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ARTICLE INFO ABSTRACT

Keywords: Piezocatalysis, an evolving catalytic technology built on the piezoelectric properties of catalysts,
Pie?ocatalysis ) breaks down the barrier between mechanical energy and chemical energy. The potential differ-
S?lld'sltate Physics ence that arises from the mechanical deformation of a piezoelectric material is commonly termed
E:fz:lzzgiz ‘piezopotential’. Piezopotential has been demonstrated to facilitate the manipulation of band

structure and/or charge carrier separation. Despite significant efforts to design materials and
understand the mechanism of piezoelectrically enhanced chemistry through semiconductor
physics, there remains an opportunity to review the relationships between catalytic performance
and piezo/ferroelectric properties. Herein, we provide a comprehensive summary of the catalytic
mechanisms and correlated piezo/ferroelectric physical mechanism in the field of piezocatalysis.
A fundamental understanding of piezo/ferroelectric structural design based on solid-state physics
can be used to shed light on the future development of piezocatalysis. In addition, the types of
piezoelectric materials, the design strategies for catalysis efficiency enhancement, and the up-to-
date applications in environment remediation, renewable energy conversion, biomedicine and
biotechnology are discussed. Finally, future perspectives for designing and developing highly
active piezocatalysts using the guidelines of physicochemical relationships are proposed.

1. Introduction

The development of modern society is producing increasingly serious issues of environmental pollution and energy resource
management. The need to make use of renewable energy resources without sacrificing environment is important to scientists in the
fields covering chemistry, environmental and materials science. Mechanical energy, the energy of motion, is one of the most versatile
forms of renewable energy, which can be derived from wind, ocean streams and heat flow causing gases to rise and fall. With the
proposal of piezotronic effect and the development of nanogenerators, the collection and conversion of mechanical energy has gained
increasing attention in the field of energy harvesting, as well as process chemistry.[1] Based on the integration of piezoelectric effect
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and electrochemical effect, piezocatalysis is a brand-new way to utilize piezo-induced charges in assisting typical chemical processes
by harvesting various forms of mechanical energy.

The piezocatalytic effect uses electric charges generated by piezoelectric effect in chemical reactions. As a result of the non-
centrosymmetric crystal structure of piezoelectric materials, the centers of positive and negative charges in the unit cell do not
coincide under external mechanical force or strain, with the formation of a net dipole moment. Following the ordered alignment of
dipole moments, a macroscopic built-in electric field, historically known as the depolarization field, will be established. Free charge
carriers within the material and charged species outside the material immigrate to the surfaces of different polarities to screen the
depolarization field. The movement of screening species that during a chemical reaction have been termed the piezopotential. To sum
up, the piezopotential acts as a driving force in regulating the separation and transportation of charge carriers.

In recent years, the application areas of piezocatalysis have expanded from the degradation of organic dyes and Hy evolution, to the
elimination of greenhouse gases and the inhibition of tumor cells. The fields of interest now cover environmental remediation [2],
exploitation of renewable energy resources [3,4] and biotechnologies [5,6]. The performance of piezocatalysis is predominantly
governed by the piezoelectric properties of materials and the interface between catalysts and reactive species. Materials with finely
tuned composition and morphology have been designed for piezocatalysis. For example, R3c ferroelectric LiNbOs-type ZnSnOs
nanowires exhibited a pronounced performance of piezocatalytic water splitting with a hydrogen production rate of 3453.1 umol
g 1 h™1, superior to most photocatalysts. [7] Single- and few-layered MoS, nanoflowers showed ultra-fast degradation of Rhodamine B
(RhB) with a degradation rate of 40336 ppm L/mol s~ *.[8] A higher degradation rate (69889 ppm L/mol s ) was observed in MoSe,
nanoflowers by the same research group.[9] Other materials have also been designed to realize piezocatalytic applications such as
Bi4OsX;, (X = Br, I) nanosheets [10], Sr, Zr-doped BaTiO3 nanoparticles [11,12], Bi;VOs 5 plates [13], LiNbO3 nanoparticles [14],
hydrogen-bonded SnO(OH), particles [15], SrjxFexTiOs [16], glass/ceramics composites [17-19], rGO/BiVO4 composites [20],
piezoelectric polymer-based composites [21-23], piezoelectric textiles coated with MoS; [24], etc. Researchers have been endeav-
ouring to acquire a comprehensive understanding of the dominant factors that influence piezocatalytic reactions, with the ultimate aim
of addressing current socio-economic challenges such as the ageing population and climate change.

Piezoelectricity coupling with photocatalytic semiconductors (termed as piezo-photocatalysis) has been extensively studied to tune
and/or enhance their optoelectronic activities. The coupling effect among piezoelectric properties, semiconductor physics and pho-
tocatalysis process has been subcategorized from piezotronics, termed piezo-phototronics. In piezo-phototronics, the piezoelectric
polarization charges and the induced piezopotential enable the migration of photoinduced charges (i.e., electrons and holes) towards
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Fig. 1. Schematic illustration of the key features of piezoelectricity, the mechanism and enhancing strategies of piezocatalysis from the perspective
of piezoelectric physics, and the applications of piezocatalysis. Reproduced from [46-48], with the permission from Elsevier, Wiley and
Springer Nature.
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specific directions, promoting their separation and diminishing their recombination. In view of the semiconductor and piezoelectric
physics, researchers have developed diverse piezo-photocatalytic configurations such as metal/semiconductor contacts (i.e., Pt/ZnO
contact [25], Au/BaTiO3 nanoparticles [26], etc.) and heterojunctions (i.e., ZnO-WOs x nanorod arrays [27], NaNbOs/ITO [28],
BiFeO3/TiO; core—shell nanocomposites [29,30]). These advances provide a fundamental guideline for regulating the coupling effect
between piezopotential and semiconductor characteristics. This aims to relate electronic states and the abundance of free charges to
induce the rearrangement of energy band structures under the impact of piezopotential. Piezo-photocatalysis has been well docu-
mented [31-38]. We will focus on piezocatalysis in this review to understand the role of solid-state physics in piezocatalysis.

A number of high-quality reviews have introduced different aspects of piezocatalysis. With respect to mechanism elucidation, Liu
et al. comprehensively summarized two theories for illustrating piezocatalysis, the theory of energy band and effect of screening
charge. [39] Tudela et al. summarized the key fundamentals from the perspective of piezoelectricity, electrochemistry and sono-
chemistry. [40] Qian et al. mainly discussed the coupling piezo-electro-chemical mechanism of piezoelectric materials. [41] Ma et al.
highlighted the reinforcing role of polarization including macroscopic, piezoelectric and ferroelectric polarization as well as the
surface polarization in photocatalysis. From the perspective of applications, Yang et al. provided an overview of piezocatalytic
environmental remediation. [2] Ali et al. focused on the piezocatalytic inhibition of water bacteria and degradation of organic pol-
lutants. [42] Huang et al. summarized the piezoelectricity enhanced photocatalytic environmental applications. [43] Bandara et al.
introduced the piezocatalytic/piezo-photocatalytic removal of pollutants. [44] Rtimi et al. reviewed the heterogenous advanced
oxidation processes using stoichiometric ABO3 nano-structured perovskites. [45] In addition, Shi et al. summarized the advances of
piezocatalytic medicine used in tissue repair and regeneration, tumor treatment, biosensing etc. [5] Despite this progress, a
comprehensive understanding of the role classic piezo/ferroelectric physics plays in influencing piezocatalytic performance is missing.
Therefore, it is believed that a deep investigation into the relationship between piezocatalytic mechanisms and correlated piezo/
ferroelectric physics in the field of piezocatalysis is of great value at this time point and may enlighten the future development of this
field.

The structure of this review is shown in Fig. 1. To begin, the fundamentals of the piezoelectric effect and the key features of
mainstream piezoelectric materials are described. This is followed by the interpretation of the proposed mechanisms of piezocatalysis
from the perspective of energy band theory and screening charge effect. Then, an in-depth overview of essential aspects of physical
mechanism behind the optimization of piezoelectric properties is provided. This involves the rotation of polarization, the construction
of morphotropic phase boundary, the engineering of domain or domain walls and the manipulation of defects. These physical in-
teractions play a crucial role in regulating the reaction process of piezocatalysis. After that, a summary of the enhancing strategies and
applications of piezocatalysis is presented. Finally, the challenges and perspectives in boosting piezocatalytic performance out of
physicochemical relationship are outlooked, which aims to inspire researchers to develop novel and efficient piezocatalysts.

2. Piezoelectric materials
2.1. Basics of piezoelectric effect

Piezoelectric materials convert mechanical to electrical or electrical to mechanical energy, as described in Equation 1-2. Equation
(1) and Equation (2) describe the direct and converse piezoelectric effect, respectively.

Dy = di Ty 1)

Sy = dyEx (2)

The electric displacement (D, C m~2) induced via the direct piezoelectric effect shows a linear relation with the applied mechanical
stress (T, N m~2). Analogously, the strain (S) induced via the converse piezoelectric effect is linearly dependent of applied electric field
(E, V m ). The proportional constants dj (unit: pC N~D and d,iij(unit: pm v are piezoelectric charge and strain coefficients,
respectively, where the Einstein notation represents the axial direction. All piezoelectric materials show the anisotropy of piezoelectric
coefficients. Stress and strain tensor are principally rank-2 tensor, but they are all symmetry tensors, and can be re-identified as T;; =
Ty, Top = Ta, T3z = T3, Tog = T4, T13 = Ts, T1a = Ts. Therefore, the piezoelectric coefficients dy and d;ij can be relabeled as dj,, based on
the reduced Voigt matrix (Equation 3), where the subscript k refers to the constituent of electric displacement D or field E (E;, E, E3),
and the subscript m demonstrates the mechanical strain or stress, m =1, 2, 3, 5 and 6, as defined above. It is generally recognized that
dim = dy,, specifically, the coefficients associating the electric field with strain are equivalent to those linking the stress to the electric
polarization from the thermodynamic perspective.

di dip dis dis dis dis dinn diza dizz  dizs dus die
dyn doz dyz dog dps dos |=| danr droz d23z dyaz daiz daia | (3)
d31 dsz dzz d3q dzs dss d311 dszp dizz das daiz daio

Piezoelectric coupled equations in the form of strain-charge built on the basics of {S} = [s¥|{T}+[d‘]{E} and {D} =
[d{T} +[¢"]{E} are listed in Equation 4-5, where s* and ¢” are elastic compliance and dielectric permittivity, respectively. Specifically,
for poled piezoelectric ceramic materials with 4 mm crystal class (e.g., lead zirconate titanate PZT, barium titanate BaTiO3), the
piezoelectric strain-charge equations can be simplified as Equation 6-7.
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Apart from the piezoelectric charge and strain coefficients, practical applications require other forms of piezoelectric coefficients.
Table 1 lists four forms of piezoelectric coefficients ‘piezoelectric charge (strain) coefficient (d)’, ‘piezoelectric voltage coefficient (g)’,
‘piezoelectric stress coefficient (e)’ and ‘piezoelectric stiffness coefficient (h)’, which corresponds to different specific conditions of
‘short circuit and mechanically free’, ‘open circuit and mechanically free’, ‘mechanically clamped and short circuit’ and ‘open circuit
and mechanically clamped’, respectively. The first and second set of the equations of four forms of piezoelectric coefficients represent
the direct and converse piezoelectric effect, respectively.

The capability of materials’ function via piezoelectricity can be evaluated by the piezoelectric coupling coefficient (k), also known
as electromechanical coupling factor (Equation (8)), which defines as the non-dimensional ratio between the converted (Uconverea) and
input energy (Uinpu)-

U,
k=, [converted (8)
Uinpul
Table 1
Description and definition of piezoelectric coefficients.
Abbreviation Definition Equation
d Piezoelectric charge (strain) coefficient 4 = (ﬁ> _ (@)
v = GrE T GRS
g Piezoelectric voltage coefficient o 7(%) -~ (ﬁ)
8j = T, b = Gp/T
e Piezoelectric stress coefficient o — (%) _ (ﬁ)
v losE OE;S
h Piezoelectric stiffness coefficient B o <%> _ dl)
Voo es? T tapyS
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For specific geometry, k can be determined using the piezoelectric charge coefficient, dielectric permittivity and elastic compliance.
Equation (9) (using k3; as an example) has been widely utilized to predict the potential functionality of one specific piezoelectric
material.

ds3

VST €%

where %, represents the permittivity of the material, which is defined as the relative permittivity of the material multiplied by vacuum
permittivity.

ks = ©)

2.2. Piezoelectric materials

Single crystals, ceramics and poly(vinylidene fluoride)-based polymers are three mainly investigated piezoelectric materials. Fig. 2
presents the evolution of piezoelectric materials.

Piezoelectric effect was firstly observed in a-Quartz [54] (ds3: 2 pC N~1) in 1882. Despite the successful synthesis as early as 1655,
Rochelle salt (NaKC4H406-4H20) was demonstrated to exhibit piezoelectricity in 1921.[55] Potassium dihydrogen phosphate
(KH2PO4, KDP) and ammonium dihydrogen phosphate ((NH4)H2PO4, ADP) crystals were latterly discovered piezoelectric materials
with piezoelectric coefficient of about 20 and 50 pC N1, respectively.[56]

The important milestone, BaTiO3, was achieved in 1946, which revolutionizes the field of piezoelectric materials, and still attracts
continuous interest in terms of both scientific research and practical applications. BaTiO3 has a perovskite structure (ABOs3) that is
composed of corner-sharing BOg octahedra linked in a cubic or non-cubic (orthorhombic or tetragonal) with B sites of smaller cations
positioning the center of BOg octahedra and A sites of large cations occupying the interstices between octahedra (inset in Fig. 2).
BaTiOj exhibits piezoelectric properties (kss: about 0.5; ds3: about 190 pC N™1) which can be further enhanced via proper element
doping such as Na or K. BaTiO3 shows a relatively low Curie point (about 120 °C), limiting its applications at elevated temperatures. Pb
or Ca doping have been reported to stabilize the tetragonal phase of BaTiO3 over higher temperature, therefore broadening the
working temperature of BaTiOs-based ceramics.

PbZr; 4TixO3 (PZT) was developed in the 1950s, with the main research interest in engineering compositions close to the mor-
photropic phase boundary (MPB). MPB separates two polar phases with different crystal symmetries, and PZT with compositions close
to MPB show enhanced piezoelectric properties (dss: 300-1000 pC N~1) due to the enhanced polarizability arising from the ease of
rotation between different symmetries. PZT shows a high Curie point (about 400 °C) and is widely used in actuators and transducers
especially for high temperature applications. The piezoelectricity of PZT can be classified into ‘hard’ and ‘soft’ characteristics via
appropriate doping.[57] ‘Hard’ and ‘soft’ describe the mobility of domains, domain walls or dipoles, as well as the behavior of po-
larization and depolarization. Hard PZT ceramics are doped with acceptor ions (e.g., site A: K or Na*; site B: Fe>*, AI3* or Mn®") to
build oxygen vacancies to hinder the motion of domain walls. As a result, hard PZT materials exhibit low dielectric loss and strong
stability when subjected to electric field or mechanical stress, which makes them suitable in applications of high-power devices such as
sonar technologies, ultrasonic processors and ultrasonic transducer. Soft PZT ceramics are doped with donor ions (e.g., site A: La>* or
W6+; site B: Nb°* or Sb®™) to create the vacancies of A sites with improved mobility of domain walls. Soft PZT materials are easy to be
poled and show a high piezoelectric charge coefficient and electromechanical coupling factor, which makes them attractive in ap-
plications such as loudspeakers, microphones and sound transducers. There is a strand of research focusing on developing materials
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Fig. 2. The evolution of piezoelectric materials (reproduced from [45,49-53], with the permission of Elsevier, Wiley, Nature Portfolio, Multidis-
ciplinary Digital Publishing Institute, American Chemical Society, American Physical Society, and Innovia Materials (Shanghai) Co., Ltd).
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with combined merits of soft and hard PZT ceramics. [58,59]

Bismuth layered-structure ferroelectrics (BLSF) have been developed for high temperature applications owing to their high Curie
point and large anisotropy in piezoelectric coupling coefficient. Lead-free perovskite materials such as KgsNagsNbOs (KNN),
Bigp 5Nag 5TiO3 (BNT) and BiFeO3 (BFO), have experienced significant progress in the last 20 years. BNT is one of the most important
lead-free piezoelectric ceramics. [60,61] Pure BNT shows a depolarization temperature (T4: about 190 °C), moderate piezoelectric
coefficients (ds3: about 55-65 pC N1 and large ferroelectric remnant polarization (about 30 pC cm™2). However, BNT requires high
processing temperatures, and is difficult to be poled due to the high electric conductivity.[62] MPB engineering and other materials’
doping have been utilized to manipulate the piezoelectric properties and Curie point of BNT-based ceramics. For example, BNT doped
with BaTiO3 and KNN (91BNT-6BT-3KNN) in the MPB region of rhombohedral/tetragonal phase exhibited a ds3 of 181 pC N-L[63]

Compared to ceramic materials, single crystals in the absence of grain boundary can exhibit more pronounced piezoelectric
properties. Relaxor-based ferroelectric single crystals with polar nano regions (PNRs) and a partially disordered structure, are
important piezoelectric single crystal materials. Lead magnesium niobate (PMN), firstly developed in 1961, is one typical relaxor-
based ferroelectric material. PMN shows a high dielectric constant and diffuse phase transition with a broad peak of maximum
dielectric constant at Curie point. Similar to PZT-based system, MPB can also be engineered in relaxor-based ferroelectrics to enhance
piezoelectricity. Combined MPB engineering and the exceptional performance of single crystals, relaxor-PT-based crystals such as Pb
(Mg1,3Nbg,3)03-PbTiO3 (PMN-PT) and Pb(Zn;/3Nb,,3)03-PT (PZN-PT), have reported a piezoelectric coefficient d33 of 1000-3000
pC N1 [64,65], high electric field induced strain (about 1.7) and electromechanical coupling factor (k33: > 0.9) [64]. Table 2
summarizes the key piezoelectric parameters of typical single crystal materials. The main research areas involve enhancing the
piezoelectric coefficient, electromechanical coupling factor as well as increasing Curie transition (T.) temperature to fulfill high-
temperature applications.

Apart from classic perovskite- and bismuth layer-structured piezoelectric material, a limited number of 2D materials with layered
structure have been reported to exhibit piezoelectricity. As such they are emerged as promising candidates in piezocatalysis.[71] The
2D piezoelectric materials can be categorized into homoatomic systems, e.g., graphene, phosphorene, and heteroatomic systems, e.g.,
hexagonal boron nitride (h-BN) and transition-metal dichalcogenides (TMDCs).[72] Due to the restrained in-plane polarization, these
2D-layered materials share the common characteristics of a small ds3 (out-of-plane piezoelectricity) and a modest d3; (in-plane to out-
of-plane). Recently, it has been found that both out-of-plane and in-plane piezoelectricity can be enhanced based on the construction of
Janus 2D structures, e.g., MM'XX’ (M, M’ = Ga, In; X, X’ = S, Se, Te).[73] Compared with bulk materials, most atoms belong to the
surface for 2D materials, revealing the non-negligible impact of surface modifications on the physical properties, including piezo-
electricity. Furthermore, the finite number of atoms in 2D-layered materials is conducive to theoretical simulations, which is critical
for the predication of piezoelectricity of designated 2D materials.[74]

In addition to the progress achieved in inorganic oxides, polymer-based piezoelectric materials have also experienced significant
advances since the pioneering work of demonstrating the piezoelectricity and ferroelectricity of poly(vinylidene fluoride) (PVDF) in
1969 and 1978, respectively. [75,76] The intrinsic flexibility and low density make piezoelectric polymers highly useful for appli-
cations in flexible electronic devices including sensors, biomedical and energy harvesting devices. Moreover, piezoelectric polymers
display much higher piezoelectric voltage constant (e.g., gs3 of PVDF: 286.7 x10-3 Vm N 1), which renders them suitable for sensing
applications. [77] However, compared to inorganic oxides, piezoelectric polymers usually exhibit inferior piezoelectricity (d3s: usually
below 30 pC N™!) arising from their low degree of crystallization and low polarization.

