. However, supercapacitors do not use dielectric materials. They have two identical
leaves, separated by a very thin insulator and immersed in an electrolyte. Preference should
be given to low loads to study the inherent electrochemical properties because the thickness
of the electrodes expands with an increasing load, and the restricted ionic conductivity,
combined with the voltage drop caused by the electronic conductivity, can create problems
such as transfer beyond the thickness. Piezoelectric devices are one way to harvest mechan-
ical energy to achieve the conversion of electric energy. Piezoelectric materials have been
used in sensor application, semiconductor and supercapacitors, etc., [40].

MnO; is a novel, piezoelectric material as super capacity due to its low cost, pollution-
free, rich resources and a good capacitor performance and safety process in preparations [41].
They investigated three asynchronous types of MnO, nanostructures, synthesized by a
simple, hydrothermal process in the same system by changing the surfactant, the type
of which determines the formation of MnO, nanostructures, namely NWs, nanoflowers
(NFs) and NRs. A type of 40 um diameter and 15 nm wide, single-crystal MnO, ultralong
nanowire exists [42]. The materials demonstrated improved electrical conductivity, with
a capacitance of 345 F/g at a current density of 1 A/g. They additionally had high-rate
capability (54.7% at 10 A/g) and strong cycling stability (Figure 5).
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Figure 5. (a) Diagrams showing the electrical experimentation set up within an STM-TEM holder.
(b) An individual MnO, NW was placed between a platinum cantilever and an Au tip in the
boxed region, as seen in a TEM image. (c) CV curves using a 10 Mv/s scan rate. (d) Curves
of charge—discharge, with a current density of 1 A/g. Reproduced with permission from [42].
Copyright 2012, Wenyao Li. (e) Schematic diagram of the fabricated SCPCs. (f) Picture of the FE—
SEM nanostructure of MnO,. It demonstrates how nanowires are consistently sound. (g) SCPC
cyclic voltammetry scans at various scan speeds. (h) SCPCs at various current densities, exhibiting
galvanostatic charge/discharge curves. Reproduced with permission from [43]. Copyright 2015,
Ananthakumar Ramadoss. (reprinted with permission from [18]; Copyright 2012, |. Mater. Chem. A.
Interfaces 2012, 22, 30, 14864-14867).

Poly-vinylidene fluoride (PVDF) can be used as a wearable energy source and can
convert irregular mechanical vibration into electricity [43]. There is enough energy for
accumulating and storing electronic devices and systems to release the integration of energy
harvesting and storage devices. Self-charging power cells (SCPCs), which convert and store
energy, are typically constrained by slow charging and poor cyclability. Specific studies
show that super capacity has a greater charging rate, better cyclability and higher power
density [40,44]. The hybrid piezo supercapacitor integrates energy storage and harvesting
into a single component. The piezo supercapacitor exhibits a 400 mW m~2 power density
and a 49.67 mW h m~2 energy density, while maintaining solid mechanical strength.

Recent reports describe piezoelectric polyvinylidene fluoride (PVDF) film sensors with
CNT electrodes [45,46]. The energy from the piezoelectric materials was provided by low-
frequency harmonic motion and used to charge the solution-processable supercapacitor,
printed from a CNT dispersion. The transducer in a passive rectifying circuit was made of
stiff piezo materials and rolled PVDF films.

4. Piezoelectric-Based Self-Charging Devices

Four types of interface circuits, synchronous energy harvesting (SEH) circuits, syn-
chronous charge extraction (SCE) circuits, parallel synchronous switch harvesting on
inductors (P-SSHI) courses and series synchronous switch harvesting on inductors (S-SSHI)
circuits, have been thoroughly studied in piezoelectric energy harvesting over the past
two decades. Many studies have looked at how to charge the electrical energy produced
by PEH into a storage capacitor. Wu et al. [47] investigated this using the uncoupling
premise of SEH circuits to capture the electrical energy from PEH into a storage capacitor.
However, this analysis must be adjusted for PEH under moderate or vigorous coupling
conditions. Wickenheiser et al. [48] examined the SEH circuits’ ability to charge PEHs. It
was nevertheless limited to PEHs having resonant vibrations. Bagheri et al. proposed
an iterative numerical method and studied the transient charging behavior of cantilever
beams with piezoelectric patches, using SHE [49] and SSHI circuits [50]. In particular, when
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self-powered SSHI is implemented using electronic circuit breakers, a nonlinear treatment
by self-powered SSHI circuits can significantly increase power-collecting efficiency during
charging. Zhang et al. [51] centered on modelling and comparing these four circuit-charging
processes. First, it was established that an ideal storage capacitor exists for SEH, P-SSHI
or S-SSHI circuits to optimize the collected energy, varied by coupling conditions. The
P-SSHI circuit is appropriate for weak coupling PEH energy charging. The SEH and S-SSHI
circuits are more effective for moderate and robust coupling conditions than the P-SSHI
and SCE circuits.