From the perspective of crystallization, piezoelectric polymers can be simply divided into semicrystalline and non-crystalline
polymers. Semicrystalline piezoelectric polymers include PVDF families, polyurea, odd-numbered nylons and biopolymers
(collagen, polypeptides, polyglycolide, polylactide and so on). The most characteristic semi-crystalline piezoelectric polymers are
undoubtedly PVDF-based families including PVDF, its copolymers with trifluoroethylene (P(VDF-TrFE)) or hexafluoropropylene (P
(VDF-HFP)), PVDF-TrFE-based terpolymers with chlorofluoroethylene (P(VDF-TrFE-CFE)) or chlorotrifluoroethylene (P(VDF-TrFE-
CTFE)), and PVDF-TrFE-CFE-based tetrapolymer with fluorinated alkyne (P(VDF-TrFE-CFE-FA)) (Fig. 3a). PVDF homopolymer has
four main phases, a-, p-, y- and 8-phase, which arises from different chain conformation of trans-gauche (TGTG’), all-trans (TTT) with
parallel adjacent chain packing, a mixture of trans-gauche and all-trans (TTTGTTTG’) and TTT with anti-parallel adjacent chain
packing. Fig. 3b shows the crystal structure and dipole moment of different phases of PVDF. The crystallization of PVDF is strongly

Table 2
Key piezoelectric parameters of mainly used single crystals.
Materials Compositions Piezoelectric charge Electromechanical Dielectric Curie transition Ref
coefficient dzs (pC N™1) coupling factor k3 constant &, temperature (°C)
a-Quartz SiO, 2 - 4.5 - [54]
LN LiNbO3 49 0.47 39 1140 [66]
Rochelle NaKC4H406-4H20 100 - 30 20 [55]
salt
PMN-PT Pb(Mg; ,3Nby,3)03-PbTiO3 1780 0.94 6000 143 [67,68]
PMN-PZT Pb(Mg1,3Nby,3)03- 1530 0.93 5000 216 [69]
PbZrO3-PbTiO3
PZN-PT Pb(Zn; 5Nb,,5)05-PbTiO; 2500 0.94 5000 170 [64,65]
PIN-PMN-  Pb(IngsNbys)Os-Pb(Mg;,  1000-3000 0.90 3000-5000 160-170 [70]
PT 3Nby,5)03-PbTiO;
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dependent on the processing condition (Fig. 3c). Cooled from melt or less polar solvent leads to the formation of a-phase which is non-
polar and most thermodynamically favorable. §-phase with TTT chain conformation shows the highest polarity arising from a high
dipole moment of 7.0 x1073°C e m (~2.1 Debye), and usually transformed from the as-crystallized a-phase via post treatment such as
solid-state drawing at 50-100 °C with a draw ratio of 3-5 and poling at high electric field ( ~ 500 kV mm™1). Poling at low electric field
(~150 kV mm™!) transforms o-phase to its polar version, 5-phase, which also shows chain conformation of trans-gauche but with
parallel adjacent chain packing leading to a existence of dipole moment.[78] Another method, pressing-folding (P&F), has been re-
ported to achieve almost pure -phase (Fig. 3d). [53,79] Specifically, an original film was initially folded before pressed and annealed
at high pressure (120 MPa) and temperatures around the melting point of PVDF (160-170 °C). The non-polar a-PVDF almost fully
transformed to B-PVDF after only seven P&F cycles, which is highly effective compared to conventional solid-state drawing. 3-PVDF

shows an average |ds3| of 20-30 pC N~1,[80] and the highest value (—62 pC N~!) was reported in a fully polarized (650 kV mm ! for
40 cycles) biaxially-oriented PVDF film.[81]
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Fig. 3. (a) Polymer chains of PVDF homopolymer, P(VDF-TrFE) copolymer, P(VDF-TrFE-CFE) terpolymer and P(VDF-TrFE-CFE-FA) tetrapolymer
(reproduced from [82], with the permission of American Association for the Advancement of Science). (b) The chain conformation and crystal-
lographic structure of PVDF with different phases (reproduced from [53], with the permission of Nature Portfolio). (c) The processing routes and
phase transitions of PVDF (reproduced from [75,83], with the permission of American Association for the Advancement of Science and Nature
Portfolio). (d) The schematic description of pressing-folding (P&F) process (reproduced from [79], with the permission of Elsevier).
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To perfectly tackle the indirect p-crystallization of PVDF homopolymer, P(VDF-TrFE) were designed and synthesized. Fig. 4a shows
the phase diagram of P(VDF-TrFE),[84] where the incorporation of TrFE monomers (TrFE: < 40 mol%; VDF: > 60 mol%) restricts the
formation of gauche bond and stabilizes the all-trans chain conformation regardless of processing conditions. P(VDF-TrFE) with VDF-
rich compositions shows a higher degree of crystallinity and a slightly higher average value of |ds3| (30-40 pC N~1). [80,85] Liu et al.
proposed the existence of similar MPB phenomena in P(VDF-TrFE) (Fig. 4b-i).[86] Compared to all-trans B-phase in VDF-rich
copolymer, P(VDF-TrFE) with VDF content in the range of 49-55 mol% shows a mixture of all-trans and paraelectric-like disor-
dered 3/1 helical phase with (TG)3 conformation, which is mainly ascribed to the preferred isotactic instead of syndiotactic config-
uration of TrFE-TrFE segment. Correspondingly, P(VDF-TrFE) with VDF compositions of 49-55 mol% exhibit a high &, (~ 18 at 1 kHz),
large ds3 (~ —66 pC N™1) and mixed behavior of normal ferroelectricity and relaxor-ferroelectricity compared to VDF-rich (normal
ferroelectricity; e;: 10-12 at 1 kHz; d33: ~—30 pC N1 and VDF-poor compositions (relaxor-ferroelectricity; &: 14-16 at 1 kHz; d33:
~—6 pC N™1). This phenomenon is highly analogous to inorganic PMN-PT system. PMN-PT with PMN-rich compositions is rhom-
bohedral with relaxor-ferroelectricity, whereas PT-rich compositions are tetragonal with normal ferroelectricity.[87]

P(VDEF-HFP) is similar to PVDF in terms of structure and electromechanical properties, which also shows structural transformation
from a- to B-phase under solid-state drawing or poling.[88] The introduction of large HFP monomer (~4-12 mol%) decreases the
degree of crystallinity, which endows P(VDF-HFP) improved flexibility compared to PVDF. Moreover, P(VDF-HFP) exhibits remark-
able processibility and is suitable to be processed using melt extrusion for large-scale commercial applications.[89]

As documented above, inorganic relaxor-ferroelectrics exhibit PNRs instead of large ferroelectric domains due to the nanoscale
inhomogeneous polarization arising from chemical disorder. Analogously, adding another bulky monomer (about 9-10 mol%[90]) in
PVDF-TrFE such as chlorofluoroethylene (CFE) or chlorotrifluoroethylene (CTFE) can induce relaxor behavior in terpolymers of P
(VDF-TrFE-CFE) or P(VDF-TrFE-CTFE).[91] Fig. 5a and 5b show the ferroelectric polarization-electric field (P-E) hysteresis loops
and current-electric field (I-E) loops of P(VDF-TrFE-CFE) 59/33/8, P(VDF-TrFE-CTFE) 64.2/27.1/8.7 and P(VDF-TrFE) 75/25.[92] P
(VDF-TrFE) exhibits normal ferroelectricity with a high coercive field and large remnant polarization, whereas P(VDF-TrFE-CFE)
shows complicated switching current loops arising from antiferroelectric like behavior (double hysteresis loop) and relaxor-
ferroelectricity (coercive field close to zero). Terpolymers show much higher dielectric permittivity (e.: ~ 50; loss tangent: ~0.1 at
1 kHz) and lower remnant polarization (~0.01 C m?) compared to both PVDF and PVDF-TrFE (¢;: ~ 10-20; loss tangent: ~0.02-0.05
at 1 kHz; remnant polarization: ~0.06-0.10 C m~2).[93] The relaxor behavior of terpolymers is interpretated as follows. Zhang et al.
proposed that bulky monomers of CTFE and CFE can be seen as defects introduced in molecular structures, which breaks up the long-
range order and is reminiscent of pinning effect observed in inorganic relaxors stabilizing trans-gauche conformation for non-polar
phase (Fig. 5¢). [91,94] Moreover, the energy barrier required for the transformation between non-polar and polar phases is dimin-
ished or even eliminated due to the pinning effect. The pinning effect in terpolymers such as P(VDF-TrFE-CFE) 59.2/33.6/7.2 is termed
‘temporary physical pinning’, which leads to complex switching current peaks and double hysteresis P-E loops (Fig. 5b). Dipoles switch
at high electric field, and P(VDF-TrFE-CFE) exhibits reversible phase transition between paraelectric relaxor and polar phases upon
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Fig. 4. (a) The phase diagram of P(VDF-TrFE) (reproduced from [84], with the permission of Elsevier). A similar behavior of MPB existed in P(VDF-
TrFE) (reproduced from [86], with the permission of Springer Nature): (b) The chain tacticity in P(VDF-TrFE); (c) the tacticity of TrFE-TrFE as a
function of VDF content, where rr, mm and rm + mr demonstrate syndiotactic, isotactic and heterotactic chain configurations, respectively; (d) the
lattice spacing as a function of VDF content; (e) FTIR bands at 1290 cm ™ (all-trans conformation) and 507 cm ' (3/1 helix conformation); (f) XRD
patterns of P(VDF-TrFE) with different molar ratios; (g) the absolute values of ds3 and (h) the dielectric constant (1 kHz, room temperature) as a
function of VDF content; and (i) the ferroelectric hysteresis loops (triangular waveform, 1 Hz, room temperature) of P(VDF-TrFE) with molar
contents of 65/35, 50/50 and 45/55, respectively.
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Fig. 5. (a) The ferroelectric P-E and (b) I-E loops of P(VDF-TrFE-CFE) 59/33/8, P(VDF-TrFE-CTFE) 64.2/27.1/8.7 and P(VDF-TrFE) 75/25
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the permission of Elsevier). (d) The schematic diagram illustrating the interaction between crystalline and amorphous regions of P(VDF-TrFE) and P
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this article.)

loading and unloading electric field. The pinning effect in e-beam irradiated P(VDF-TrFE) 50/50 is termed ‘chemical pinning’, which
contributes to an expansion of interchain distance and permanently pins polymer chains due to internally crosslinked crystals. Zhu
et al. determined that the nanoconfinement effect arising from the interaction between crystallites and amorphous region also con-
tributes to relaxor behavior in terpolymers (Fig. 5d). [94,95] Wang et al. suggested that chain chirality owing to the local distortion of
the torsional angles of gauche bonds generates conformation disorder, thereby relaxor behavior in polymers.[96]

An exciting breakthrough has been accomplished in tetrapolymer of PVDF-TrFE-CFE-FA (composition: 63/29.7/5.4/1.9), [93,97]
which shows dramatically improved piezoelectric properties (kss: 80%, ds3: —1050 pm v~! at 40 kv mm 1) that outperforms PZT
ceramics. This exceptional electromechanical performance is attributed to the restricted energy barrier for the transformation between
all-trans to 3/1 helical chain conformations due to the small size and less steric constraints of FA monomers (Fig. 6).

Other semicrystalline piezoelectric polymers include but not limited to odd-numbered nylons (polyamide), aliphatic and aromatic
polyurea. Odd-numbered nylons are composed of even numbers of methylene groups (-CH»-) connected by amide group (NH-CO) with
a dipole moment of 3.7 Deybe, and are promising for high temperature applications (up to 200 °C). For example, nylon-11 shows a
thermally stale ds; of 14 pC N~1.[98] Polyurea is an important engineering thermoset elastomer due to excellent chemical, thermal and
water resistance. Polyurea consists of urea linkages [-NH(C=0)NH], and is expected to show piezoelectricity and ferroelectricity due to
the large dipole moment of urea bond (4.9 Deybe). Aliphatic polyurea-5 synthesized via vapor deposition polymerization exhibited a
ds1 and e3; of 4 pC N~ and 10 mC m™2, respectively.[99] Aromatic polyurea shows similar piezoelectric constant (e: 15 mC m™~2) with
good thermal stability even up to 200 °C. [100]

Amorphous piezoelectric polymers have been less studied compared to semicrystalline ones due to their weak piezoelectric
properties. The piezoelectricity of amorphous polymers is attributed to the partial retention of orientation polarization, which is
achieved by initially poling (Ep) at high temperatures above glass transition temperature (T, > T), then lowering T, below Ty in the
presence of Ej,. Therefore, the induced polarization of amorphous piezoelectric polymers is in a quasi-stable state instead of thermal
equilibrium due to the freezing-in molecular dipoles below T,. The characteristic features of several amorphous piezoelectric poly-
mers, poly acrylonitrile (PAN), poly(vinylidene cyanide-vinyl acetate) (PVDCN-VAc), poly(phenyl ether nitrile) (PPEN) and nitrile
substituted (8-CN) 4,4’ oxydiphthalic anhydride (ODPA) dianhydride and bisaminophenoxybenzene (APB) diamine based polyimides
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Fig. 6. (a) The schematic diagram of chemical structure of VDF, TrFE, CFE and FA monomers. (b) Strain at bias fields of 30 and 40 MV/m, and 1 Hz.
() Electrostriction coefficient | Qs3] as a function of applied electric field for terpolymer and stretched tetrapolymer. (d) A list of k33 for commercial
P(VDE-TrFE) film, P(VDF-TrFE) single crystal, MPB engineered P(VDF-TrFE), PZT ceramics and stretched P(VDF-TrFE-CFE-FA) tetrapolymer at bias
field of 40 MV/m. The dependence of electric fields on the XRD patterns of (e) terpolymer and (f) stretched tetrapolymer films (s-Tetrapolymer).
Reproduced from [97], with the permission of American Association for the Advancement of Science.

Table 3
Characteristic features of typical amorphous piezoelectric polymers.
Polymer Chemical structure Ty u N ds; k31 € Ref
Q) (Debye) (10 m™) (PCN
PAN C=N 920 3.4 1.48 2 0.01 38 [101]
+CHz_ﬁ n
PVDCN-VAc " TE" W 170 4.5 0.44 10 0.05 3 [102]
CZ—C—CQ—E
(I:EN (|) n
o ¢é-—-cn,
PPEN C=N 145 4.2 0.37 - - 5 [103]
Mo
n
(B-CN) APB/ODPA c=N o o 220 8.8 0.14 - - 4 [104]
o
o o N N
0
PVDF comparison F -35 2.1 18.4 25-30 0.078 10 [105]

Tg: glass transition temperature; u: dipole moment; N: dipole concentration (number of dipoles per unit volume); ds;: piezoelectric strain constant;
ks1: electromechanical coupling coefficient; ¢: measured at room temperature and 1 kHz.
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((B-CN) APB/ODPA), are summarized in Table 3.

The dipoles in Table 3 of amorphous piezoelectric polymers are typically reliant on polymer backbones but can also be found in
polymer mainchains such as the anhydride units in (3-CN) APB/ODPA. Both the dipole moment (x) and dipole concentration (N)
determine the polarization (P), P = Nu. These amorphous piezoelectric polymers show higher u, however, their much lower values of N
result in smaller polarization compared to PVDF. A need of high temperature piezoelectric applications motivates the studies of
amorphous piezoelectric polymers especially the ones with high T, for example, (3-CN) APB/ODPA can maintain its piezoelectricity at
temperature even up to 150 °C.[104]

3. Mechanism

Currently, there are two mainstream theories to elaborate the mechanism of piezocatalysis: energy band theory and screening
charge effect.[39] For energy band theory, the intrinsic energy band levels, namely conduction bands (CB) and valence bands (VB),
determine the catalytic behavior of specific chemical reactions. Thus, the piezopotential acts as the driving force to tilt the band levels,
endowing the energy of electrons/holes with the ability to participate in redox reactions. In comparison, screening charge effect points
out the major role of external screening charges in the catalytic behavior. Here piezopotential directly determines the reactivity of
materials, which should be equal to or greater than the Gibbs free energy change of the reaction. Despite the fact that both theories
have been reasonable in explaining the piezocatalytic effect in classic reactions, such as water oxidation and dye degradation, different
focuses have been addressed in regulating the reaction process or optimizing the catalytic efficiency. In the following section, we will
explore the theory behind the two mechanisms and look into the difference between them.

3.1. Energy band theory

In energy band theory, the change of polarization state endows piezoelectric materials with the ability of band structure modu-
lation, further enhancing the redox ability. As a result, a built-in electric field will be established when the piezopotential is generated
under mechanic stimuli, changing the energy of charge carriers and further tilting the energy bands. In detail, electrons from the CB of
the piezoelectric material will flow to participate the reduction reaction, while holes from the VB of the material will flow to the other
end when the oxidation reaction takes place. Fig. 7 shows a schematic description of piezocatalytic formation of -O3 and -OH based on
the theory of energy band. A piezoelectric material is initially thermodynamically unfavorable for the reduction of Oy and the
oxidation of HyO due to the mismatch of energy band structure (Ecg is less negative compared to the redox potential of Oy/-O3, Eyp is
less positive compared to the redox potential of HyO/-OH). However, the energy band is significantly titled due to the presence of
piezopotential (pp) when the piezoelectric material is subjected to mechanical strain, which shifts the positions of energy band towards
the potentials of redox reactions.

In terms of the free charge carriers involved in piezocatalysis, whether the source arises from the mechanical excitation or the
intrinsic lattice structure is still in debate.[106] It has been proposed that the mechanical force, e.g. ultrasound, can directly excite the
electrons from the VB to the CB based on the collapse of cavitation bubbles under ultrahigh pressure (up to 10° Pa) at the interface
between the material and solution.[107] Apart from the direct approach, an indirect way to generate electron-hole pairs could take
place as well, which results from the ‘hot spot’ (~5000 °C) introduced by the thermal disturbance of collapsed cavitation bubbles.
[108] In addition to the possibility of electron-hole pairs generated during the process of piezocatalysis, the free charge carriers
derived from defects are worthy of remark when investigating the origin of electrons and holes in piezocatalysis.[108] For instance,
anion defects in the lattice of transitional-metal oxides, e.g. oxygen and sulfur vacancies, are commonly introduced to produce more
electrons considering the internal charge balance. Hence, defect engineering has drawn increasing intention to enhance the piezo-
catalytic performance.[109] In sum, in order to clarify the contribution of external/internal source of free charge carriers, the cor-
relation between required mechanical energy to excite electrons and intrinsic band structure of the material should be determined both
experimentally and theoretically in the future.

A simplified model has been established to demonstrate the piezocatalytic process. A strained piezoelectric material can be
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Fig. 7. A schematic illustration of the energy band theory of piezocatalytic mechanism using the redox reactions of Oy + e —-O3 and HyO +
h*—-OH + H*, where Ecg and Eyp are the positions of CB and VB, respectively, E; and ¢p are energy band gap and piezopotential, respectively.
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considered as a charged capacitor. Supposing that a strained piezoelectric material is immersed in an aqueous solution with finite
polarizability and conductivity, its piezopotential-induced surface charge (AQp) can be depleted through two pathways: Faradic (Ip)
current and capacitive current (I. = dC4qVy/dt, in which C4q and V4 are capacitance and voltage drop across the double layer,
respectively). As a result, AQ, can be represented using the following formula:

AQ, = /Ifdl‘ + CaVy (10)

Among the two pathways, the capacitive current is responsible for forming double layers in the vicinity of piezoelectric surfaces to
screen surface charges, while the Faradic current is responsible for the transfer of charge from the piezoelectric surface to the solution
and may initiate chemical reactions. It should be noted that this model shows the surface charge transfer dynamics in a single straining
cycle and the piezopotential induced charges is immediately depleted by the capacitive and Faradic currents.

Considering that most piezoelectric materials are not perfect insulators, it should be noted that the built-in electric field can drive
the mobile charges to accumulate in the opposite surfaces and screen the energy band tilting. Therefore, an alternating source of
mechanical stimuli (e.g., ultrasound) is favorable to prevent the accumulation of mobile charges on the opposite sides. To date, the
most common form of stimulation has been ultrasound. There is increasing evidence that there is a coupling of sonocatalysis associated
with the enhancement of piezocatalysis. This explains why ultrasound remains the most commonly investigated external energy source
to trigger the piezocatalytic process. There is a disadvantage with using ultrasound where recombination of mobile carriers limits the
number of species able to perform chemistry, limiting piezocatalytic efficiency. Therefore, enough strain is essential to enable
piezoelectric materials to drive a chemical transformation. Essentially, an optimal balance should be achieved between the frequency
of ultrasound and the holding time of each strain cycle to drive the piezocatalytic process as efficiently as possible.

3.2. Screening charge effect

In contrast to the energy band theory, the mechanism of screening charge highlights the importance of surface screening charge in
the participation of piezocatalytic process, rather than internal charge carriers. As mentioned above, the mechanically coupled piezo-
induced internal electric field induces different electrical properties at surfaces. This is closely linked with the screening phenomenon
of charges from any external system. The screening charge model of the piezocatalytic process was demonstrated based on the gen-
eration of reactive oxygen species (ROS) using BaTiOs.[110] In the virgin state (Fig. 8a), surface bound charges are balanced by
screening charges ensuring a neutral electrostatic state of the material. During the application of an external mechanical stress, the
concentration of bound charge will change and there will be an associated movement of screening charges at the surface. Charges can
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Fig. 8. The schematic description of the screening charge effect of piezocatalytic mechanism, where the orange and blue circles represent surface
and bound charges, respectively, and P represents the polarization (reproduced from[110], with the permission of Nature Portfolio): (a) the initial
state of the electrostatic balance of an as-polarized piezoelectric material; (b) the release of screening charges to generate the reactive oxygen
radicals when the material is subjected to a compressive strain; (c) the state of a new electrostatic balance after the minimization of bound charges;
(d) the adsorption of charges from the electrolyte when the compressive strain is reduced. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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leave the surface and react with local species such as water to produce ROS, e.g., -OH and -O3 (Fig. 8b). Before a new electrostatic
balance is achieved, the screening charges will be continuously modified until the strain reaches the maximum level (Fig. 8c).
Correspondingly, when the polarization is enhanced under stress, the bound charge density will increase with more screening charges
adsorbed to the surface. Simultaneously, the charge carriers with opposed polarity will take part in the generation of ROS, e.g., -OH and
-03 (Fig. 8d). A piezoelectric material will continuously catalyze the redox reactions in terms of the release and adsorption of screening
charges, utilizing the piezoelectrically driven potential as the driving force while there is an oscillating mechanical force.

The surface screening charge density is also demonstrated to be proportional to the piezoelectrically driven potential. The following
formula was proposed to claim the relationship between screening charge density (o5) and polarization (P) based on a model of ZnO-
electrode:

d*P

= &(8 +52)+d an

Os

where d is the thickness of the materials, ¢, is the relative permittivity, §; and &, are the thicknesses of the screening charge layers of the
two electrodes. It shows that a large polarization will lead to a higher screening charge density, which enables more charges to
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Fig. 9. (a) The hydrogen evolution rate of BiFeO3 nanosheets at different ultrasonication frequencies, highlighting the enhancement arising from
resonant frequency (reproduced from [111], with the permission of Wiley). (b) The degradation of RhB using Zr-rich PZT doped with BFO under
stirring at 300 rpm, and (c) the proposed mechanism (reproduced from [112], with the permission of Elsevier). (d) The preparation of MoS,
deposited knitted textiles, and (e) the stress distribution in a planar fabric upon the application of a biaxial load (reproduced from [24], with the
permission of Royal Society of Chemistry). The schematic illustration of the working mechanism of catalytic activity of ZnO nanowires/CFs: (f)
pristine state, (g) the transition of electrons from VB to CB under illumination, (h) the generation of piezopotential under the application of periodic
force and (i) the formation of hydroxyl radicals for the oxidization of organic dye; (j) the morphology of ZnO nanowires/CFs and (k) the simulated
piezopotential of ZnO nanowires (reproduced from [114], with the permission of Elsevier). (1) The piezopotential of PZT cantilever in different
environment, and (m) the proposed mechanism for the piezocatalytic water splitting using PZT cantilever (reproduced from [115], with the
permission of Wiley).
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participate in the redox reactions in the catalytic process. Compared with bulk materials, the value of potential generated in piezo-
electric nanoparticles is still a significant challenge. It is desirable to optimize the polar structure of piezoelectric materials to enhance
piezocatalytic efficiency.

Overall, the theory of screening charge effect highlights the role of piezopotential and screening behavior during the piezocatalysis.
Piezoelectrically driven potential acts as the main driving force of the cyclic release and adsorption of external charges, which
participate in the redox reactions. The magnitude of pizopotential not only determines the possibility of catalyzing a specific reaction,
but also correlates with the screening charge density of the material, which is positively linked with the catalytic efficiency. Apart from
the structure and properties of the catalyst, all the substances in the environment (e.g., aqueous solution) can have an impact on the
catalytic process, which is usually overlooked in the theory of energy band.

3.3. Effect of different mechanical stimulation methods

The mechanical energy used to stimulate piezocatalysis can be roughly divided into high-frequency ultrasonication, low-frequency
shear force, mechanical bending etc. The predominant method employed to induce the efficient deformation and periodic external
strain on piezoelectric materials is ultrasonic irradiation, which is attributed to the intense pressure (up to 10% Pa) created by the
collapse of cavitation bubbles. By manipulating the power and frequency of ultrasonication, the strength of mechanical stress can be
readily modulated to optimize the piezocatalytic reaction. Considering the parameter of frequency, piezoelectric materials usually
exhibit a maximum amplitude of vibration at the resonant frequency. BiFeO3 nanosheets have been reported to show a piezocatalytic
hydrogen evolution (124.1 pmol g~*h™!) at an ultrasonic frequency of 45 kHz (Fig. 9a), being much higher compared to the hydrogen
generation at vibration frequencies of 28 kHz (20.4 pmol g~*h™!) and 100 kHz (8.3 pmol g~*h™1).[111] The enhancement of pie-
zocatalytic performance is closely related to the resonant frequency (f;) of BiFeO3 nanosheets, which was calculated to be 46.5 kHz
according to Equation (12),

w1 1 D
f’:E{EJFW} » (12)
Eel?
P - 4

where L, W, D and p represent the length (380 nm), width (380 nm), bending rigidity and density (8344 kg m>) of BiFeO3 nanosheets,
respectively. D was further determined using Equation (13), where h, E and v are the thickness (20 nm), Yong’s modulus (51 GPa) and
Poisson ratio (0.33) of materials, respectively.

The practical implementation of ultrasonication stimulated piezocatalysis in industrial settings is hindered by its high energy input.
Therefore, it is crucial to explore alternative mechanical stress, e.g., shear force induced by mechanical stirring, to achieve specific
piezocatalytic reactions. Unlike ultrasonic vibration, the shear-induced pressure lacks the strength required to trigger significant
potential in piezoelectric materials, which demands the amplification of water striking force to attain the threshold for specific re-
actions such as generating radicals. Feng et al. doped the Zr-rich PZT with bismuth ferrite (BFO) to induce free charges in PZT mi-
crospheres, and the produced materials can degrade 80% of RhB under stirring (300 rpm) at 20 °C in dark (Fig. 9b and 9c¢).[112]
Designing porous materials has been proved to be a viable approach towards accomplishing this objective. For example, Shi et al.
fabricated MoS; nanoflakes deposited knitted fabrics, which showed a RhB degradation efficiency of 97.3% under a gentle vibration of
an orbital shaker (240 rpm) for only 30 min (Fig. 9d).[24] This excellent performance is largely ascribed to the abundant sites of stress
concentration arising from the inherent curved and mesoporous structures of knitted fabric (Fig. 9¢). Similarly, the three-dimensional
porous structured Ni foam was used as substrates to vertically grow ZnO nanorod arrays, and the prepared hybrid system showed
enhanced piezoelectric response even subjected to flow turbulences.[113]

Periodic mechanical bending or sliding has also been designed for piezocatalysis, which requires a special design of catalytic
system. For example, Xue et al. produced carbon fibers (CFs) coated with vertically aligned ZnO nanowires (ZnO nanowires/CFs),
which were then woven to make a multi-fibers device (Fig. 9f-j).[114] Upon the application of periodical force, ZnO nanowires un-
derwent radical extrusion and moved against with each other when the CFs were aligned. Mechanical pulling one of the CFs led to the
bending of ZnO nanowires, which generates a piezoelectric field to facilitate the migration of electron-hole pairs (Fig. 9k). Starr et al.
designed a PMN-PT cantilever for piezocatalytic electrochemical Hy production.[115] The cantilever underwent an oscillation at a
constant frequency and amplitude. When the cantilever was connected to a circuit, a peak voltage of 10 V was detected during the
mechanical oscillation of cantilever, which served as a periodic bias voltage to trigger the electrochemical reactions (Fig. 91 and 9 m).
The evolution rate of Hy was governed by the frequency and amplitude of oscillation, and the output of Hy per oscillation showed a
non-linear relationship with piezopotential.

3.4. Comparison to sonolysis, sonocatalysis

Sonolysis or sonochemical process uses ultrasound waves (without the presence of a catalyst) to decompose molecules in various
solutions. It is an important technique to promote advanced oxidation processes (AOP).[116] The range of used ultrasound waves is
20-1000 kHz, which enables the splitting of water into numerous ROS such as -OH, -H and -HO». Micro-sized cavitation bubbles form,

grow and finally collapse within a few microseconds in sonolysis. The amount of energy released at the moment of the collapse of
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bubbles enables the reaction with target molecules. These can occur at three-zones from interior to exterior: (1) hot-spot zone, (2)
bubble-liquid interface and (3) bulk liquid. [117] Because of the conditions such as elevated temperature (~5000-10,000 K) and
pressure (~1000 atm), hot-spot zone can decompose volatile components and hydrophobic molecules using pyrolysis reaction.
Moreover, ROS are generated in hot-spot zone and participate into the sonochemical reaction with molecules, which continues at the
bubble-liquid interface (temperature: ~2000 K; pressure: ~1.0 atm). The rate of reaction at the interface is higher compared to the
exterior zone of bulk liquid (temperature: ~300 K; pressure: ~1.0 atm) due to the enhanced mass transfer driven by more collision/
interaction between radicals and molecules. The molecules can also be thermally decomposed at the interface of bubble-liquid owing
to high temperature. The as-formed ROS tend to drift from the interface into the solution, which leads to a restrained sonochemical
reaction in the zone of bulk liquid. The degradation of target molecules using sonolysis initiates at the hot-spot zone under the
combined reaction of pyrolysis and the formed ROS due to the collapse of cavitation bubbles. However, sonolysis with ultrasound
alone cannot effectively decompose hydrophilic toxins, which mainly arises from the formation of hazardous intermediates and the
energy loss due to thermal dissipation.[118]

As a result, sonocatalysis with the additional application of catalysts (e.g., semiconductors) has been demonstrated to be an
effective strategy to boost the degradation of toxic molecules. Three approaches have been used to elucidate the mechanism of
sonocatalysis: heterogenous nucleation, photocatalysis and thermal catalysis.[118] The first mechanism of heterogenous nucleation
describes that the solid particles of catalysts offer nucleation sites for the generation of acoustic cavitation bubbles. This is preferred
compared to the homogenous nucleation on gas voids formed due to the thermal fluctuation of bulk solution in sonolysis. The second
photocatalytic mechanism relates to emitted sonoluminescence due to the collapse of cavitation bubbles, of which the range of
wavelength and intensity are calculated to be 200-700 nm and 0.098 W. For a typical sonocatalytic system, the light from sonolu-
minescence shows greater energy compared to the semiconductor’s band gap. This can trigger the generation of electron-hole pairs and
further formation of ROS such as -O3 and -OH at CB and VB. This is identical to the proposed mechanism of the photocatalysis of
semiconductors. Lastly, the thermal catalytic mechanism arises from local elevated temperatures of the collapse of cavitation bubbles,
which can also excite the semiconductor to form electron-hole pairs. The dominant mechanism is uncertain with respect to the photo-
or thermal catalysis due to the high similarity and the difficult quantitative evaluation of these two processes. Accordingly, the for-
mation of electron-hole pairs can be incorporated as a combined mechanism of photo-thermal-catalysis.

To strengthen the understanding of piezocatalytic mechanism, a comparison with sonolysis and sonocatalysis is summarized in
Fig. 10. All the three types of catalysis share the similarity of producing ROS. The main difference of piezocatalysis is the dominant role
of piezo-induced potential, which regulates the energy band structure and changes the density of surface charges of materials. During a
process of piezocatalysis (average frequency: ~40 kHz), the influence of sonolysis is minor as confirmed by a generally weak
degradation level of organic dyes (~10%), and more details are described in Section 6.1.1. Moreover, piezocatalysis driven by gentle
forces is desirable and attractive in practical applications of large-scale environmental remediation. For example, a self-powered
water-flow driven piezocatalytic reactor built on singe- and few odd-layered MoS, showed effective degradation of benzothiazole
with an efficiency of 94.8% in a short time (~ 2.5 min).[119] A piezocatalytic device of CuuO@MoS,/PVDF pipeline exhibits excellent
degradation of norfloxacin at a flow rate of 1.398 L min™", and the degradation efficiency reached 99.3% in 40 min. [120]

3.5. Coupling with other catalytic technologies

The coupling of piezocatalysis with other catalytic techniques and a general description of pyrocatalysis are described in this
session, which involves photocatalysis, electrocatalysis and tribocatalysis. Fig. 11 shows the schematic illustration of the mechanism of
five catalytic technologies, where photocatalysis relies on the light to generate electron-hole pairs. The coupling of piezoelectric effect
with photocatalysis, termed as piezo-photocatalysis, has been described in the section of Introduction. The migration of carriers within
the region of space charge is regulated by the piezopotential induced built-in electric field, which in turn exerts an influence on the
redox kinetics occurring at the interface of metal/semiconductor contacts and semiconductor/semiconductor heterojunctions.

Despite sharing the common feature of accelerating electrochemical reactions in terms of facilitating charge transfer, piezocatalysis

Type of catalysis Mechanism Outcome
Tuning energy band via piezopotential Generating
Piezocatalysis --» e electric
Regulating surface charges by piezopotential potential
Forming
Sonolysis e Acoustic cavitation bubbles > Rele'asmg reactive
< high oxygen
energy radicals
Lower the energy of forming bubbles .
s talvsis Forming
onocataly Exciting the semiconductor photocatalysts > = electron-
via sonoluminescence and/or heat hole pairs

Fig. 10. A comparison of piezocatalysis, sonolysis and sonocatalysis involving mechanism and catalytic outcome.
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Fig. 11. A schematic illustration of the mechanism of five catalytic technologies, photocatalysis, piezocatalysis, electrocatalysis, pyrocatalysis and
tribocatalysis (the mechanism of piezocatalysis was reproduced from [121], with the permission of American Chemical Society).

and electrocatalysis have their own benefits and drawbacks. One of the differences is that the electric field in electrocatalysis relies on
the external DC power supply, while the electric field in piezocatalysis relies on the piezoepotential generated by the material under
strain (Fig. 11). It should be noted that the applied mechanical strain sources are alternating in piezocatalysis and can lead to an
alternating electric field as well. Therefore, the free electrons and holes can undergo opposite migration when the internal electric field
is reversed, which may result in enhanced recombination of charge carriers and further deteriorate piezocatalytic efficiency. Elec-
trocatalysis suffers from low current efficiency and high operating costs. With the purpose of making best of the strengths of both
piezocatalysis and electrocatalysis, an electrocatalyst can be integrated with a piezocatalyst as power source. Feng et al. fabricated MoC
quantum dots (QDs) encapsulated in ultrathin N-doped graphene (NG) vesicles (MoC@NG) based on a solid-state thermolysis
approach.[122] When the composite is under mechanical stimulation, ultrathin NG layers can generate piezopotential to initiate
hydrogen evolution reaction (HER) on MoC QDs, while MoC QDs can act as an electrocatalyst to accept free electrons to decrease the
recombination of free charge carriers, and offer abundant highly-active sites. Finally, MoC@NG exhibits an enhanced H; evolution rate
0f 1.690 umol mg~'h ™!, which is higher compared to blank NG (0.469 umol mg "*h™1), MoxCy (0.377 pmol mg~'h~1) and mechanically
mixed sample, MoxCy/NG, with the same mass ratio (1.069 umol mg~1h™1) (Fig. 12a). It is indicated that optimized catalytic per-
formance results from the compound consisting of conductive MoC and piezoelectric NG. Moreover, piezocatalysis has been proved to
enhance performance of an electrocatalytic system. Liu et al. designed and prepared a piezo-electrocatalytic sensor using ZnO nanorods
and nanosheets to detect L-ascorbic acid (AA).[123] ZnO nanomaterials were synthesized on the ITO coated poly(ethylene tere-
phthalate) film (ITO-PET) substrate. In this way, the mechanical stimulation was applied in terms of controlling the bending curvature
of the substrate. The catalytic performance was evaluated based on the current change for different concentrations of AA. It can be seen
that the catalytic efficiency was enhanced only with the presence of both ZnO nanomaterials and substrate deformation. In contrast,
the catalytic behaviour was negligible in the absence of either ZnO or the deformation. As a result, the kinetic rate constant for the
catalytic process, k, increased by 4.72 times in 0.4% deformed ZnO nanorods, compared to the undeformed ones (from 0.00127 to
0.00727 pA pm'l) (Fig. 12b). Furthermore, k exhibited an increase as the strain increased for both ZnO nanorods and nanosheets
(Fig. 12¢). It reveals that larger strains could lead to a further increase of catalytic performance, which may benefit from the
enhancement of piezoelectric properties. To summarize, piezocatalysis and electrocatalysis can be complementary in some circum-
stances, and a comprehensive understanding of the synergistic mechanism of the two catalytic methods will expand their application
scenarios in the future.