Energy harvesting and storage are often accomplished by two independent compo-
nents in one electronic device and are two distinct electrochemical processes [52]. If the
energy storage units, such as Li-ion batteries (LIBs) and SCs, can be integrated with en-
ergy storage components, the final electronics could be made seamlessly and with more
functions. SCPCs collect electrical energy from mechanical energy through a piezoelectric
polymer, PVDF diaphragm and store it in the battery electrode through a piezo electro-
chemical conversion process. SCPCs are a button-type battery, consisting of an anode
and cathode. The anode is an anatase TiO, arranged in nanotubes on a titanium foil, the
cathode being LiCoO, with a conductive agent, and the carbon/binder mixture material on
the aluminum foil and diaphragm is polarized PVDF film [53]. The SCPCs realize energy
harvesting and storage in one unit, which significantly enhances the total efficiency of that
of separated devices under the same conditions. More importantly, these self-charging
devices can harvest environmental energy continuously, which may make them an ideal
power source for future electronics [54].

The first concept and device was developed by Wang et al. [21], which is based
on a piezoelectric effect. Using a piezoelectric effect, mechanical energy is immediately
transformed in this device into electrochemical energy, which is then stored in an LIB
or SC. The ability of some solid materials to collect an electric charge in response to
mechanical stress, known as piezoelectricity, makes them suited to harvesting fluctuating
environmental, mechanical energy. The basic idea behind self-charging LIBs or SCs is to
swap out conventional polymer separators for piezoelectric PVDF films that can convert
mechanical energy into electrochemical energy and store it once the device has recovered
from mechanical distortion. The self-charging LIB is initially in a discharge condition,
where LiCoO,, graphite and LiPF6 serve as the positive, negative and electrolyte (Figure 6).
In response to external compressive stress on the battery, the polarized PVDF piezoelectric
separator deforms compressively and generates a piezoelectric electric field in the thickness
direction. In response, the lithium ions in the electrolyte redistribute and move to the
cathode part to combat the piezoelectric field produced by the PVDF separators. Due
to the disruption of the electrochemical equilibrium, some lithium ions from the LiCoO,
cathode de-intercalate to form LixCs. A new equilibrium is reached after the migration
of Li* balances the piezoelectric field. When the external compressive stress disappears,
the piezoelectric field produced by PVDF separators then disappears. This disappeared
piezoelectric field additionally produces the re-distribution of lithium ions, and a part of
the lithium ions moves back to the LiCoO; side, whereas a small portion of lithium ions are
left in the graphite side. As a result, a small quantity of mechanical energy is transformed
and stored directly in these charging LIBs. By applying periodic, compressive stress to
the self-charging LIBs, this self-charging process happens repeatedly to realize the full
charging of the LIBs. With the exception of self-charging LIBs, this self-charging mechanism
can be additionally applied to aqueous or organic super capacitors [55,56]. Although the
design principles and architecture for piezoelectric-based SCPC is quite simple, it still faces
some difficult problems to solve towards practical applications. The main questions and
resolutions are as follows.
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Figure 6. (a,b) PVDF-PZT nanocomposite film production process schematic pictures. (c) PVDF-PZT
nanocomposite film in the schematic construction of an SCPC as the piezo separator for the charge
storage component. (d) The cross-sectional view of six PZT nanoparticles scattered throughout the
PVDF. (e) Piezo potential distribution in a schematic picture under external compressive stress. The
dispersion of the PVDF-PZT nanocomposite film’s pseudopotential is depicted by its color code.
Reproduced with permission from [19]. Copyright 2014, Yan Zhang. (reprinted with permission
from [19]; Copyright 2014, Nanotechnology. A. Interfaces 2014, 10, 25, 105401).