In addition to piezocatalysis, tribocatalysis is another emerging strategy to facilitate chemical reactions by harvesting mechanical
energy. There are two potential mechanisms for tribocatalysis, namely electron transfer across atoms and electron transition.[127] For
the theory based on electron transfer across atoms, the electron transfer can be triggered by the friction between the material and the
surrounding environment, as illustrated in Fig. 11. Meanwhile, catalysts can participate in the next step of reaction after gaining or
losing electrons. This theory is normally applied to polymer-based materials considering their profound ability to acquire electrons by
friction. For the theory based on electron transition, mechanical energy plays the role of exciting electrons from the VB to the CB of the
catalyst, leaving holes in the VB and electrons in the CB. Next, the electrons and holes can react with molecules, e.g., water and oxygen
to produce free radicals. Tribocatalyic behaviour relies on the energy band structure of materials. This theory is normally applied to
semiconductor materials with distinct energy band structures. The differences between piezocatalysis and tribocatalysis have been
demonstrated based on experimental results. Li et al. reported the tribocatalytic behaviour of Bag 75Sr9.25TiO3 (BST) nanoparticles
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Fig. 12. Piezocatalysis coupling with other catalysis technologies: (a) A comparison of Hy production rate with different treatments (reproduced
from [122], with the permission of Elsevier). (b) The current changes of AA under 0.4% tensile strain in the presence of ZnO nanorods and strain,
ZnO nanorods only and strain only (reproduced from [123], with the permission of Wiley). (c) Comparison of reaction kinetic constants of reaction
with AA under different strain (0.2%, 0.4%, and 0.6%) (red: ZnO nanorods, blue: ZnO nanosheets) (reproduced from [123], with the permission of
Wiley). (d) The decomposition efficiency of RhB under magnetic with Rod I (an as-received PTFE rod), with Rod I and BST, and with Rod II (a
modified PTFE rod covered with two 1-mm thick rings of PVC electrical tape) and BST nanoparticles (reproduced from [124], with the permission of
Elsevier). (e) Schematic illustration of tribo-catalytisis induced by BST nanoparticles under magnetic stirring (reproduced from [124], with the
permission of Elsevier). (f) Comparison of reaction kinetic constants of RhB degradation using one PTFE bar and poled BZT at 2.5 kV mm?
(reproduced from [125], with the permission of Elsevier). (g) Schematic illustration of pyrocatalysis-driven H, production induced by surface
plasmon local heating of Au/BaTiO3 nanoparticles (reproduced from [26], with the permission of Nature Portfolio). (h) Temporal temperature curve
of Au/BaTiO3 nanoparticles for the interfacial system and bulk solution system (reproduced from [126], with the permission of American Chemical
Society). (i) Comparison of degradation curves of RhB as a function of time under different treatments (reproduced from [126], with the permission
of American Chemical Society). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

which were synthesized using wet-chemical method.[124] With the addition of BST, the decomposition efficiency of RhB was up to ~
99.0% after 12 h of continuous stirring, which is unexpectedly higher considering piezocatalysis only. Furthermore, the decomposition
efficiency of RhB was enhanced with four PTFE-based stirring rods compared to one stirring rod, ~99.0% after 3 h of stirring. It is
noteworthy that the catalytic efficiency decreased when the PTFE-based rods covered with two 1-mm thick rings of PVC electrical tape
on the surface, which highlights the role of the friction between BST and PTFE-glass interface (Fig. 12d). Therefore, it is proposed that
the electrons and holes were excited in BST nanoparticles after the mechanical energy absorbed from friction, which was supported by
the detection of active species (-OH and -O3) during RhB decomposition (Fig. 12e). Similar to piezocatalysis, ferroelectric polarization
can induce more charges and facilitate electron transfer in tribocatalysis. Tang et al. reported the enhanced tribocatalytic behaviour of
Ba(Zry 05Ti0.95)03 (BZT) nanoparticles after poling treatment.[125] The degradation efficiency of RhB increased with the increase of
poling field, and BZT poled at 2.5 kV mm™! exhibited the best tribocatalytic performance (k = 0.0770 h™1) (Fig. 12f). The effect of
poling treatment can be attributed to the introduction of more bound charges and further the tilt of band structure, which favours the
generation of active species to participate in redox reactions. In sum, piezocatalysis and tribocatalysis can take place simultaneously,
and the role of piezocatalysis and tribocatalysis play in the redox reactions should be clarified in future research works.
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Pyroelectric materials are characterized as some piezoelectric materials exhibiting spontaneous polarization even in the absence of
external strain, whereby their electric polarization alters in response to temperature fluctuation, and in turn generates pyropotential
along crystals (Fig. 11). Pyropotential can be employed to modify the energy of surface charge, thereby triggering catalytic reactions
through pyrocatalysis.[128] Similar to piezo-photocatalysis, pyropotential can improve the efficiency of charge separation and
modulate the transport of photo-induced charge carriers across the interface of junctions, which enhances the efficiency of pyro-
photocatalytic reactions. Unlike piezocatalysis and piezo-photocatalysis, the incorporation of pyroelectric effect to enhance photo-
catalytic performance is still at its early stage of development, and the main challenge is the limited frequency of thermal cycling due to
the large heat capacity of surrounding environment. You et al. proposed a strategy of locally heating BaTiO3 nanoparticles using the
thermo-plasmonic heating of decorated Au nanoparticles under illumination (Fig. 12g). The constructed Au/BaTiOs pyrocatalytic
reactor showed a fine performance of water splitting with a hydrogen production rate of 133.1 + 4.4 pmol g~ *h™! under illumination
(786 mW cm™2) for 60 min. [26] Photothermal effect, converting light to heat, offers another promising avenue for simultaneous
localization of light and heat energy via the periodic application of solar irradiation on pyroelectric or photothermal materials. For
example, a microporous PVDF membrane embedded with BaTiO3 nanoparticles (pyroelectric coefficient: 200 pC m 2K 1) and carbon
black powers as pyrocatalytic bottom and photothermal top layer, respectively, was positioned at the interface of liquid/air and
combined with an optical chopper to realize a fast temperature change between 38.3 and 55.5 °C within a cycle of 12 s (Fig. 12h).
[126] This designed pyrocatalytic system accomplished effective dye degradation, showing an efficiency of ~75% for RhB degradation
within 6 h (Fig. 121i). It is noteworthy that the catalytic efficiency of the BTO NPs in the C-PVDF-BTO composite was estimated to be ~
40% (dashed line with red triangles) after the subtraction of the efficiency of C-PVDF membrane from that of the C-PVDF-BTO
membrane.

4. Correlation between catalytic performance and piezo/ferroelectric physics

Despite the underlying mechanism of piezocatalysis being under debate, the indispensable role of piezopotential plays during the
catalytic process is widely acknowledged. In the theory of energy band, piezopotential regulates the band tilting of the semiconductor
and drives the effective separation of charge carriers to participate in redox reactions on opposite surfaces. In screening charge effect,
piezopotential determines the energy levels of surface screening charges and the catalytic performance is solely relied on the match
between piezopotential and redox potential of specific reactions. Hence, the relationship between piezopotential and piezocatalytic
efficiency has been studied both theoretically and experimentally. Based on the semiconductor and piezoelectric physics, electrostatic
equations, current density equations, continuity equations, and the piezoelectric equations are generally involved to demonstrate
piezotronic effect.[129]

Specifically, to investigate the relationship between the piezopotential and piezocatalytic efficiency, Su et al. conducted both the
experimental results and theoretical simulations on BaTiO3 nanomaterials with the variation of particle sizes and morphologies.[130]
Compared with large-sized nanoparticles (200 nm) and nanowires, the small-sized BaTiO3 nanocubes (10 nm) exhibited a larger
longitudinal piezoelectric coefficient (0.45 nm VD). Furthermore, based on finite element simulation results, the maximized values of
surface piezopotential values were calculated to be 2.6 V, 0.5 V and 1.2 V for 10 nm nanocubes, 200 nm nanoparticles, and nanowires,
respectively. It should be noted that only the 10 nm BaTiO3 nanocubes fulfil the requirement of the redox potential level for water
splitting (1.23 V), which was confirmed by the highest rate of Hy production (655 pmol g~ 'h™!) under ultrasound irradiation. Su et al.
further reported the generation of heteroepitaxial interphase strain in porous BaTiO3 nanoparticles to enhance the piezocatalytic
performance.[131] The simulated piezopotential could reach 1.6 V owing to the polarization enhancement induced by strain engi-
neering. The strain-engineered BaTiO3 exhibited a promising performance of water splitting with production rates of Hy and O up to
159 and 75 pumol g h™!, respectively.

In addition to piezopotential, the strain state of a piezoelectric material affects the piezocatalysis process. In 2013, Starr et al.
conducted a comprehensive theoretical analysis of the influencing factors in the piezocatalysis process on the basis of well-established
theories covering piezoelectric, semiconductor, molecular orbital and electrochemistry.[132] Their results demonstrated that a high
piezoelectric coupling coefficient and a low electrical conductivity were desired for obtaining high electrochemical activity.
Considering the coupling of the strain state and electronic state of piezoelectric materials, the lattice strain in piezoelectric materials
can also influence the adsorption behaviour of several molecules. Based on density functional theory (DFT), the change of the
adsorption energy of *H/*OH on the strained/ unstrained BaTiO3 could be calculated, and the enhancement of adsorption perfor-
mance with the increase of strain was confirmed.[133] In 2023, Ai et al. reported the enhanced piezocatalytic performance of strain-
engineered BaTiOs (s-BTO) as well.[134] Apart from the contribution of enhanced piezoelectricity, the adsorption and charge transfer
behaviour of targeted molecules have been investigated. The adsorption energy of Oy, *OH and *H on the surface of s-BTO was
calculated to be —0.45, —3.09 and —0.88 eV, respectively. On one hand, the Bader charges of O, and OH on s-BTO were calculated to
be larger compared to BTO, demonstrating that O, and *OH gain electrons from BTO. On the other hand, the Bader charges of *H on s-
BTO were calculated to be smaller compared to BTO, demonstrating that *H offers electrons to BTO. In sum, the lattice strain facilitated
the adsorption behaviour of Og, *OH and *H, and favoured the generation of more free radicals (-Oz and -OH) and Hs.

Featuring the change of polarization with a change in temperature, pyroelectric materials are a special class of piezoelectric
materials with spontaneous polarization which exists in the absence of an external electric field. If the spontaneous polarization can be
reversed when an electric field is applied, this class of pyroelectric materials is called ferroelectric materials. Specially for ferroelectric
materials, which features the domain structure with the existence of spontaneous polarization. Due to the unaligned direction of
polarization in domains, virgin ferroelectric materials (without poling) usually possess inferior piezoelectric properties. Therefore, it
can be stated that the catalytic performances of untreated ferroelectric material will not be very effective. Poling is an effective means
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to align dipoles in a unidirectional way. The effect of poling was reported on a few ferroelectric ceramics where significant
improvement of piezocatalytic efficiency was observed, which proves that optimizing the piezoelectric properties of materials is
beneficial to the development of piezocatalysis. Non-ferroelectric piezoelectric materials, on the other hand, do not exhibit sponta-
neous polarization but can still generate an electric field in response to mechanical stress due to the piezoelectric effect, which has also
been investigated in piezocatalysis.

4.1. Polarization rotation

In 2000, Fu and Cohen reported that the polarization rotation induced by an external electric field contributed to the large pie-
zoresponse of single crystal of BaTiOs.[135] Based on their first-principle calculation results, a flat energy surface, abundant charges
and strong coupling between the internal degrees of freedom and strain were factors to consider in the design of materials with giant
piezoelectric response. For example, bulk BiFeO3 has a strong spontaneous polarization along the [111] direction with a rhombohedral
structure (R3c), which leads to a large coercive field hampering polarization switching. Based on the Landau model, the energy barrier
should be lowered to facilitate the polarization switching, thereby enhancing piezoelectric response.

In BiFeOs, chemical substitution of A-site Bi>* with La®* is an effective method to reduce the energy barrier, in terms of polarization
rotation from [111] of BiFeOj3 to [112] of BLFO (Big gsLag.15FeO3) (Fig. 13a and 13b).[136] From the measured polar vector directions
analyzed based on high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images of BLFO, the
extracted map of polarization reveals a polarization rotation from [111] towards [112] by ~ 16.1°, compared with ~ 10.9° of pure
BiFeOs (Fig. 13c-e). The coexistence of multiple phases with similar free energy is beneficial for polarization switching, resulting in the
enhanced piezoelectric response to external mechanical stimuli.

Temperature is another important factor affecting the polarization and piezoelectric coefficient of ferroelectrics. Taking BaTiOs as
an example, the spontaneous polarization P at room temperature is 0.26 C m™~2 which drops to 0.22 C m 2 at about 80 °C and further
reduces with the increase of temperature. When the temperature is above the T, of BaTiO3 (~120 °C), the intensity of spontaneous
polarization and piezoelectric coefficient are zero due to the ferroelectric-paraelectric phase transition from a polar phase (tetragonal)
to a non-polar phase (cubic). T. is believed to have a prominent impact on any catalysis facilitated by polarization because the changes
in polarization are maximized near T.. Therefore, the piezoelectric performance can be tailored in consideration of shifting T, near
ambient temperature for piezocatalysis applications.

The synergy of multiphase coexistence and the gap between T, and working temperature has been proved to play a crucial part in
enhancing piezocatalysis behavior. For example, BaTig goSng 1103 (BTS) is a newly developed lead-free bulk material with ultrahigh
piezoelectric coefficient (ds3 ~ 1100 pC N~1) and a low T, (~ 40 °C). In 2021, Zhao et al. prepared BTS nanoparticles with multiple
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Fig. 13. (a) Schematic illustration of the ferroelectric polarization rotation from [111] (BiFeO3) to [112] (BiggsLag.15FeO3) and suppressed po-
larization induced by La-substitution in BiFeOs. (b) Schematic illustration of the evolution of crystal symmetry from rhombohedral (BiFeO3) to
orthorhombic (Big gsLag 15FeO3). HAADF-STEM images of (c) BiFeO3; and (d) Big.gsLag 15FeO3 with the overlay polarization mapping of the Fe
atoms. The scale bar is 1 nm. (e) Schematic ferroelectric polarization in BiFeO3/Big gsLag 15FeO3 unit cell. Reproduced from [136], with the
permission of Nature Portfolio.
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phases using a hydrothermal method.[137] Based on the Rietveld refinement of XRD patterns, a mixture of cubic (C, Pm3m),
rhombohedral (R, R3m), tetragonal (T, P4mm), and orthorhombic (O, Amm2) phases could be identified for BTS nanoparticles
(Fig. 14a). Considering the similar free energy profiles between non-polar phase (C) and polar phases (R + O + T), polarization
switching could be facilitated by the multiple phase boundaries, resulting in the enhanced piezoelectric performance. In the PFM
measurements, the displacement was up to 1600 pm with 50 V applied at 35 °C, which was over twice larger compared to BTS
nanoparticles at 25 °C (Fig. 14b and 14c). Considering the T. was characterized to be ~ 40 °C, BTS nanoparticles exhibited excellent
piezoelectricity near T,. As a reference to evaluate the piezocatalytic performance of BTS nanoparticles, the first-order reaction rate
constant k was calculated to be 214.23 and 37.97 (x 10’3) min~! at 35 °C for methyl orange (MO) and RhB degradation at 35 °C. The
degradation rate was the highest near T, (Fig. 14d and 14e). The decomposition efficiency of BTS nanoparticles is even comparable to
that of some piezo-photocatalysts. In addition, the catalytic performance of BTS nanoparticles could be further enhanced after the
deposition of noble metal (BTS@Ag), in terms of Hy generation (401.1 pmol g’lh’1 at 25 °C in Fig. 14f). Moreover, the enhanced
catalytic efficiency via large polarization variation near T, was further verified by the pyrocatalytic activity of BTS under cold-hot
excitation within different temperature intervals. RhB was evaluated to be completely degraded after 35 cycles of temperature change
between 25 and 45 °C. In comparison, a lower decomposition rate of 53% was detected with BTS after 35 cycles of temperature change
between 5 and 25 °C. The mechanism was further demonstrated in terms of pyroelectric response. As a result, the pyroelectric current
within the temperature range near T, was about twice lager compared to the temperatures much lower than T. This work illuminates
the regulation of multiphase coexistence and T, shifting to optimize the piezocatalytic efficiency.

4.2. Domain structure

In the previous section, lattice distortion related to the polarization rotation under mechanical stimuli is acknowledged as the
intrinsic contribution to piezoelectricity. Correspondingly, domain switching contributes extrinsically to piezoelectricity. This has
been intensively studied in polycrystalline materials (e.g., ceramics). Here we will look at how the structure of domains affects
piezoelectric properties.

In classic lead-based piezoelectric systems, such as PZT and PMN-PT, their structures near MPB feature the construction of
nanoscale domains, leading to a low anisotropy of polarization. The instability of polarized structure facilitates the motion of domain
walls and a promising piezoelectric response. The advantage of nano-domain structure near MPB has also been confirmed in lead-free
systems. Lead-free materials are more beneficial to the practical applications in environmental and biomedical fields due to their low
toxicity and eco-friendly production. For example, a ferroelectric-ferroelectric MPB can be found in the Ba(Zrg 2Tip §)O3-(Bag.7Cag.3)
TiO3 (BZT-BCT) system. The piezoelectric coefficient ds3 near the MPB composition of BZT-BCT has been reported to reach 600 pC N2,
which is comparable to soft PZT (dss = 500-600 pC N~!). BZT-BCT experiences a phase transition from C phase to non-
centrosymmetric R and T phases with the variation of temperature from high to low, and MPB locates at the region between R and
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Fig. 14. (a) Rietveld refinement of XRD patterns of BTS nanoparticles, with the inset showing the enlarged patterns in the 20 range of 36-46°.
Hysteresis loops of BTS nanoparticles at temperature of (b) 25 °C and (c) 35 °C in PFM measurement. Comparison of reaction rate constant of (d)
RhB degradation, (e) MO degradation and (f) H, production at different working temperatures. Reproduced from [137], with the permission
of Elsevier.
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T phases (Fig. 15a). The domain structure evolution was examined on the BZT-xBCT (x = 0.4-0.6) based on TEM investigation.[138]
From the TEM images, the BZT-rich (x = 0.4) sample exhibits a rhombohedral domain structure, while BCT-rich (x = 0.6) one exhibits
a tetragonal domain structure. Interestingly, the composition near MPB (x = 0.5) features the constitution of nanoscale domains with
an average size of 20-100 nm within the obscured micro-sized domains (Fig. 15b). Likewise, the temperature-induced structure
transition was characterized using the in-situ TEM cooling observation (Fig. 15¢). At 60 °C, BZT-0.5BCT sample exhibited a micro-sized
domain structure with tetragonal distortion. When cooled to 25 °C (near the transition temperature), the development of R-phase
nanoscale domains in the lamellar T-phase microscale domains can be observed, which demonstrates the coexistence of T and R
phases. When the temperature was further decreased to —150 °C, the nano-sized domain structure was completely replaced with
micro-sized domains with R-phase. The domain structure of BZT-BCT undergoes the micron-nano-micron evolution within both the
composition-induced and temperature-induced phase transitions. The best performing system near the composition-induced and
temperature-induced phase transition points are coincident with the ones with the minimum scale of domains in all of the compositions
and temperatures, respectively.

The thermodynamic theory was introduced to explain the enhanced piezoelectricity near MPB.[139] Taking the BZT-BCT system as
an example, the MPB locates at a tricritical-triple transition point, which is consistent with an isotropic free energy state. When the
system deviates from the MPB composition, a low level of polarization anisotropy energy can be expected. This may cause two major
changes to affect piezoelectric response. First, a low polarization anisotropy energy near phase boundary is expected to increase the
density of domain walls, thereby facilitating the motion of domain walls and enhancing piezoelectric response. Second, the low po-
larization anisotropy results in a lowered energy barrier of the two polar phases, and favors the rotation of polarization. Therefore, the
intrinsic or extrinsic contributions of piezoelectricity cannot be considered separately. In fact, the phase regulation and domain
structure engineering can work synergistically to enhance piezoelectric response. Specifically, the coexistence of multiple phases and
the decrease of domain size are both favorable to the optimization of piezoelectric properties.

The piezocatalytic performance of BZT-BCT system was investigated by Wang et al. in 2022.[140] In this study, (1-x)Ba(Zr¢2Tip g)
03-x(Bag 7Cag.3)TiO3 (BCZT-x) powders were prepared via a solid-state reaction method. Based on the Rietveld refinement analysis
results of XRD patterns, all of the BCZT-x compositions can be identified with multiple phases, consisting of major orthorhombic (O)
phase with minor T and R phases (Fig. 16a). It should be noted that the O phase serves as the intermediate phase between T and R
phases, which possesses the largest proportion (86.37 wt%) for BCZT-0.5, an optimal composition near MPB (Fig. 16b). Intriguingly,
the ternary-phase MPB was proved to be related with the second-stage sintering, which was shown to contain R and T phases.
Correspondingly, dss was measured to be 27 pC N! for BCZT-0.5 without poling, being higher compared to BCZT-0.3 (24 pCN~!) and
BCZT-0.7 (16 pC N™1) (Fig. 16¢). ROS generation experiments were carried out under ultrasonic irradiation to evaluate the piezo-
catalytic performance of samples with different compositions (Fig. 16d). For the yield of HyO2, BCZT-0.5 exhibited the best generation
rate of 433 pmol g~*h~!, which was higher compared to BCZT-0.3 (353 pmol g 'h™!) and BCZT-0.7 (271 pmol g~ *h~1). It should be
noted that the improvement of catalytic efficiency can be linked with the enhanced piezoelectric properties in BCZT-x system
(Fig. 16e). The content of intermediate O phase reached the highest in BCZT-0.5, which was located in the convergence region of the
ternary phases at room temperature (Fig. 16f). This lowered the energy barrier for polarization rotation, thus increasing the piezo-
electric coefficient.
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Fig. 15. (a) The phase diagram of Ba(Zrg2Tigg)Os-x(Bag7Cag 3)TiO3 (BZT-xBCT) with composition-induced and temperature-induced phase
boundary. (b) The TEM images of composition-induced structure transition in BZT-xBCT (x = 0.4, 0.5, and 0.6 at 25 °C) from [001] incidence. (c)
In-situ cooling TEM characterization of temperature-induced domain structure transition in BZT-0.5BZT (at 60 °C, 25 °C, and —180 °C) from [001]
incidence. Reproduced from [138], with the permission of AIP Publishing.
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4.3. Electric field-induced phase transition

The electric field-induced phase transition can be used to manipulate the piezoelectric properties of materials. The relaxor single
crystals of Pb(Zn; ;3Nby,3)03-PbTiO3 and Pb(Mg; ,3Nbg,3)03-PbTiO3 show a field-induced phase transition from the rhombohedral to
tetragonal phase, which is ascribed to the incline of (111) spontaneous polarization to (001) direction, and contributes to a high ds3
(2500 pC N_l) and a large strain (0.6%).[64] Field-induced phase transition was also existed in lead-free materials. BaTiO3 single
crystal exhibits a transition from the tetragonal to monoclinic phase at 10 kV cm ™}, and further to rhombohedral phase at 30 kV cm ™,

20 30
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Fig. 17. The electric field-induced phase transition of BNT-2.5Nb ceramics: (a) the strain measurement under unipolar electric fields. The denoted
points (Zo-Zs) correspond to the electric field applied in the characterizations of in-situ TEM, where Z,, Z4 and Zs represent the original state, the
removal of electric field and four days’ keeping at zero field of specimen, respectively. (b—g) The in-situ bright field TEM images of a grain along
(112) axis, which correlates with the conditions of Z, to Zs, respectively. The arrow in (c) indicates the positive direction of applied electric field.
The SAED patterns of (h) the original state (Z) and state at the maximum electric field (Z,) with the highlight of the superlattice diffraction spots of
¥:{ooo} and Y:{ooe}. Reproduced from [142], with the permission of Wiley.
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as a result, the piezoelectric coefficient d33 was enhanced (295 pC N~1) under the exposure of electric field along [111] direction.[141]
The electric field-induced phase transition of BNT-based materials has been well reviewed [60] and is widely adopted to develop
materials with large strain. For example, (Bi; /2 (Nag 84Ko.16)1,2)0.96570.04)(Ti1 —xNby)O3 (x = 0.025, BNT-2.5Nb) was reported to show
pronounced piezoelectric properties (strain: 0.7%; ds3: 1400 pm V1), which is largely attributed to the transition of ergodic relaxor (a
mixture of R3¢ and P4bm nano-domains) to ferroelectric R3c large domains.[142] Fig. 17 shows the detailed electric field-induced
phase transition studied using in-situ TEM observations, where a typical grain along the zone axis of (112) exhibits obvious
domain structures, and the superlattice spots of 4{0oo} and 's{ooe} displayed in the selected area electron diffraction patterns (SAED)
clearly prove the presence of R3c and P4bm phases.

Moreover, the electric field-induced phase transition usually leads to the existence of multiple phases (e.g., monoclinic, rhom-
bohedral, orthorhombic and tetragonal), and the intermediate monoclinic phase at the boundary of rhombohedral-orthorhombic,
orthorhombic-tetragonal or rhombohedral-tetragonal phase favors the polarization rotation, thereby enhancing the piezoelectric
performance. For example, (Na,K)(Nb,Sb)O3-LiTaO3 ceramics with a phase boundary of orthorhombic-tetragonal showed an irre-
versible transition from orthorhombic to monoclinic phase and a further reversible transition from monoclinic to tetragonal phase,
which leads to a co-existence of monoclinic and tetragonal phase with a high instability. Such instability contributes to an easier
polarization rotation and a further enhancement of piezoelectric properties.[143]

Despite the ubiquity of electric field-induced phase transition, its adoption in piezocatalysis has not been reported to the best of our
knowledge, which would be opportune to comprehensively study the overall effect not only on the piezoelectric properties, but the
energy band structure and the piezocatalytic activity of specific materials.
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simulation of electric potential and (b) the H, evolution rate of BaTiO3 nanoparticles, nanowires and nanosheets. Facets control of BaTiO3 nano-
sheets (reproduced from [148], with the permission of Wiley): (c) the schematic fabrication route, (d) the proposed transformation from BisTi3O1 to
BaTiOs3, (e) the HRTEM and selected area electron diffraction patterns and (f) COMSOL simulation of BaTiO3 nanosheets with exposed (001) facets.
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5. Design strategy of piezocatalytic systems
5.1. Morphology and facet control

The catalytic performance is highly dependent on the morphology of catalysts since the active sites on the surface of materials offer
positions for the reaction between the induced charges and target molecules. Specially for piezocatalysis, a fast and extensive response
to mechanical stress can generate a high electric potential, which governs the catalytic performance. Manipulating morphology to
achieve high specific surface area and effective response to external mechanical stimuli is a valuable strategy to enhance the efficiency
of piezocatalytic reaction. Shi et al. synthesized Nag sBig sTiO3 nanoparticles with different sizes (340, 280 and 140 nm) and corre-
spondingly different surface areas (3.45, 9.21 and 13.57 m? g’l, respectively), where Nag sBig 5TiO3 with smallest size and highest
specific surface area showed the most active piezocatalytic dye degradation.[144] Zhu et al. prepared electrospun 0.5Ba(Zr( 2Tigp g)O3-
0.5(Bag 7Cag.3)TiO3 (0.5BZT-0.5BCT) microfibers, and tuned the diameter of fibers under different electrospinning voltage. 0.5BZT-
0.5BCT fibers with smaller diameter showed higher piezocatalytic efficiency of dye degradation, which is positively correlated to a
higher dss, larger specific surface area with more exposed active sites and ease of deformation under mechanical stress.[145] Yu et al.
fabricated BaTiOs with three different nanostructures (nanosheet, nanowire, nanoparticle), and BaTiO3 nanosheets exhibited
enhanced catalytic activity (hydrogen production rate: 92 pmol g~'h™) compared to BaTiOs nanowires (18 pmol g 'h™!) and
nanoparticles (2 pmol gth™1), which is mainly attributed to higher piezoelectric potential generated in 2D nanostructures arising
from easier mechanical deformation (Fig. 18a-b).[146] Similar results were also presented in Bi4TizO;2 microplates,[147] showing
more effective piezocatalytic degradation of methylene blue (MB) (efficiency: 94%; rate: 0.017 min ') compared to nanosheet-
assembled hierarchical microrods (efficiency: 67%; rate: 0.007 min’l) and nanoflake-assembled hierarchical microspheres (effi-
ciency: 85%; rate: 0.012 min_l).

Apart from the control of morphology, crystallographic engineering can be used to further boost catalytic performance of piezo-
catalysts. BaTiO3 nanosheets with highly exposed (001) facets were prepared using a hydrothermal method based on the templates of
BisTi3012 nanosheets (Fig. 18c-f).[148] The exposed polar facets supply adequate reaction sites for the catalytic process, and the (001)
out-of-plane polarization promotes the charge transfer to surface along a short distance perpendicular to the nanosheets, which in turn
contributes to a higher rate constant (0.0835 min 1) for dye degradation and a remarkable Hy, production with a generation rate of 305
pmol g th~L.
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Fig. 19. (a) A schematic illustration of oxygen vacancies induced piezoelectric potential of BNT, where C,, represents the concentration of oxygen
vacancies (reproduced from [153], with the permission of Elsevier). The degradation of mixed dyes using BisTi3FeO;5 nanoparticles (reproduced
from [154], with the permission of Elsevier): (b) photos of mixed dyes before and after piezocatalytic degradation, (c) the UV-vis spectra of mixed
dyes solution during catalytic process, and (d) a comparison of piezoelectricity, carrier concentration and catalytic performance three BisTis.
FeO;s catalysts. The production of H,O, using surface oxygen vacancies engineered atomic level ultrathin Bi4Ti3O;2 nanosheets (reproduced from
[155], with the permission of Elsevier): (e) TEM, (f) HRTEM and (g) AFM images of ultrathin Bi4Ti3O;, nanosheets with surface oxygen vacancies,
(h) the piezocurrent response curves and (i) dsz of BisTi3O1, nanosheets (BTO), atomic ultrathin Bi,TizO;, nanosheets (UBTO) and UBTO with
optimized concentration of surface oxygen vacancies (UBTO-OV2).
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5.2. Defects engineering

Defects are introduced to adjust the electronic structure, chemical and physical properties, and therefore catalytic performance of
materials. Oxygen vacancies with electron-rich nature are ubiquitous in metal oxides, which can serve as reactive sites for redox
reaction, regulate the charge distribution and promote the activity of catalyst. Oxygen vacancies can be generated via doping
[149,150], post-annealing [151], light irradiation [152] etc. Liu et al. exploited different concentrations of oxygen vacancies to tailor
the piezocatalytic activity of BNT, and adopted first-principle calculations to confirm the double-edged-sword role of oxygen vacancies
in piezocatalysis.[153] A high concentration of oxygen vacancies promotes the adsorption of O and OH™ as well as the formation of
active oxygen species, but under a sacrifice of inhibited piezoelectric properties (Fig. 19a). BisTizFeO;5 nanoparticles with naturally
moderate level of oxygen vacancies (24%, determined using X-ray photoelectron spectroscopy) were developed to purify textile
wastewater.[154] The as-synthesized BisTizFeO;5 nanoparticles were annealed under the atmosphere O, (low oxygen vacancies: 20%)
and Ar (high oxygen vacancies: 28%) to elucidate that either insufficient or excessive oxygen vacancies hinder the piezocatalytic
activity. The as-synthesized BisTisFeO;s nanoparticles show the most efficient dye degradation with a high rate constant of 0.072

in~! (Fig. 19b-d). Similar results were also reported in BaTiO3 nanobelts [109], Srg sBag sNbyOg/SraNbsO7 heterostructures [155],
Bi,WOg nanosheets [156], ZnSnO3 nanowires [7], hydroxyapatite [157], where catalysts with moderate concentration of oxygen
vacancies show the most enhanced piezocatalytic performance under the combined influence of favorable adsorption of Oy and
elevated piezoelectric potential. Wang et al. prepared atomic level ultrathin BizTi3O;5 nanosheets (1-2 unit cell) with controllable
surface oxygen vacancies for a two-step piezocatalytic production of HyO3 (O3 + e~ —-03; -O3 +2H " +e~—=H,0,) (Fig. 19e-i).[155] The
surface oxygen vacancies were generated during a process of hydrothermal post-treatment using reductive glyoxal, and the amount of
glyoxal was varied to control the degree of oxygen vacancies. The production of HoO5 showed a volcano-type trend with the con-
centration of oxygen vacancies. Notably, ultrathin Bi;Ti3012 nanosheets with optimized oxygen vacancies exhibit higher ds3 compared
to the as-synthesized ones, which may be attributed to the enhanced structure asymmetry induced by surface oxygen vacancies.
Overall, the easier deformation of ultrathin nanosheets combined with improved piezoelectric properties endows BisTizO; catalysts a
pronounced Hy0, production (generation rate: 1.61 mmol g~ th™1).

Compared to studies of oxygen vacancies, metal vacancies have been less well investigated in piezocatalysis. For example,
BioWOg (BWO) nanosheets with abundant Bi vacancies were prepared using an ion exchange method,[158] which showed excellent
dye degradation with an efficiency and rate constant of 94.4% and 0.0783 min !, respectively, being a result of improved concen-
tration of charge carriers. Moreover, Bi quantum dots were also decorated using surface plasmon resonance, which served as electron
traps to avoid the combination of charge carriers and further enhanced the catalytic performance.
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Fig. 20. Phase engineering of KNN-based materials (reproduced from [162], with the permission of Elsevier): (a) Dielectric temperature spectra
correlated with different phases. (b) The vectors of spontaneous polarization for three different materials. (¢) Schematic graph describing the
mechanism of piezocatalysis. (d) XRD patterns of KNN-based materials in the 26 range of 44-48°.— (e) Piezocatalytic degradation of Rhodamine B
using unpoled KNN powders with/without metal oxides. (f) The rate constant (k) of piezocatalysis of unpoled and poled KNN-based powders.
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5.3. Polarization modulation (ferroelectrics)

5.3.1. Phase engineering

Designing a system with preferred MPB is a facile and effective strategy to enhance the piezoelectric response of materials. For one
of the classic ferroelectrics, PZT, the dielectric and piezoelectric properties exhibit an abrupt increase at/near the MPB. Within the MPB
region, the coexistence of multiple phases with low energy barriers leads to the enhanced electromechanical responses to the external
stimuli.[159] As a result, the charge carriers are separated more efficiently owing to the increase of internal electric field in MPB
structures under the same mechanical stimuli, thus enhancing the piezocatalytic efficiency.[160] In recent years, the strategy of MPB
construction has been reported in a few lead-free ferroelectric systems as well, beyond the limitation of PZT.[161] Sun et al. prepared
three KNN-based materials (KNN, KNN-BNZ and KNNS-BNZ) with compositions of (Ko sNags)NbO3, (0.95(Kg.48Nag.52)NbO3-0.05
(Bi0,5Na0_5)Zr03 and 0.96(KO.43Naov52)Nb0955$b0_04503-0.04(Bio_5Nao_5)ZI‘O3. [162] KNN, KNN-BNZ and KNNS-BNZ exhibited different
crystal structures of orthorhombic, orthorhombic-tetragonal, and rhombohedral-orthorhombic-tetragonal, and their ¢, at room tem-
perature followed an order of KNNS-BNZ > KNN-BNZ > KNN, which proves the enhancement of polarization rotation owing to
multiple phases with distinct crystallographic symmetries (Fig. 20a-d). Poled KNNS-BNZ showed superior piezocatalytic dye degra-
dation performance compared to other KNN-based materials (Fig. 20e-f). Wang et al. designed lead-free BaCaZrTi system for piezo-
catalytic HpO2 production.[140] The optimized 0.5Ba(Zrg 2Tip g)03-0.5(Bag 7Cag 3)TiO3 exhibited HoO2 selective generation (rate:
692 umol g~ 'h™!; selectivity: 80%) owing to the significantly enhanced piezoelectric properties arising from co-existed ternary phases
(orthorhombic, tetragonal and rhombohedral) with reduced energy barrier of polarization rotation. MPB engineering was also re-
ported in BaCaSnTi system,[163] lithium modified Nag 5Ky sNbO3s-based materials,[164] ultrafine BaTiO3 nanoparticles,[130] etc.
Creating diffuse phase transition with polar nanodomains can strengthen the piezoelectric properties of Ba(ZrTi; _x)Os3,[165] which
shows effective degradation of RhB.

5.3.2. Curie point manipulating

Ferroelectric materials exhibit transition from ferroelectric to paraelectric phase at Curie point, which contributes to a large change
in polarization and possibly much enhanced dielectric permittivity and/or piezoelectric coefficients at temperatures approaching
Curie point.[166] Piezocatalysis in the vicinity of Curie point has been demonstrated to be a new strategy for achieving high catalytic
activity.[137,167,168] For example, Zhang et al. designed Nb-doped PZT (PZTN) with tunable polarization and a low Curie tem-
perature (~40 °C) for water splitting using piezocatalysis (Fig. 21).[167] At temperatures below Curie point, the generated piezo-
electric potential combined with sono-chemical process under ultrasonication contributed to the production of CO and Hj. At
temperatures above Curie point, the properties of water splitting were reduced due to the only contribution of sono-chemical process.
Around the Curie point, the large change of polarization promoted the separation and migration to surface of electric charges. As a
result, ferroelectric PZTN materials showed the maximum production of CO and Hp at a temperature approaching Curie point (~
38 °Q).

a Ultrasound wave C PZTN d 1350 0.08
~ P & Tetragonal
) , ® gl 4| § .
> f) é ‘[. _Rhombohedral > 1zon.k\ L0.06 =
3 i 8 3 -
H,0 s £ < £ 8
Relative ittivi
: E,msn- —a- Relative permittivity | 006 g
§ N —a-Dielectric loss re
a@®co, E H 5:
= 900 s
C « ooz 3
@co
7501 rr”/\: A
{-0.00

T T
10 20 30 40 50 60

Pb @ zr/Ti/Nb e O

b e . f o«
@ Ceramicparticle, T<7, © Positive surface charge
. Ceramic particle, T>T, ¢ Negative surface charge . 45
N £ 12
! Ultrasound wave P, Spontaneous polarisation - s A
g g wl F
2 7
5 :
S 3
co H, N\ 3 1of g asf /
HY 3 - TN 3 -
"ﬁ..'. - . c s b e e
v e e ——— P a o ~~
g9 Uy Y dar 8 o8 R R 8
- °
v > - 5= sono-chemical contribution (1 mg ALO,) 25 Sono-chemical consibouton (1 mg ALO,)
@ —8— s0no-piezo-cataiytc contribution (1 mg PTZN) —o— Sono plszo-catalyic contbution (1 mg PTZN)
o, H,0 /\ o8 S 56 P N s e
26 28 30 32 34 36 38 40 42 a4 26 28 30 32 34 36 38 40 a2 44
CO,+2H +2q 5 CO+H0 ) (f—\\? ‘ 5
r Average working temperature (°C) Average working temperature (°C)

2H'+2q > H,

Fig. 21. Water splitting using Nb-doped PZT (PZTN) ferroelectric materials (reproduced from[167], with the permission of Royal Society of
Chemistry): The schematic diagrams describing (a) the formation of CO and H; under ultrasonication and (b) the enhanced properties of water
splitting at temperatures below Curie point due to the combined effect of piezocatalysis and sono-chemical process; (¢) XRD patterns and (d)
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5.4. Heterostructure construction

Heterojunction refers to a junction formed by two semiconductor materials with similar crystal structure, atomic spacing and
coefficient of thermal expansion but different energy band gaps. Heterojunctions can be divided into p-p (two p-type semi-conductors),
n-n (two n-type semi-conductors) and p-n heterojunctions (one p-type and one n-type). Heterojunctions can also be classified into three
types with respect to their energy band alignment (Fig. 22), which are straddling gap (type I), staggered gap (type II) and broken gap
(type III). In type I, semiconductor 1 (SC-1) shows more positive CB and more negative VB compared to semiconductor 2 (SC-2), being
not favorable for separating charges since both the electrons and holes of SC-1 are shifted to SC-2. On the contrary, the type II band
alignment of staggered gap offers the most advantageous charge separation, where the electrons from the CB of SC-1 are transported to
that of SC-2, and the holes are shifted from the VB of SC-2 to that of SC-1. The broken gap (type III) is the least favorable band
alignment for charge separation since there is no overlap in the bandgap of SC-1 and SC-2.

Heterojunction containing piezoelectric semiconductors shows enhanced catalytic behavior, which is attributed to the initiated
charges on the surface of piezoelectrics or the tilt of energy band structure, triggering and/or accelerating the redox reactions at the
heterojunction interface between semiconductors and reactants due to the promotion of charge transfer. Fig. 23 depicts three scenarios
of heterojunctions composed of a n-type piezoelectric semiconductor with a p-type non-piezoelectric semiconductor, a p-type
piezoelectric semiconductor or a metal.[169] A built-in electric field is constructed at the interphase of heterojunction under the
equilibrium conditions, which arises from the energy-band offset due to the compensation for the unbalanced concentration of charge
carriers (left panel in Fig. 23). New energy band alignment tends to be established when the piezoelectric semiconductors are subjected
to external mechanical strain, being conducive to the charge regulation under the influence of formed piezoelectric polarization
(middle and right panel in Fig. 23).