4.1. Self-Charging Efficiency

One of the major difficulties for SCPC lies in its extremely low self-charging efficiency.
Table 1 shows the materials, configuration and performance of piezoelectric materials-based
SCPC. For instance, the open-circuit voltage of a typical LiCoO, /PVDEF/TiO, nanotube
self-charging LIB only grew from 327 to 395 mV in 240 s under the compressive force of 45 N
at a frequency of 2.3 Hz, which translates to 0.036 pAh. Other typical self-charging LIBs or
SCs are in order of ~uAh as well, as shown in Table 1. This self-charging capability is much
below the realistic requirements, and further work is needed for practical applications. This
is because the self-charging device has a sluggish charging speed and must be subjected to
mechanical force for a long time.

Table 1. Materials, configuration and performance of piezoelectric materials-based SCPC device.

Piezoelectric Self-Charging .
Electrode Materials Electrolyte Capacity Self-Charging Performance Ref.
LiCoO; (coating)
TiO, nanotube . ) 327 to 395 mV in 240 s with
(electrochemical PVDE LiPFs /EC:DMC 0.036 pah 45N at2.3Hz L8]
anodizing)
PVDF-co-

MoSe, nanosheets

NaNbO; /PVDF

2 . .
HFP/TEABF, 1893 F/cm Up to 708 mV in 100 s with 30 N [57]

CNT P(VDF-TrFE) PMMA /PC/LiClO4 95 pF/cm? Up to 70 mV with 50 N at 10 Hz [58]
0~100 mV in 40 s with 2000 s
FCC PVDF PVA /H,SO4 0.25 pAh without any external forces [59]

at4.5 Hz
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Table 1. Cont.

Electrode Pi&z;eel:.::;zic Electrolyte Selé;(;}:;tg;ng Self-Charging Performance Ref.
LiCoO,/MWCNTs PVDE-PZT LiPF6/EC:DMC ~0.010 pAh 210to 219 07 gr;‘tvl ?;‘51420 swith 1,4
LiCoO, /graphite PVDF-ZnO LiPFs /EC:DMC ~0.173 pAh 160to gZON“;Y 11%2;*12 s with [60]
LiCoO,/graphite PVDE/ZnO LiPFy/EC:EMC 3.04 uAh 1335 at égg(g‘ztii‘ézo swith 5
LiCoO, /graphite PVDF LiPFs/EC:DEC:DMC  0.118 pAh 105t0 2;8 gzti?;zo s with [62]

Licclfg 2 PVDF LiPF /EC: DMC 0.0247 A N mv ir‘;?ﬁ‘i‘?ﬁi‘m swith 0oy
gI;;(};?l(e)r%e PVDE LiPF /EC: DMC 0.266 pAh 500to 8; i g‘:tii‘ ;20 s with [64]
MnO, nanowires PVDF-ZnO PVA/H3PO, / 110 mVincrement in 300 s [18]

under palm impact

FCC: functionalized carbon cloth.

The low self-charging efficiency of the piezoelectric-based SCPC can be partly im-
proved by adding suitable, inorganic piezoelectric materials with a high permittivity
coefficient. For example, inorganic NaNbOj3 [57], PZT [19] or ZnO [9] materials were added
to form high-efficiency piezoelectric electrolyte (Table 1). Pazhamalai et al. [57] used 2D
MoSe; as an electrode and PVDF/NaNbOj as the piezopolymer electrolyte. Compared
to the naked PVDF, the piezo output was significantly improved by the PVDF/NaNbOs3
nanofibrous mat. Peak to peak voltage for the NaNbO3 /PVDF was approximately 4 V.
Kim et al. [9] included ZnO particles to create a piezoelectric 3-form PVDF separator with a
very porous structure. The electrochemical charge/discharge performance was significantly
improved, compared to the less porous PVDF sheet. The PVDF-PZT nanocomposite film
was compared with the pure PVDF film, and PZT could increase the piezoelectric potential.
The charging capacity of the PVDF-PZT nanocomposite film-based SCPC was ~0.010 pAh
in 240 s, which was higher than that of the pure PVDF film-based SCPC (~0.004 pnAh),
compared with the pure PVDF film-based SCPC [19].