Cheng et al. synthesized BiyS3-BiaWOg (BS-BWO) heterojunction via in-situ growing Bi;S3 nanorods on Bi;WOg nanosheets and
illustrated the piezo-catalytic mechanism using structural characterizations and density functional theory (DFT) calculations (Fig. 24a-
d).[170] Bi-S bonds formed at the interface between Bi;S3 and Bi;WOg in BS-BWO heterojunction. The DFT calculations were built on
the optimized structures (Fig. 24a), which shows the active aggregation and consumption of electrons at the interface of heterojunction
(Fig. 24b), and the electrons on the conduction band of Bi;WOg were transferred to the valence band of Bi,Ss3 (Fig. 24c and 24d).
Oxygen vacancies were used to engineer the piezocatalytic performance of SrpsBagsNb2Og/SroNboO7 heterostructure.[171] Specif-
ically, oxygen vacancies on the surface of Srg 5Bag sNb2Og served as electron-rich sites to absorb and activate Os, forming -O3 and -OH
radicals. Moreover, a built-in electric field was generated at the junction area of Srg 5Bag.sNbyOg/SraNb2O7, which further enhanced
the piezocatalytic performance of hydrogen production with a higher efficiency (109.4 pmol g 'h™!) compared to pristine
Sro.5Bag.sNb20Og (12 pmol g’lh’l). BaTiOs/metal heterojunctions were built via a simple piezodeposition method, which involves
mixing BaTiOs nanoparticles (diameter: 200 nm) with three types of metal chloride (KyPtCly, HAuCl4 or NayPdCly) followed by the
ultrasound treatment to trigger the reduction reaction. The color change demonstrated the successful deposition of metals (Fig. 24f).
The noble metal cocatalysts favored the charge regulation at the interfacial region, and significantly enhanced Hy production in water
(in the absence of O3) under ultrasonic vibration. In the presence of dissolved Oy, BaTiO3/metal exhibited different electron pathways,
four-electron and two-electro pathways for BaTiOs/(Pt, Pd) and BaTiO3/Au, respectively (Fig. 24g). Similarly, Pd nanocubes were
deposited in BiFeO3 nanosheets (Fig. 24h-j) [172], which provides more active sites for proton reduction reaction, and facilitates the
charge separation and induces the downward tilting of CB of BiFeOs.

5.5. Composites creation

Organic/inorganic piezoelectric composite materials usually exhibit flexibility, durability and ease of recycling, which can
effectively prevent the secondary pollution resulting from the sedimentation of materials with particulate form. The flexibility of
composites further enables them to be more sensitive and conducive to collecting mechanical energy. Moreover, the piezocatalytic
performance can be precisely tuned and enhanced through the structural design of composites.

Type | Type ll Type lll
Straddling gap Staggered gap Broken gap

CB---’\ CB---’\ CB ===
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Fig. 22. Schematic diagram of different types of heterojunctions in terms of energy band alignment.
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Fig. 23. The schematic diagram of the energy band alignment of heterojunction interphase between an n-type piezoelectric semiconductor and: (a)
a p-type nonpiezoelectric semiconductor, (b) a p-type piezoelectric semiconductor and (c) metal, at equilibrium (panel left), under a negative
piezoelectric polarization (panel middle) and a positive piezoelectric polarization (panel right). @,, @,, and @, are the work function of n-type
piezoelectric, p-type (non) piezoelectric semiconductors and metals, respectively. y, and y,, represent the electron affinity of n-type piezoelectric and
p-type (non) piezoelectric semiconductors, respectively. @spy, Vo and Vpi,s are the Schottky barrier height, the built-in potential and the piezo-
potential at the interphase of heterojunction, respectively. e represents the electronic charge. Eo, Er, Ec and Ey are the vacuum energy level, the
Fermi energy, the conduction band and the valence band, respectively. Reproduced from [169], with the permission of Elsevier.

Piezocatalytic composite films can be easily processed via solution casting method. For example, the solution casted Ag@LiNbO3/
PVDF composite films showed highly active behaviors of degrading organic dyes and pharmaceuticals and bacterial disinfection
(Fig. 25a-b) [174]. Similarly, PVDF-based composites embedded with MoS, nanoflower also showed piezocatalytic activity of dye
degradation in the dark (Fig. 25¢-).[175]

Apart from films, porous foam piezocatalyst of BaTiOs—polydimethylsiloxane (PDMS) was developed by Qian et al. [176] The
fabrication procedure is illustrated in Fig. 26a, where BaTiO3 and PDMS were solution mixed, and the PDMS foam was prepared via the
dissolution of pre-existed granulated sugar (Fig. 26a and 26b). The formation of PDMS foam exhibited high surface area, which en-
hances the adsorption capacity of BaTiO3 nanoparticles and further contributes to an enhanced catalytic performance (Fig. 26¢ to 26f).
The optimized BaTiO3-PDMS composite catalyst can effectively degrade RhB dye solution (efficiency: ~94%). Similarly, Shi et al
[107] prepared PVDF-BaTiOs foams through casting sacrificial Ni framework (Fig. 26g). The as-prepared composite foams showed
excellent piezocatalytic performance of degrading organic dyes, which is mainly ascribed to the mutual effect of piezocatalytic
components, large surface area and stress concentration due to the interconnected pores of foams (Fig. 26h-m).

6. Applications
6.1. Environmental remediation
ROS, including -OH, -O3, 10, and H50,, are important highly active chemicals derived from Os. The efficient and controllable
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Fig. 24. Bi»S3-Bi;WOg heterostructure (reproduced from [170], with the permission of Elsevier): (a) the optimized structure; (b) the density
functional theory (DFT) calculations of the charge density difference with an iso-surface value of 0.003 e A~!, showing the accumulation (yellow
region) and consumption (blue region) of electrons at the interphase between Bi,S3 and Bi;WOg; (c) the planar averaged charge density difference
along z-axis and (d) the proposed piezocatalytic mechanism. (e) The schematic diagram of the piezocatalytic mechanism in SrosBagsNbyOe-
SroNb,O; heterostructure (reproduced from [171], with the permission of American Chemical Society). BaTiOs@metal heterostructures (repro-
duced from[173], with the permission of Wiley): (f) the photographs of BaTiO3 (BTO) and metal (M = Pt, Pd and Au) ion mixtures (left) and
BTO@M heterostructures (right) after the process of metal deposition, as well as the bright field TEM and HRTEM images of BTO@M hetero-
structures; (g) a schematic diagram of illustrating the regulation behavior of electrons at the interphase of BTO@M heterostructures during pie-
zocatalysis in water with/without the dissolved oxygen. BiFeO3/Pd heterostructure (reproduced from [172], with the permission of American
Chemical Society): (h) TEM image; (i) the energy bands of BiFeO3; and the band alignment in BiFeO3/Pd in the absence/presence of ultrasonic
vibration and (j) a schematic diagram of the mechanism of piezocatalyzing H; evolution of BiFeOs/Pd heterostructure. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

generation of ROS is highly crucial in environmental field. Piezocatalysis has been emerged as a novel method to produce ROS, where
mechanical vibration (either low-frequency or high-frequency ultrasound waves) can induce polarization as well as the built-in electric
field that facilitates the separation of electrons and holes and further redox reactions with H2O or O,.

6.1.1. Dye degradation

Organic dyes are widely existed in industrial wastewater, which lead to severe environmental contamination. The types of dye are
estimated to be over than 10,000 [177], and dye wastewater contains non-biodegradable and poisonous pigments which are detri-
mental to living organisms. Consequently, it is indispensable and challenging to eliminate dyes from aqueous solution. AOP is one of
the most effective technologies to remove organic dyes in wastewater. In the process of dye degradation via AOP, ROS can destroy the
molecular structure of organic dyes through redox reactions. The evolution of ROS such as -OH and -O3 requires the fit of the band
positions with redox potentials ((OH/OH : 2.10 eV and Oy/-O3: —0.33 eV vs. NHE at pH = 7) [178,179]. Piezoelectrically induced
potential acts as either long-range electric field or driving force to relocate the interfacial charge carriers, which contributes to the band
bending with adjustable energetics of redox reaction, thereby triggering and/or enhancing the generation of ROS and further accel-
erating the reaction process of dye degradation.

Liu et al. synthesized BaTiO3 with three different nanostructures of nanocubes (NCs), nanoparticles (NPs) and nanofibers (NFs)
using hydrothermal synthesis, sol-gel calcination and electrospinning, respectively (Fig. 27a-e).[180] BaTiOs NFs exhibit more
enhanced performance of piezocatalytic dye degradation compared to NCs and NPs, which is largely attributed to the intrinsic merits
of nanofibers such as large specific surface area and ease of response to mechanical deformation (Fig. 27f-h). The dye degradation is
attributed to the formation of -OH and -O3 radicals during ultrasonic vibration, as verified using electron spin resonance (Fig. 27i-k).
The performance of dye degradation of recently reported piezocatalysts is summarized in Table 4. The working mechanism of
degrading dyes using piezoelectric materials can be roughly described as follows [180,181]:
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Fig. 25. Ag@LiNbO3/PVDF composite films (reproduced from [174], with the permission of American Chemical Society): (a) fabrication process
and (b) piezocatalytic performance of dye/pharmaceuticals and bacteria inactivation. MoS,-PVDF composite films (reproduced from [175], with the
permission of Nano Energy): (c) preparation route, (d) piezocatalytic mechanism, (e) degradation of different types of dyes and (f) evolution of
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6.1.2. Antibiotics degradation

Apart from dyes, antibiotics are another type of ubiquitous contaminants resulting in hazards to ecosystem and human health such
as the disturbance of natural bacterial communities, the increase of birth defects and multiple organ injuries. Like dye degradation,
ROS plays a decisive role in degrading antibiotics. For example, 3D flower-like Fe@MoS; powders prepared via mechanochemical ball-
milling showed excellent degradation of tetracycline as verified using the three-dimensional excitation-emission matrix fluorescence
spectra (Fig. 28). The responsible reaction for degrading tetracycline involves the processes of demethylation, ring-opening,
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Fig. 26. Preparation and piezocatalytic performance of BaTiO3-PDMS porous foams (reproduced from [176], with the permission of American
Chemical Society): (a) fabrication process; (b) image of cylindrical BaTiO3-PDMS catalyst; (c) PFM characterization of BaTiO3 (left: amplitude, right:
phase); (d) piezo-catalytic performance of degrading RhB solution using different catalysts; (e) kinetic rate constant of RhB degradation using
different catalysts and (f) schematic illustration of piezo-catalytic process. Preparation and piezocatalytic performance of PVDF-BaTiO3 foams
(reproduced from[107], with the permission of Wiley): (g) schematic illustration of preparation process; (h) the UV-vis absorption of RhB aqueous
solution during piezocatalysis (inset: image of RhB solution); (i) the piezocatalytic comparison of different PVDF-BaTiO3 foams; (j) the RhB
degradation without foam or ultrasonic irradiation; (k) the cycling performance; (1) piezocatalytic comparison of degrading different dyes (RhB:
rhodamine B, MO: methyl orange and MB: methylene blue); (m) schematic illustration of the piezocatalytic degradation process of pollutants along
with the stress distribution based on finite element analysis. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

decarboxylation and dihydroxylation, which leads to the consequent formation of CO,, H,O and compounds with smaller molecules.
The highly piezo-active nature is attributed to the few-layered structure and semi-metallic characteristic, and -OH and 'O, radicals
were the responsible active sites for the process of tetracycline degradation.[189] The recently reported work of antibiotics degra-
dation using piezocatalysts is summarized in Table 5.

6.1.3. Piezo-assisted Fenton-like process

The classic Fenton reaction generally refers to the reaction process of the decomposition of HyO5 into strongly oxidizing -OH in the
presence of ferrous ions (Fe?"). The discovery of the Fenton reaction originated in the late 19th century, when the British chemist H. J.
Fenton found that the acidic solution mixed of Fe** and H>0- led to the oxidation of tartaric acid.[192] To commemorate this dis-
covery, the mixed solution of Fe?* and H,0, are referred to as ‘Fenton’s reagent’. Due to the simple raw materials and useful prop-
erties, Fenton’s reagents soon expanded to the field of organic chemistry and were widely used in organic analysis and synthesis. In
1964, H. R. Eisenhauer used Fenton’s reagent in the purification of wastewater containing organic substances such as phenol for the
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Fig. 27. SEM image of BaTiO3: (a) NCs, (b) NPs, (c) and (d) NFs. (e) XRD patterns, (f) BET isotherms, (g) pore size distributions and (h) piezo-
catalytic Rhodamine B degradation curves of three BaTiO3 nanostructures. ESR detection of (i) Oz and (j) -OH of BaTiO3 NFs. (k) Schematic di-
agram of the underlying mechanism responsible for the piezocatalytic degradation using BaTiO3 NFs. Reproduced from [180], with the permission
of American Chemical Society.

Table 4
A brief summary of dye degradation of recently reported piezocatalysts.
Materials Processing ROS Dye degradation efficiency (%)  Ultrasonic condition Ref
Bag gSrg »TiO3, Template hydrothermal method -OH, 03 MO, ~99-100 80 W,40 kHz; [182]
nanowires 120 min
Co/MoS,, nanosheets Co doped e, Oz MB, ~99-100 40 kHz,100 W; 300 s [183]
NaNbOs3, nanowires hydrothermal method -OH RhB, ~ 80 40 kHz; [184]
120 min
ZnS03, nanoparticles solution-based colloidal -OH RhB, ~ 99-100 33 kHz,120 W; 150 min ~ [185]
methods
BaTiOs3, nanofibers Electrospinning -OH RhB, ~ 99-100 100 w; [180]
150 min
ZnO, nanorods solid-state method -OH, -O3 MB, ~ 99-100 40 kHz,150 W; 5.5 h [186]
Ag/PbBiO.]; nanosheets Ag doped& 03, holes, -OH  RhB, ~ 80 40 kHz, [187]
hydrothermal method 120 wW;
90 min
MoOy /ZnS/ZnO ternary complex  one-step method holes, -O3 RhB, ~99 40 kHz,120 W; [188]
90 min

first time,[193] which created a precedent for the application of Fenton’s reagent in the field of sewage treatment. Even today,
Fenton’s reagent is a classic sewage treatment reagent, widely used in the field of environmental science.

To achieve the best performance in the organics’ degradation, numerous efforts have been made to improve the efficiency of Fenton
reaction. The dosage of reagents (H,0, and Fe?") is a consideration in enhancing the efficiency of the yield of -OH. In recent years,
piezocatalysis has been applied to facilitate Fenton reaction in terms of in-situ generation of HyO5 to promote the additional yield of
free radicals.[194] Lv et al. reported that the degradation of acid orange 7 (24.3%), phenol (16.9%) and 4-chlorophenol (7.8%) in the
30 min BaTiOs-mediated piezocatalysis with the addition of Fe?* jons,[195] which was attributed to the additional generation of -OH
by the Fenton reaction of Fe?*, and in-situ generated HyO, (5.3 umol/L) by piezocatalysis.

Compared with homogenous Fenton reactions involving free Fe>" ions, heterogeneous Fenton systems have attracted increasing
attention to avoid the drawback of traditional Fenton reactions, such as poor recyclability and limited pH working range. In the process
of heterogeneous Fenton reactions, iron exists stably in the catalysts and the precipitation of iron hydroxide does not occur with the
generation of -OH. Wei et al. designed and prepared Fe-loaded BiVO4 (Fe/BVO) for the enhanced degradation of p-chlorophenol
(Fig. 29a).[196] The kinetic rate constants (k) for BVO and Fe/BVO were 0.005 min~! and 0.016 min_l, respectively. This indicates
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aqueous solution after degradation using Fe@MoS for different time. Reproduced from [189], with the permission of Royal Society of Chemistry.

Table 5
A brief summary of antibiotics degradation performance of recently reported piezocatalysts.
Materials Processing ROS Antibiotics degradation Degradation condition Ref
efficiency (%)
3D flower-like Fe@MoS,, Ball-milling and -OH, 10, tetracycline, ~99-100 Ball-milling at 800 rpm; [189]
powders calcination 60 min
BisTi304,, nanosheets Hydrothermal method -OH tetracycline hydrochloride, Ultrasonication at 40 kHz,180 W; [147]
~70-80 300s
SnO,-Sb/t-BaTiOs, Hydrothermal method -OH, 10,, metronidazole, ~ 70-80 Ultrasonication at 40 kHz, 110 W [190]
nanoparticles -0y 60 min
Graphene-doped MoS,, Ball-milling and -OH tetracycline, Ball-milling at 800 rpm; [191]
nanoparticles calcination ~92 60 min
MoS,, WS,, and WSe,, Electrospinning -OH and tetracycline, ~60-95 Ultrasonication at 40 kHz,110 W; [180]
nanosheets -0y 120 min

that Fe loading enhanced the degradation rate of p-chlorophenol, being more than three times compared to pure BVO (Fig. 29b). Apart
from the increased HoO; generated by the reduction of oxygen in piezocatalysis, HoO5 was involved in the transition cycle of Fe(I)/Fe
(I1D) to produce -OH, which realized the integration of heterogeneous piezo-Fenton catalyst.

The reaction between the heterogeneous Fenton catalyst and HO5 not only includes the reaction of iron ions leaked from the
catalyst with HO2 (Equation 14 and 15), but also includes the iron element (valence state + 3) on the surface of the material reacting
with HyO, (Equation 16 and 17).

Fe?" + H,0, — Fe*t + .OH + OH™ (k = 40-80 M~ 's7!) a4
Fe** + H,0, — Fe’* + -0O0H + H* (k = 0.001-0.01 M~'s™}) (15)
=Fe(Ill) + H,0, — =Fe(ll) 4+ -O0OH + H+ (16)
=Fe(Il) + H,0, — =Fe(lIl) + -OH + OH™ a7
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Fig. 29. Piezo-assisted Fenton process of Fe/BVO (reproduced from [196], with the permission of Elsevier): (a) schematic illustration of the piezo-
assisted Fenton degradation of p-chlorophenol; (b) the first-order kinetics constant rate of p-chlorophenol degradation under different conditions.
Piezo-assisted Fenton catalyst of a-Fe,O3/PVDF-HFP porous film (reproduced from [197], with the permission of Elsevier): (c) schematic diagram of
mechanism; (d) the schematic illustration of the interaction of hydrogen bond and electrostatic force between a-Fe,O3 NPs and PVDF-HFP molecules
and (e) the degradation ratio of tetracycline of the Fe,O3/polyimide (PI) and Fe,O3/PVDF-HFP porous films under different conditions. Fe;-MoS for
water purification (reproduced from [198], with the permission of Wiley): (f) the schematic illustration of piezo-activated PMS for water purifi-
cation; (g) the HAADF-STEM image of Fe;-MoS; and (h) the comparison of degradation efficiencies of different organic pollutants.

Therefore, an analogy to homogeneous Fenton reaction, the redox cycle between Fe(Il) and Fe(Ill) is the rate-limiting step of
restricting the efficiency of heterogeneous Fenton reaction. In terms of enhancing Fenton reactivity, the introduction of piezo-induced
electric field not only favors the in-situ yield of HyOo, but also accelerates the transition of the Fe(IIl)/Fe(Il) cycle. Chai et al. prepared a
novel composite based on piezoelectric polymer, P(VDF-HFP) with a-Fe;O3 nanoparticles as fillers to further improve the catalysis
performance (Fig. 29¢).[197] The introduction of a-Fe;O3 nanoparticles not only enhanced the piezoresponse of P(VDF-HFP) by the
increase of p-phase duo the hydrogen bonding and electrostatic interactions between the P(VDF-HFP) matrix and the a-FeyOs
nanoparticles (Fig. 29d). It also provides the active sites for Fe(III) to react with the in-situ generated H,O5, leading to an enhanced
degradation performance driven by water flow, a much gentler force compared to the commonly used ultrasound. For the Fe,O3/P
(VDF-HFP) film with stirring, the degradation ratio of tetracycline was up to 77.9%, of which 53.7% was attributed to the combination
of piezocatalysis and Fenton reaction of the a-Fe;O3/P(VDF-HFP) film itself. Considering the removal rate of tetracycline by Hy02
(14.1%) and the Fenton reaction with additional HoO3 (3.2%), the Fenton reaction solely enhanced by the electric field was calculated
to be 6.9%, which was attributed to the field-induced acceleration of Fe3*/Fe?* cycle (Fig. 29e).