Another important strategy to improve the self-charging efficiency is to build an
integrated porous self-charging electrode, with an interpenetrated architecture. For ex-
ample, Xue et al. [63] built an integrated CuO/PVDF nanocomposite piezoelectric anode
operated by spin-coating PVDF onto a CuO nanoarray. They found that the efficiency
of the integrated SCPC was higher than that of the non-integrated SCPC. The tight and
extensive contact between the CuO nanoarray and PVDF led to the efficient utilization of
the piezoelectric field in the internal piezoelectric process. Supercapacitors possess lower
energy density, while showing significantly better charge/discharge speeds than those
of LIBs. Furthermore, Parida et al. [58] used CNT electrodes to create a self-powered,
electric, double-layer supercapacitor. This SCPC device has a fast-charging capability, due
to the rapid adsorption and desorption of ions at the surface of CNT electrodes; 90% of the
voltage increase (approximately 60 mV) was completed in less than 10 s. The piezoelectric
porous P(VDF-TrFE) foam used in this design contains a lot of pores, which helps with ion
transport and electrolyte absorption.

4.2. Flexibility

The materials, designs and production techniques for wearable technology have
advanced significantly during the last ten years. One of the most significant problems
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hindering the success of wearable gadgets is the development of flexible LIBs or SCs. Until
now, great achievements were obtained in this field [65]. In order to obtain a flexible elec-
trode, active materials of LIBs or SCs have usually been deposited on conformal substrates
(paper, plastic, cotton, CNTs or graphene films, etc.) to a certain flexibility. If the flexibility
and self-charging ability can be integrated into one device, the final LIBs or SCs can be
widely used in future electronics. Currently, the conventional electrodes of self-charging
devices are usually based on a slurry coating process. Repeated stresses easily result in
micro-cracks of the electrodes and a detachment of active materials from metal substrates.
On the other hand, most mechanical energy is adsorbed by rigid packing materials when
not transformed into electrochemical energy. This rigid design and architecture significantly
lower the conversion efficiency. More importantly, conventional, rigid, coin cell design is
not suitable for the growing demand of wearable devices. In order to fully utilize environ-
mental mechanical energy, we can combine relevant results from the research of flexible
piezoelectric materials. For example, Luo et al. [66] created a flexible, BaTiO3 / polydimethyl
siloxane (PDMS) thin layer that can provide solid and constant electrical outputs when
subjected to repeated, mechanical pounding. An energy-storage capacitor could light a red
LED, and the flexible composite film could produce a maximum output voltage of 7.43 V.
Lin et al. [67] additionally created a stretchable piezoelectric membrane, using a mix of
PDMS substrate and BaTiO3; nanotubes. This promising and adaptable technology might
be used to develop flexible SCPC devices.

5. Piezoelectric Materials in Electrochemical Energy Storage

Driven by increasingly stringent environmental regulations worldwide, auto manufac-
turers are all striving to expand their offer of electric vehicles, including hybrid (HEV) and
battery electric vehicles (BEVs), in a fairly tight time scale. LIBs have found more and more
extensive applications because of their excellent performance. In the current era, a higher
energy density, rate performance and low temperature performance are still ever-growing
requirements for LIBs to power EVs. Due to their unique properties, various piezoelectric
materials open new doors for the improvement of LIBs materials. The application of piezo-
electric materials in LIB materials has three aspects: (a) the improvement of electronic/ionic
conductivity, thereby leading to better rate and low temperature performance; (b) buffer
volume expansion/contraction during charging/discharging processes for silicon anodes;
(c) acting as a coating layer to improve the cathode’s cycling performance; and (d) lower
interface resistance in solid state LIBs.

Silicon (Si) has a much larger energy density than conventional graphite anode, and
it is highly anticipated in high-energy density LIBs. Unfortunately, the most significant
barrier to commercializing silicon anode is the silicon’s significant volume shift when
lithium is introduced. Strategies have been devised to control the volume variation during
charge/discharge cycles to increase the cycle performance of silicon anodes. These include
reducing the silicon particle size to nano-size, designing novel silicon nano-architecture,
fabricating Si/C composite materials, etc., [68,69].