The application of piezocatalysis has been extended to promote Fenton-like reactions based on peroxymonosulfate (PMS). Lan et al.
designed and fabricated MoS; nanosheets with Fe single atomic sites (Fe;-MoS3) (Fig. 29f).[198] The single atomic sites of Fe was
observed in sub-angstrom resolution high-angle annular dark field scanning TEM (HAADF-STEM) images (Fig. 29g). With the me-
chanical stimuli provided by water flow, Fe;-MoS; exhibited prominent performance on the degradation of different kinds of con-
taminants, including industrial chemicals (butylated hydroxytoluene), antibiotics (metronidazole, carbamazepine), and dyes (RhB,
MB) (Fig. 29h). With the application Fe;-MoSz, <20% of each pollutant remained after 12 water flow cycles. The piezo-assisted PMS-
oxidation process involved various types of ROS, including -OH, SO3 , O3, and 102 based on the EPR analysis. The Fe single atom
played triple roles in enhancing the overall catalytic performance analyzed using the theoretical calculation results: (i) Fe atomic sites
increased the asymmetry of the MoS; structure, thus improving the piezo-response; (ii) Fe atomic sites acted as the electron acceptor to
further promote the charge separation on the surface of MoSy; (iii) the Fe atomic sites were Fenton-active sites which utilized the
electrons in the Fe(IIl)/Fe(Il) transition cycle to activate PMS in additional ROS generation. This work not only deepens the
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understanding of the synergistic effect of piezocatalysis and Fenton-like reactions, but also highlights the role of single atom sites play
in enhancing piezocatalytic performance.

6.2. Renewable energy production

The severe energy crisis urges the development of renewable energy. The capability of converting mechanical energy to electric
energy endows piezoelectric materials with great potentiality of harvesting kinetic energy. More recently, piezocatalysis has under-
went a surge in renewable energy production via converting mechanical energy to chemical energy under the applied external me-
chanical vibration, which perfectly remedies the deficiency of poor photocatalytic activity arising from incompatible energy band
structure and the recombination of photogenerated charge carriers.

6.2.1. Hydrogen production

Hydrogen energy, a new energy with zero-carbon emissions and high heat of combustion (about 286 kJ mol ™), has always been
regarded as promising alternative to fossil energy. The application fields of hydrogen energy include but not limited to transportation,
construction and manufacturing industry. Various methods have been adopted to produce hydrogen energy, among which photo-
catalytic water splitting is termed as the most straightforward and sustainable way due to the sole utilization of semiconductors and
light irradiation. The overall water splitting involves the production of H; and O (Equation 18 and 19). Piezoelectric semiconductors
such as BaTiO3 nanoparticles [130,131], BigsNag sTiO3 particles [199], ZnO microfibers [200], vanadium (V)-doped NaNbOg (V-
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Fig. 30. (a) TEM image, (b) Cross-section HRTEM image and (c) AFM topographic image of porous BaTiO3; powders (scale bar: 200 nm). (d) Kelvin
probe force microscopy (KPFM) phase image of porous BaTiOz powders. (e) The distribution of potential in a b-BaTiO3 nanoparticle based on
COMSOL simulation. (f) Comparison of surface potential for the pristine and mesoporous BaTiO3 nanoparticles at different temperatures. (g) The
recycling piezocatalytic H, and O evolution tests of porous BaTiO3 powders under an ultrasonic vibration of 40 kHz. (h) A comparison of water
splitting and dye degradation activities of porous BaTiO3 particles under the treatment of ultrasonication with/without illumination. Reproduced
from [131], with the permission of Wiley.
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NaNbOs3) nanocubes [201] and C-doped KNbOsg single crystals [202] have been designed for efficient hydrogen production.

4H" + 4e~ - 2H, (reduction) (18)

2H0 + 4 h™ — 4H" + O, (oxidation) (19)

Mesoporous BaTiO3 nanoparticles (b-BaTiO3) with heteroepitaxial strain were fabricated via the pH control and high-temperature
etching of NaBH4,[131] which consists of alternate planes of BaO and TiO,. The mesoporous structure originates from the dissolve of
BaO planes in acidic condition, and BaTiOs3 particles were covered with an inhomogeneous layer (Fig. 30a-b) due to the etching and
reduction of NaBHy4. The atomic locations of Ba, Ti and O were determined using the spherical aberration-correct TEM (Fig. 30c),
which clearly shows the typical perovskite structure of BaTiO3 and surface reconstruction of TiOx, as highlighted using the blue and red
rectangular dashed line in Fig. 30c, respectively. b-BaTiO3 particles showed localized distribution of electric potential around pores
that was simulated to be as high as 1.6 V according to the finite element method (Fig. 30d-e). Moreover, free charges can be eliminated
from the surface of BaTiO3 particles at high temperature such as 80 °C (Fig. 30f). All of these results confirm an enhanced ferroelectric
polarization via strain engineering. The generated electric potential (1.6 V) is sufficient to induce overall water splitting (required band
gap: 1.23 V), and the piezocatalytic activity maintained well over a long time period with a maximum hydrogen production rate of 159
pmol g th~! (Fig. 30g). Anomalously, b-BaTiOs exhibited reduced rates of hydrogen and oxygen evolution under simultaneous
ultrasonication and illumination (Fig. 30h), which may be ascribed to the decreased absorption of H/OH ™ induced by the increased
separation of photoexcited charge carriers by the internal electric field.

In addition to strain engineering, phase engineering was also employed to enhance the piezocatalytic Hy production. For example,
BaTiOs nanoparticles (average size: 10 nm) with a high electromechanical coefficient were fabricated using hydrothermal method
[130], and showed a high piezocatalytic overall water splitting with a Hy production rate of 655 pmol g~ *h 1. By producing a BaTiOs
nanofluid, Hy production has been improved to 270 mmol g *h™! for a loading of 5 mg L of BaTiO3 in 10% MeOH/H,0.[203] In-
creases in piezocatalytic activity stem from the incorporation of more than one phase, at least one phase is non-centrosymmetric, and
reducing particle size to increase surface area. The performance of piezocatalytic water splitting is dependent on working temperature.
Bowen et al. reported that Ba,Sr; 4TiO3 pellets showed enhanced piezocatalytic performance with a Hy production rate of 3590 umol
g 'h™! at working temperatures (40-42 °C) just below the Curie point of materials (42 °C), which is mainly ascribed to the great
change of polarization within applied stress as the temperature approaching Curie point.[168] Table 6 summarized the recent research
works about adopting piezocatalysis for hydrogen production.

6.2.2. Recycling of greenhouse gas

Greenhous gases absorb and reradiate infrared radiant energy emitted by Earth, leading to the greenhouse effect. Carbon dioxide
(CO3), methane (CH4) and nitrous oxide (N20O) are three main sources of global warming.

There is a growing need for environment protection, and the economic value of carbon products has motivated the development of
CO-, utilization technologies. Various methods including thermocatalytic, photocatalytic and electrocatalytic conversion have been
evolved to convert CO; into useful organic feedstocks and hydrocarbon fuels such as ethanol, ethylene, methane etc.[208,209] Among

suspension

ultrasonication at 40 kHz

Table 6
A brief summary of piezocatalysts used in Hy production.
Materials Processing Enhancing strategy H, production ~ Piezocatalytic condition Ref
rate
(umol g~'h ™)
Mesoporous BaTiO3 Hydrothermal and high Strain engineering ~ 159 Ultrasonication at 40 kHz [131]
nanoparticles temperature etching of NaBH,
10 nm BaTiO3 nanoparticles Hydrothermal method Morphotropic phase ~ 655 Ultrasonication at 60 kHz [130]
boundary
Vanadium (V)-doped NaNbO3 Hydrothermal method Morphology control ~ 346 Ultrasonication at 68 kHz, [201]
192 W
Glutathione modified acidized- Hydrothermal method Promoting carriers’ ~ 1250 Ultrasonication at 280 W [204]
MoS2 nanosheets separation
Pd decorated BiFeO3 nanosheets ~ Hydrothermal method Cocatalyst Engineering ~ 1140 Ultrasonication at 40 kHz, [172]
100 W
BiFeO3 square nanosheets Hydrothermal method Morphology control ~ 124 Ultrasonication at 45 kHz, [111]
100 W
Bi,WOg nanoplates Hydrothermal method Morphology control ~ 191 Ultrasonication at 40 kHz [205]
0.7BiFe03-0.3BaTiO3 Hydrothermal method Band structure engineering ~ 1322 Ultrasonication at 40 kHz, [206]
nanoparticles 100 W
Ni/GaN nanowires Chemical vapor deposition Cocatalyst Engineering ~ 88 Ultrasonication at 40 kHz, [3]
followed by photo-deposition 110 W
LayNiO4 Citrate sol-gel followed by Morphology control ~ 680 Ultrasonication at 40 kHz [207]
nanoplates calcination
Ba,Sry <TiO3 pellets Solid-state reaction Working at temperature of ~ 3590 Ultrasonication at 40 kHz, 60 [168]
around Curie point w
BaTiO3 powders Solid-state reaction Reactor design, nanofluidic =~ ~ 270,000 Pre-shaking followed by [203]
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Fig. 31. (a) The synthetic route of Co-N-C@BTO piezocatalysts. (b) The high-resolution TEM of Co-N-C@BTO showing the interface of between Co-
N-C and BTO. (c¢) The production of CO and H,, and the CO selectivity of Co-N-C@BTO under ultrasonication at different frequencies. (d) The
scheme of electrochemical characterization based on piezoelectric nanogenerator. (e) An image of Co-N-C@BTO piezoelectric nanogenerator. (f)
The chronoamperometry curve of Co-N-C@BTO piezoelectric nanogenerator. (g) The generated piezoelectric current and total gas production of
piezocatalysis of Co-N-C@BTO. (h) The schematic illustration of the mechanism of piezocatalytic CO reduction reaction using Co-N-C@BTO, which
involves the energy band structure and piezoelectric current. Reproduced from [211], with the permission of Elsevier.
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these methods, piezocatalytic CO, reduction reaction exhibits the distinct advantages of mild condition (compared to thermocatalytic
conversion), zero usage of sacrificial agents or extra light source (compared to photocatalytic conversion), and utilizing green and
competitive mechanical energy (compared to the electric energy of electrocatalytic conversion). Like piezocatalytic H production, the
research of piezocatalytic CO2 reduction reaction mainly focuses on the structural and compositional design of piezocatalysts with the
final purpose of achieving pronounced catalytic performance.

Lead-free lithium-doped potassium sodium niobate (Ko sNag 5)0.97Lip.03NbO3 (KNLN) particles were synthesized via a solid-state
reaction,[210] showing a CO production rate of 438 pmol g~'h™!. In addition to modulating piezoelectric properties, designing
proper active sites is also critical to enhancing the catalytic performance and the selectivity of products after CO5 reduction reaction.
Co-nitrogen-carbon (Co-N-C) derived from Co/Zn-ZIF was integrated with BaTiO3 (BTO) to fabricate Co-N-C@BTO piezocatalysts
(Fig. 31a-b) [211], which showed a high CO selectivity (93.8%) along with a CO production rate of 261.8 pmol g~ 'h™! only under
ultrasonication of 50 kHz (Fig. 31c). The authors proposed that the only CO, production at 50 kHz was related to the piezoelectric
resonance effect, and proved the assumption via measuring the current of Co-N-C@BTO-based piezoelectric nanogenerator (Fig. 31d-
f). The generated piezoelectric current showed a similar trend of the CO production as a function of ultrasonication frequency (a
maximum value at 50 kHz in Fig. 31g). It is suggested that a time-varying electrostatic potential generates on the surface of pieo-
catalysts under the principle of piezoelectric nanogenerator. This acts as the driving force to promote the transfer of electrons, and
further regulates the energy band structure to trigger the CO, reduction reaction (Fig. 31h). More importantly, a high piezocatalytic
activity does not necessarily require large external mechanical energy since the piezoelectric material can largely deform under the
ultrasonication at frequencies close to resonance frequency. Similar to facilitating the Hy production of BaySr; 4TiO3 pellets via
working in the vicinity of Curie point,[168] the niobium-doped lead zirconate titanate (PZTN) powders [167] showed a low Curie
temperature (~39 °C) arising from the introduction of Nb, which contributed to a great change of spontaneous polarization in the
vicinity of Curie point and a further promising piezo-catalytic CO, reduction rate of 789 pmol g~'h™! at a small dosage of PZTN.
Further increasing the dosage of PZTN did not promote the catalytic performance due to the agglomeration of particles. Table 7 briefly
summarizes the recently reported work of piezocatalytic CO, reduction reaction, involving the composition, structure, processing
details and catalytic performance of specific piezocatalysts.

Like CO5 reduction reaction, piezocatalysis has also been utilized to realize CH4 conversion. Hydroxyapatite (Ca;o(PO4)s(OH)2,
HAp) (piezoelectric coefficient of 1-16 pm V1) whose ferroelectric nature arising from the alignment of OH™ along [001] directions
has been exploited to promote the activation of CH, into small molecules (Fig. 32a).[212] HAp displayed a characteristic butterfly loop
of amplitude-voltage, verifying its piezoelectricity (Fig. 32b). The generated current under ultrasonication was observed using
transient current response (Fig. 32c), which clearly showed obvious change with/without ultrasonication. The response current
showed its maximum under Ny, and decreased after the inlet of Op and CHy, suggesting the activation of O, and CH,4 using HAp. CH4
converted to liquids of methanol, ethanol and 2-proponal, of which the highest production rates were 84.4, 43.2 and 9.6 pmol g 1 h™1,
respectively (ratio of CH4:05: 1:0.5) (Fig. 32d). HAp also showed a decent piezocatalytic cycling performance (Fig. 32e). The catalytic
mechanism was illustrated in Fig. 32f-g. The surface charges of HAp induced by ultrasound acted as the surface cathode/anode to
initiate electrochemical reactions, and realized the activation of methane, oxygen, and water molecules. Specifically, the -OH
generated during the redox reactions of oxygen and water molecules could attack the C-H bond of methane and further converted it
into a lower alcohol. It should be noted that no by-products like CO, or CO was generated during the formation. This study prolonged
the reaction path of methane conversion through C-C coupling and alleviated the excessive oxidation of methanol based on
piezocatalysis.

6.3. Biomedicine and biotechnology

From the biological perspective, ROS is a class of oxygen-containing active molecules which are continuously produced, trans-
formed and consumed in organisms.[213] Appropriate ROS level plays a key role in maintaining the normal physiological function of
cells.[214] The role of ROS in cells is like a double-edged sword. Low levels of ROS regulate cell proliferation and apoptosis with their
fundamental function in metabolism.[215] Once ROS is over-generated, the redox homeostasis will be broken and the continuously
accumulated ROS will result in oxidative stress in cells, which causes irreversible oxidative damage to the components of cells, such as
DNA, proteins and lipids, thus leading to cell apoptosis or necrosis.[216] Therefore, piezocatalysis can be applied to various biomedical
domains, such as tumor treatment, bacteria killing, tissue regeneration, Alzheimer’s disease treatment and tooth whitening.

Table 7
A brief summary of piezocatalysts used in CO; reduction.

Materials Processing Enhancing strategy CO production Piezocatalytic condition ~ Ref
rate
(pmol g™'h ™)

Co-N-C@BaTiO3 Ball milling Active sites engineering ~ 261.8 Ultrasonication at 50 [211]
particles kHz

Lithium-doped potassium sodium niobate Solid-state Lattice distortion ~ 438 Ultrasonication at 40 [210]
particulates reaction kHz

Nb-doped lead zirconate titanate particulates Solid-state Curie temperature ~ 789 Ultrasonication at 40 [167]
reaction engineering kHz
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Fig. 32. Piezocatalytic methane conversion using hydroxyapatite (Ca;o(PO4)s(OH)2, HAp): (a) the structure and piezoelectric effect of HAp; (b) the
PFM hysteresis loops of HAp; (c) the response of transient current of HAp under different atmosphere; (d) the liquid production of piezocatalytic
methane conversion of HAp in different ratios of methane/O,; (e) cycling tests of methane conversion catalyzed by HAp; (f) the schematic
description of piezocatalytic methane conversion over HAp; (g) the mechanism of methane conversion to alcohol. Reproduced from [212], with the
permission of Elsevier.

6.3.1. Tumor treatment

Compared with normal cells, tumor cells possess elevated ROS levels, which make them more vulnerable to a further increase of
ROS.[217] For the last few decades, increasing ROS level beyond the antioxidant capacity of cancer cell has emerged and developed as
an effective method of selectively killing tumor cells (Fig. 33a).[218] This is the principle of dynamic therapies relying on the in-situ
yield of ROS in the tumor area. Among the currently developed dynamic therapies, it is necessary to combine with external physical
fields (e.g. laser, ultrasound and radiation), or intrinsic chemical energy (e.g. overexpressed HyO5) for activation.[219] Therefore,
based on the types of utilized energy, the mainstream dynamic therapies can be divided into the following categories: photodynamic
therapy (PDT)[220], electrodynamic therapy (EDT)[221], radiodynamic therapy (RDT)[222], sonodynamic therapy (SDT)[223],
chemodynamic therapy (CDT)[224] etc. Compared with near-infrared light (NIR) with a poor penetration depth (<1 cm) and high-
energy X-ray with numerous side effects, ultrasound draws increasing attention with high tissue penetration and bio-safety, which
promotes the development of SDT.[225] For traditional SDT, the therapeutic mechanism is mainly attributed to the energy transfer
process caused by sonoluminescence due to ultrasound cavitation.[226] The sonoluminescence excites the electron orbitals of the
sonosensitizer, and triggers certain photocatalytic processes to enhance the yield of ROS. However, the efficiency of SDT is still heavily
restricted from the inefficient separation and rapid recombination of free electrons and holes, leading to the insufficient generation of
ROS.

As one of the ultrasound-responsive materials, piezoelectric materials can not only efficiently separate charge carriers under piezo-
induced electric field, but also enhance the redox ability in terms of band bending, further promoting ROS generation.[231] Despite
the fact that the application of piezoelectric materials was ascribed to SDT by some researchers, the mechanism of the yield of ROS via
piezocatalysis is different from that of classic sonosensitizers. In 2020, Zhu et al. applied tetragonal barium titanate (T-BTO) piezo-
electric nanoparticles to kill tumor cells under ultrasound, which was separated from SDT for the first time and has been named
‘piezocatalytic therapy’ (Fig. 33b).[227] Under the mechanical stimuli provided by low-energy ultrasonic irradiation (1.0 W cm™2),
the polarization inside T-BTO changed, and an internal electric field was built inside the lattice. T-BTO exhibited prominent degra-
dation performance (41.36 %) of MB under ultrasonic irradiation compared to control group (7.04 %). It is worth mentioning that the
cubic BTO nanoparticles (symmetric structure without piezoelectricity) showed negligible MB degradation performance (10.8 %),
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Fig. 33. (a) Schematic illustration of ROS-modulation in normal cell vs. cancer cells (reproduced from [218], with the permission of Elsevier). (b)
Schematic mechanism of tetragonal barium titanate (T-BTO) mediated piezocatalytic tumor therapy (reproduced from [227], with the permission of
Wiley). (c) Photos of tumor bearing mice and corresponding tumor regions after different treatment conditions using T-BTO (reproduced from
[227], with the permission of Wiley). (d) Schematic illustration of the original energy band structure of black phosphorus nanosheets (BP NS) and
tilted band structure under piezo-induced electric field, which facilitated -OH yield (reproduced from [228], with the permission of American
Chemical Society). (e) Absorbance at 650 nm of 3,3,5,5tetramethylbenzidine (TMB) generated by cascade catalysis in 1 mg mL ™! glucose solution
for different treatment groups (reproduced from [229], with the permission of Elsevier). (f) Cell viabilities of C6 cells in different treatment groups
(reproduced from [229], with the permission of Elsevier). (g) Energy diagram for Fe>*—Fe?* conversion process under different electron density
conditions (reproduced from [230], with the permission of Wiley). (h) Relative tumor volumes in different treatment groups during the therapeutic
process (*p < 0.05, **p < 0.01, ***p < 0.001) (reproduced from [230], with the permission of Wiley).

which confirms the role of piezoelectricity played in promoting the yield of ROS. Based on the simulation using finite element method
(FEM), the piezopotential generated by T-BTO is enough to tilt the energy bands favoring the reduction of O to generate -O3, as well as
the oxidation of HyO to generate -OH. Finally, the enhanced yield of ROS contributed to the oxidative damage of tumor cells, as
evaluated in vitro and in vivo (Fig. 33c).