Lee et al. [70] introduced BaTiO; piezoelectric materials to the Si/CNT anode ma-
terials. During charging/discharging processes, stress is induced by silicon-polarized
BaTiO3 materials. This local piezoelectric potential may affect the mobility of Li-ions, which
enhances the electrochemical performance of the Si/CNT/BaTiO3 nanocomposite anode.
As shown in Figure 7c,d, piezoelectric BaTiO3 additives significantly improve the cycle
performance of a silicon anode (Figure 7). According to the directions of the applied piezo-
electric potentials, density functional calculations show that diffusion may be increased or
decreased by using piezoelectric potentials. When the piezoelectric field is directed down
the diffusion route, the obstacles to diffusion weaken with increasing field intensity. The
primary mechanism controlling the diffusivity of Li-ions in Si surfaces is diffusion from the
surface to the subsurface. Due to the presence of the piezoelectric field and the ability to
boost the diffusivity by ~10°-10° times with an applied piezoelectric field of 5 V/nm for
surface diffusion, the diffusion barriers are significantly reduced [71].
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Figure 7. Schematic diagrams of how the Si/CNT/BTO nanocomposite anode’s microstructure
changed during lithiation. (a) Particles of Si and BTO are evenly scattered throughout and firmly
adhered to the thick CNT. (b) Lithiation of the Si nanoparticles causes a significant volume increase,
pressurizing and poling the BTO nanoparticles to produce a piezoelectric potential. (c) Without
piezoelectric poling, the high current density (shown in red) is only noticeable at the particle surfaces.
(d) The mobility of the Li-ions is improved during the following charging and discharging operations
by a permanent and local piezoelectric potential, which leads to a high current density. The images
in the box show the microstructural alterations in Si (expansion brought on by lithiation) and BTO3
(piezoelectric poling brought on by Si expansion). Reproduced with permission from [70]. Copyright
2016, Byoung-Sun Lee. (reprinted with permission from [70]; Copyright 2016, ACS Nano. Interfaces
2016, 10, 2, 2617-2627).

One of the newest energy storage technologies is all-solid-state lithium batteries
with solid electrolytes. Solid-state LIBs possess a wider potential operating window, in-
herent safety and higher density and could be used in long-distance electric vehicles.
Lithium-oxynitride phosphate glass (Liz 2PO3gNp2) has an upper potential limit of up to
5.5V (vs. Li/Li*), which can act as a promising solid electrolyte. Yada et al. [72] built a
5 V-class Li/LiPON/LiCrg 5Nig 45Mn; 504.5 all-solid-state LIB. Although the enormous
charge transfer resistance at the Li/LiPON/LNM interface significantly reduced its elec-
trochemical performance, the resulting Li/LiPON/LNM battery did not exhibit any overt
charge/discharge processes at any potentials between 3.0 and 5.3 V. It is intriguing to note
that the charge transfer resistance of the LIPON/LNM interface (RLiPON/LNM) is more
than 107 Q) cm? at 4.7 V, which is significantly higher than the 4 V-class Li/LiPON/LiCoO,
resistance. According to one theory, the significant interface resistance was brought on
by the enormous electric field (ELIPON/LNM) at the interface between the two materials
(LNM-LiPON), which was thought to be the result of their significant electric potential
difference. To lower the ELiIPON/LNM value, the spin-coating of dielectric BaTiO3 was con-
ducted on the LiIPON/LNM interfaces. The battery with the 100 nm BaTiO3 modification
retained 84% of its discharge capacity at 0.25 °C, whereas the unmodified battery displayed
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only 45 mAh/g at the same rate. Figure 8 shows the mechanism of the BaTiO3-modified
interface. As shown in Figure 8, the large electric potential difference (®ynm — Pripon) acts
as a driving force to extract many lithium ions from the LiPON layer, which results in a Li*
deficient layer to block the Li* transport. After the BaTiO3 modification, Li* originally lo-
cated behind the BaTiO3 layers was re-arranged due to the electric dipoles to maintain local
charge neutralities and finally created a “Li*” pathway for charge-transfer reactions [20].
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Figure 8. Diagrammatic representation of the poling of the PE separator coated with BTO and the
impact of the poling on polysulfide rejection. Reproduced with permission from [20]. Copyright 2016,
Taeeun Yim. (reprinted with permission from [20]; Copyright 2016, Adv. Funct. Mater. Interfaces 2016,
26,43,7817-7823).

As a new battery system, Li-S batteries have an ultra-high energy density (theoretical
value, 2600 Wh/Kg), which is 5 times higher than that of commercial LIBs. Unfortunately, a
quick capacity decline mainly brought on by the shuttle effect of polysulfide has prevented
its practical deployment. This problem is solved by including the spontaneously polarized
BaTiO3 nanoparticles in the composite sulfur cathodes. Because of the spontaneous polar-
ization’s internal electric field, the dissoluble heteropolar polysulfides would be absorbed
in the vicinity of the polar BaTiO3 nanoparticles [73]. With the addition of BaTiOj3, the com-
posite sulfur cathode shows a reversible discharge capacity of 835 mAh/g after 100 cycles.
A C/S composite cathode without the BaTiO3 additive has only a reversible capacity of
407 mAh/g after 100 cycles. In order to suppress the shuttle effect of polysulfide, Yim
et al. [20] coated poled BaTiO3 nanoparticles on PE separators, which have an electrostatic
repulsion barrier that effectively prevents polysulfide from flowing through the separator,
leading to greatly increased cyclability. With this BaTiO3-coated separator, the Li-S battery
started at 1122.1 mAh/g and ended at 929.5 mAh/g after 50 cycles, which corresponds
to 82.8% capacity retention. In contrast, the Li-S battery with an uncoated separator only
delivers 59.4% capacity retention.

An efficient way to increase the cycle stability and rate performance for traditional
cathode materials at higher rates is to cover them with an insulating oxide. The side reac-
tions at the cathode/electrolyte interface can be suppressed by oxide surface coating [74].
Ferroelectric materials have a permittivity of a few thousand, which is far higher than
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conventional oxide coatings such as Al,O3, ZrO,, MgO, etc. This extremely high permit-
tivity can result in interfacial polarization between the ferroelectric layer and the cathode
surface. Lithium-ion transport kinetics may be affected by such an interfacial impact.
Teranishi et al. [73] coated BaTiO3 on the surface of LiCoO, cathode materials by a simple
sol-gel synthesis. The high-rate capacities for the BaTiO3-coated LiCoO, were significantly
higher than those for the bare LiCoO, materials. The coated BaTiOs ferroelectricity would
cause an improvement in the high-rate performance [75]. Dielectric LINbO3; was addi-
tionally used to decorate the LiCoO, cathode. It was found that the crystalline single
LiNbOj3 introduced dielectric polarization architecture that accelerated the Li transfer at
the LiNbOg3-active material-electrolyte triple-phase junctions. The highest discharge ca-
pacity of the LiNbOs-decorated LiCoO; was 78 mAh/g at a 20 °C rate, which is 2.6 times
higher than that of bare LiCoO, at the same rate [76]. This is primarily due to the electric
double-layer formed at the interface between the active material and the electrolyte during
the Li solvation and desolvation process, which results in a Li-deficient layer with a high
resistance to Li transfer. Similarly to the function of BaTiO; in solid-state LIBs, as stated
before, LiINbO; additionally attracts the positively charged Li* to the Li-deficient layer, thus
resulting in the increase of the lithium-ion concentration at the triple-phase boundary [77].
Co oxidation occurs when the LiCoO, modified by BaTiOj3 is charged, and this is evidence
of the increased polarization brought on by the higher permittivity of BaTiO3 .

6. Conclusions

This review aims to provide insight into the importance of piezoelectric materials
in different fields. We reviewed the intrinsic piezoelectric properties of other materials
and discussed piezoelectric catalysis for hybrid energy devices, piezo-supercapacitors,
piezoelectric-based self-charging devices and piezoelectric materials in electrochemical
energy storage. This paper reviewed the recent advances in piezoelectric materials and
their applications in different fields, where using these materials has significantly improved
the frequency and energy characteristics of the piezoelectric devices developed on their
basis. In the future, piezoelectric generators will power many electronic devices, and
these advanced materials and transducers will be widely used to create devices for energy
harvesting using infrastructure objects and vehicles, wearable flexibility, physical medicine,
and the detection of human physiological functions. Despite their fascinating capabilities,
current piezoelectric materials still face significant challenges that must be overcome. This
review will provide reference value and give some necessary knowledge for applying
advanced piezoelectric materials in various fields.

7. Patents

This section is not mandatory, however may be added if there are patents resulting
from the work reported in this manuscript.
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