Apart from classic piezoelectric perovskites, emerging piezoelectric materials with various structures have also been investigated in
terms of anti-tumor effect. For example, few-layer black phosphorus nanosheets (BP NSs) are typical piezoelectrically active 2D
semiconductors. In 2021, Li et al. prepared few-layer BP NSs based on liquid phase exfoliation method, and studied the killing effect of
tumor cell under ultrasonic irradiation.[228] The intrinsic bandgap of BP NSs was measured to be 0.84 eV, where the CB and VB edges
were —0.39 eV and 0.45 eV, respectively (vs. RHE). The redox potential of the CB edge of BP NSs was more negative compared to Oy/
-03 (—0.33 eV), which indicates that the electrons were energetically favorable for the reduction of O,. However, the redox potential of
the VB edge was less positive compared to HyO/-OH (0.51 eV). It is worth mentioning that the built-in electric field formed under
ultrasound tilted the VB position, which turned out to be more positive than the redox potential of HyO/-OH (Fig. 33d). This work
inspires that similar 2D-structured piezoelectric materials (e.g., WS, and MoSy) have the potential to be applied in tumor treatment.
[232]

In addition to material selection, electronic structure design is a vital technology to tailor the piezocatalytic performance, e.g.,
heterostructure construction [233] and defect engineering [171]. In terms of heterostructure construction, Ma et al. designed and
prepared heterostructured Au/ZnO nanoparticles which were further modified with mitochondrial targeting peptides (MLS) and
polyethylene glycol (PEG) and coated with C6 cell membrane (MP-Au/ZnO@CCM) for tumor treatment.[229] The Schottky barrier
was formed between the insulated ZnO and metallic Au nanoparticles. Apart from the ability to decompose HoO and O, Au/ZnO
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exhibited peroxidase-like activity owing to the introduction of Au nanoparticles, which could catalyze the decomposition of H2O; to
generate ROS. Moreover, based on simulation results of the electric properties of Au/ZnO under ultrasound, the piezopotential and
current density were estimated to be 140 mV and 70 A m™2, respectively. The enhanced current density around the Au nanoparticles
favored the migration and separation of electrons and holes, thus promoting the enzyme-like catalytic behavior of Au/ZnO. Based on
the oxidation experiments of 3,3,5,5-tetramethylbenzidine (TMB), the blue color could be observed in the MP-Au/ZnO-NRs + US
group and Au/ZnO-NRs + US group when glucose was used to evaluate the cascade catalytic activity, suggesting that the introduction
of ZnO can enhance the catalytic activity of Au (Fig. 33e). MP-Au/ZnO@CCM exhibited satisfactory performance of cell killing with
the cell viability reduced to 17.40% under ultrasonic irradiation (Fig. 33f). It is also worth mentioning that the piezopotential
generated by MP-Au/ZnO@CCM could disturb mitochondrial membrane potential and lead to cell apoptosis, other than the yield of
ROS during the therapeutic process. In terms of defect engineering, Wang et al. applied KNN-based nanocrystals with the composition
of 0.92(Nag 5K.5)NbO3-0.02(Bjg 5Lio.5)TiO3-0.06BaZrO3 to the osteosarcoma treatment.[234] The enhanced generation of ROS was
attributed to the increased catalytic behavior of oxygen vacancies in combination with enhanced separation of charge carriers driven
by the built-in electric field.

In tumor cells, the yield of ROS is originated not only from H0 and O, but also from the overexpressed HO2, which can be
associated with Fenton reactions.[235] CDT is a novel tumor treatment strategy based on the promotion of Fenton/Fenton-like re-
actions to catalyze the conversion of intratumoral HyO> into strong oxidative -OH, thereby inducing the apoptosis of tumor cells.[236]
Asis mentioned in Section 6.1.3, the introduction of piezo-induced electric field in Fenton catalysts can facilitate the generation of -OH.
In 2021, Zhao et al. proposed the ‘intra-crystalline electron lever’ (IEL) strategy, and fabricated the piezoelectric 3% Mn**-doped
bismuth ferrite (BiFey.97Mng 9303, MBFO) nanocrystals using air-quenching sol-gel method.[230] In MBFO, the concentration of free
electrons was enhanced through the donor doping of Mn*" ions. Meanwhile, a Mn*"-0-Fe>* local dipole, named as ‘electron lever’,
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Fig. 34. Bismuth molybdate (Bi;MoOg) nanoribbons (BMO NRs) for glutathione-enhanced sonodynamic therapy (reproduced from [237], with the
permission of Wiley): (a) Mo 3d peaks in the XPS spectra of BMO NRs before and after incubation with glutathione (GBMO); (b) ESR spectra of -O3
trapped by 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 'O, trapped by 2,2,6,6-Tetramethyl-4-piperidinol (TEMP); (c) the schematic illustration
of the energy band structure of BMO and GBMO NRs, and tilted energy bands under piezo-induced electric field, which facilitated the yield of -O3
and -OH and (d) Fluorescein—annexin V and PI staining assay of HeLa cells treated with different conditions. MnTiO3 nanodisks for multiple
enzymatic-mimicking activities (reproduced from [238], with the permission of American Chemical Society): (e) peroxidase (POD)-like and (f)
catalase (CAT)-like enzymatic kinetics rate of MnTiO3 nanodisks under different pH conditions; (g) relative expression of Bcl-2, Bcl-xL, Bax, and
cleaved caspase-3 (Cl-Casp-3) was normalized to the expression of GAPDH for different treatment groups which were blank control (i), pH 6.0 (ii),
ultrasound (iii), pH 6.0 + ultrasound (iv), MnTiO3 nanodisks (v), MnTiO3 nanodisks + pH 6.0 (vi), MnTiO3 nanodisks + ultrasound (vii) and
MnTiO3 nanodisks + pH 6.0 + ultrasound (viii), and (h) the mechanism of cell apoptosis after the treatment with MnTiO3 nanodisks and ultrasound.
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was constructed, which could efficiently regulate the distribution of valence electrons and free electrons around the Fe>* site. More
interestingly, under ultrasonic irradiation, the piezo-induced electric field in MBFO could drive excess free electrons to the Fe site for
further accumulation of electrons. As a result, the enhanced electron density on Fe site lowered the activation energy of rate deter-
mining Fe>* reduction step in the Fenton reaction (Fig. 33g). Therefore, the energy barrier of Fe>*/Fe?" conversion was reduced by
55.3%, and the kinetics rate was increased by 6.1 times, and finally enhancing the yield of -OH. Moreover, satisfactory CDT efficiency
was achieved in terms of in vitro and in vivo anti-cancer effect of MBFO under ultrasound (Fig. 33h).

Apart from the structure engineering of piezoelectric materials, the therapeutic effect of ultrasound-driven piezocatalytic therapy
can be further optimized from the perspective of biological characteristics of tumor cells. For example, the efficiency of ROS-based
therapy suffers from a high level of antioxidant (1-10 mM), such as glutathione (GSH), in the tumor microenvironment, which ren-
ders the tumor cells more resistant to oxidative stress. In 2021, Dong et al. prepared 2D bismuth molybdate (BizMoOg) nanoribbons
(BMO NRs) via hydrothermal method.[237] BMO features a unique layered Aurivillius structure, consisting of [Bizoz]2+ layers
sandwiched between [M004]2’ slabs. The BMO NRs could react with GSH to further disrupt redox homeostasis in terms of the
reduction of Mo®* to Mo®", which was evidenced based on Mo 3d XPS spectra (Fig. 34a). The generation of -O3 and 10, was confirmed
using the ESR spectra (Fig. 34b). Moreover, the yield of Mo®" introduced oxygen vacancies to the structure of BMO, which results in a
shortened distance between the band edge and the redox potentials of Oy/-03 (—0.33 eV) and HyO/-OH (2.10 eV) (Fig. 34c).
Representative flow cytometric apoptosis assay was conducted to reveal the anti-tumor mechanism of BMO NRs (Fig. 34d). The
apoptotic ratio in the T4 group (BMO + US) was up to 72% (sum of Q2 + Q3), which was prominently higher than those of other
groups. Furthermore, in vivo experiments suggested that BMO NRs could also play the role of a contrast agent for CT imaging to provide
real-time X-ray imaging in the evaluation of therapeutic effect.

Moreover, the piezocatalytic performance can be regulated by solution environment, e.g., temperature, pH and ion concentrations.
[170] Based on the difference of normal cells and tumor cells in pH, piezocatalysts possess the potential to realize different functions in
terms of cell types, which may achieve precise tumor eradication with minimal side effects. In 2022, Xu et al. adopted one-pot hy-
drothermal method to prepare MnTiO3 nanodisks for multiple enzymatic-mimicking activities, covering glutathione oxidase (GSHOx),
peroxidase (POD) and catalase (CAT).[238] Featuring multiple valences, manganese usually acts as the catalytic center of various
natural enzymes. Considering the sub-acidic (pH = 6.0) tumor microenvironment, MnTiO3 nanodisks was found to exhibit POD-
mimicking activity involving H' (Fig. 34e). In this way, the overexpressed H,O, was converted into highly toxic -OH to damage
tumor cells. Comparatively, in normal physiological conditions (pH 7.4), the POD-mimicking activity of MnTiO3 nanodisks could be
barely detected, showing CAT-mimicking activity instead (Fig. 34f). In this way, HoO2 was converted into non-toxic Oz in normal cells.
Going a step further, the authors built a biocomputing platform based on a Boolean logic-based algorithm. Ultrasound and acidic
conditions were selected as input signals to output toxicity for programed tumor treatment. As a result, Bax/Bcl-2/caspase-3 signaling
pathway was reprogrammed to inhibit tumor cells from anti-apoptosis (Fig. 34g and 34 h). Overall, this research broadened the range
of artificial enzymes with piezocatalysts, and shed light on the design of next-generation nanomedicine for more precise and effective
tumor treatment.

6.3.2. Anti-bacteria

In the human body, the bacteria in the gastrointestinal tract play an essential role in maintaining the regular functions of the
immune system.[239] The chemical substances they produce can regulate the immune system, so that the immunity can remain in an
appropriate state of defense.[240] As long as the imbalance of the bacteria takes place, the mutualism between human and bacteria is
destroyed, and bacteria are likely to induce various diseases, e.g., gastroenteritis. Currently, antibiotics are the most common treat-
ment to kill and inhibit pathogenic bacteria that invade the human body. In order to achieve satisfactory therapeutic effect, the dosage
of antibiotics is usually high due to its non-targeting properties, which can cause side effects, such as hematopoietic disorder and liver
damage.[241] Moreover, the overuse of antibiotics has been found to be mainly responsible for the development of drug resistance in
certain types of bacteria, which may obstruct the treatment if reinfection occurs.[242] Therefore, it is urgent to explore up-to-date
antibiotic-free therapies for rapid sterilization.

It has been widely reported that the presence of antibiotics can produce excessive ROS, and further lead to an increased oxidative
stress in bacteria, which is the key mechanism of bacterial cell death.[243] In analogy to piezocatalytic therapy for tumor treatment,
piezoelectric materials have massive potential in anti-bacteria by means of promoting the yield of ROS under ultrasonic irradiation,
without taking the risk of drug resistance. In 2021, Wu et al. deposited Au nanoparticles on BaTiO3 nanocubes (Au@BTO) for anti-
microbial applications.[244] The as-prepared Au@BTO featured a Schottky heterojunction construction, which could further promote
the separation of charge carriers in addition to the piezo-induced potential. To detect the generation of '0,, 1, 3- diphenyl iso-
benzofuran (DPBF) was used as the scavenger. The time-dependent 'O, generation curve for the Au@BTO + ultrasound (US) group
showed the largest slope (0.7113 min~?), which was 2.42 times and 5.02 times larger compared to the BTO + US and US group,
respectively (Fig. 35a). From the live/dead staining images, the ratio of dead cells in the Au@BTO + US group was calculated to be
81.86% of the total cells, which was higher compared to other groups (Fig. 35b). After ultrasonic irradiation for 4 min, the antibacterial
efficiencies of Au@BTO against E. coli (gram-negative) and Staphylococcus aureus (S. aureus, gram-positive) were up to 99.23% and
99.94%, respectively. Au@BTO also exhibited in vivo satisfactory antibacterial effect in a model of mouse wound.

In 2021, Liu et al. innovatively designed the piezo-deposition of Au on BTO (BTO@Au NPs) to achieve antibacterial effect under
low-frequency mechanical vibration like stirring.[245] It should be noted that under mechanical stimuli, the piezo-induced electrons
could reduce metal precursors to nanoparticles, which guaranteed the favorable deposition on the electron-accumulated area instead
of random chemical reduction (Fig. 35¢). This novel design could enhance the charge density around Au and further facilitated the
reduction from oxygen to -Oz. For BTO@Au NPs, the degradation efficiency against RhB reached 99 % after stirring for 6 h. As
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Fig. 35. (a) The kinetic rate constant for DPBF decomposition for US, BTO + US and Au@BTO + US groups (reproduced from [244], with the
permission of Elsevier). (b) Live/dead staining images and quantitative analysis of antibacterial effect of Au@BTO against E. coli and S. aureus
(reproduced from [244], with the permission of Elsevier). (c) Schematic illustration of piezodeposition process of BTO@Au (reproduced from [245],
with the permission of Elsevier). (d) The piezocatalytic performance of BTO and BTO@Au under stirring at 200, 400, 800 and 1500 rpm in terms of
the corresponding k values of RhB degradation (reproduced from [245], with the permission of Elsevier). (e) Survival rate of S. aureus before and
after different treatment conditions. (f) EPR spectra of BTO and SDBTO (reproduced from [150], with the permission of Elsevier). (g) Micro-CT
analysis and reconstruction behavior in different treatment groups, where the yellow and green dotted-line represent the bone destruction area
and the defect site, respectively (reproduced from [150], with the permission of Elsevier). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

expected, the dye degradation efficiency increased with increasing stirring rates for BTO@Au samples (Fig. 35d). Other low-frequency
vibration sources (e.g., votex, rotator, human walking) were also examined to be available to trigger the piezocatalytic reaction. In vitro
results showed that S. aureus treated with BTO@Au were completely inactivated after stirring for 6 h, which could be reduced to 2 h if
additional oxygen was provided (Fig. 35e). Based on RNA sequencing analysis, Bacteroides with the most antibiotic resistance
mechanisms underwent a significant decrease in their abundance as total amount of bacteria in BTO@Au + dO; group, which sug-
gested that the disinfection effect via BTO@Au NPs has potential to treat drug-resistant pathogens. This strategy takes one step further
for piezoelectric materials in the treatment of anti-bacteria under mild mechanical vibrations.

Moreover, piezocatalysis can be extended to more disease treatment with the necessity of antibiosis. In 2022, Lei et al designed and
fabricated sulfur-doped barium titanate (SDBTO) to achieve bacterial inhibition and bone regeneration at the same time.[150] An
appropriated amount of sulfur doping increased the local crystal asymmetry, thus enhancing the piezoresponse. Oxygen vacancies,
confirmed by unpaired electron signal at g = 2.003 in the EPR spectra (Fig. 35f), were introduced to SDBTO to narrow the bandgap and
act as an electropositive center to further separate electrons and holes. These synergistically enhanced the catalytic behavior with
surrounding oxygen and water to produce ROS. SDBTO exhibited prominent in vitro antibacterial effect with a killing efficiency of
97.12% against S. aureus. Interestingly, the electric field established in SDBTO under ultrasound promoted the osteogenic differen-
tiation of human bone marrow mesenchymal stem cells (hBMSCs) in terms of upregulating the signaling pathway of TGF-$. SDBTO-1
could resist bacterial infection with depressed inflammation and significantly improve bone regeneration simultaneously (Fig. 35g). In
sum, the applications of piezocatalytic therapy can be further extended to other disease treatment considering antibacterial and tissue
regeneration.

6.3.3. Algheimer’s disease treatment

Alzheimer’s disease (AD) is one of the most common chronic neurodegenerative diseases.[246] It has been generally acknowledged
that the major pathological features of AD are the self-assembly of Ap monomers into aggregates and their deposition on extracellular
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regions of the brain.[247] As a result, the accumulation of Ap aggregates can cause neurons and synapses to lose physiological
functions.[248] Due to the strong side-chain interactions in Ap structures, AB aggregates are highly resistant to dissociation by classic
physical or chemical method.[249] In 2020, Jang et al. firstly applied bismuth oxychloride (BiOCl) nanosheets to dissociate Ap ag-
gregates for AD treatment (Fig. 36a).[250] BiOCI possesses an anisotropic layered structure consisting of [BizO5]?* slabs and inter-
layered double Cl™ slabs with dominant (001) facets. Using thioflavin T (ThT) as a fluorescence probe into p-sheet structure, and
bicinchoninic acid (BCA) assay to evaluate the amount of protein, the decrease of ThT-binding sites on the Ap fibrils was attributed to
the piezocatalysis effect of BiOCI nanosheets instead of adsorption. Based on circular dichroism (CD) analysis, the intensity of peak
corresponding to p-sheet-rich secondary structure decreased only in the experimental group incubated with BiOCI nanosheets after
ultrasonic treatment (Fig. 36b). In the AFM images, the A fibrils were observed to be broken into tiny debris, which was <100 nm in
length (Fig. 36¢). Moreover, it was suggested that the dissociation of A fibrils was attributed to the ROS catalyzed by BiOCl nano-
sheets. The oxidative damage in Ap fibrils was examined using ionization time-of-flight mass spectrometry (MALDI-TOF-MS).
Moreover, the alleviated neurotoxicity induced by piezocatalysis induced by BiOCl nanosheets was validated using in vitro and ex vivo
models (Fig. 36d and 36e). It has been also reported that the controlled electric signal can effectively realize neuro modulation and
neuronal repair, and piezoelectric materials have massive potential in neurological disease treatment in the future.

6.3.4. Aesthetic medicine
Different from disease treatment, aesthetic medicine focuses on altering cosmetic appearance through the treatment of conditions,
covering scars, wrinkles, excess fat, etc. In the modern world, the demand of tooth whitening has been increased sharply with the
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Fig. 36. BiOCl nanosheets for the treatment of AD (reproduced from[250], with the permission of Elsevier): (a) schematic mechanism of
piezocatalysis-based dissociation of Ap aggregates mediated by BiOCI nanosheets; (b) CD spectrua of A fibrils after treating A fibrils with/without
BiOCl nanosheets after ultrasound; (c) the AFM images of A fibrils after incubated with/without BiOCl nanosheets under ultrasound; (d) the
alleviated neurotoxicity of Ap fibrils after different treatment conditions, and all of the values were statistically analyzed by means of one-way
ANOVA (n = 3, **p < 0.01, n.s. not significant) and (e) Fluorescent images of ThS-stained brain slices after various treatment conditions. Poled
BaTiOj3 for tooth whitening (reproduced from[110], with the permission of Nature Portfolio): (f) piezocatalytic degradation efficiency of the poled
and unpoled BTO nanoparticles; (g) ESR spectra of -OH and -O3 trapped with different treatment groups in water (top) and dimethyl sulfoxide
(DMSO) dispersion (bottom), respectively and (h) the photographs of single tooth under treatment of vibration in pure deionized water (top) and
poled BTO turbid liquid (bottom) for 0, 1, 3, and 10 h, respectively.
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evolution of aesthetic standard.[251] The traditional way is based on the mechanical friction between tooth and abrasives in the
toothpaste, which is time-consuming and may cause side effects to the teeth. In 2020, Wang et al. innovatively applied poled BaTiO3
(BTO) nanoparticles to degrade organic compounds stained on the teeth in terms of the piezocatalytic release of ROS.[110] To evaluate
the catalytic performance of poled BTO, over 90% of Indigo Carmine was degraded with poled BTO after ultrasonic vibration for 35
min. The kinetic rate constant of RhB with poled BTO (k = 0.448 h™1) was about eight times higher compared to the unpoled BTO (k =
0.062 h™1) (Fig. 36f), which might be attributed to the enhanced piezoelectricity after poling. Furthermore, the significant role of
piezoelectricity was verified based on the ultrahigh kinetic rate constant of poled single crystal PMN-PT powder (k ~ 0.036 min ).
The comparison of reactive species (-OH and -O) yield was further evaluated based on the ESR results (Fig. 36g). To simulate long-
term daily toothbrushing, the tooth was brushed using an electric toothbrush periodically at 2 min intervals for 10 h instead of ul-
trasonic vibration. Based on the Commission Internationale De L’Eclairage (CIELab) measurements, the tooth brushed using poled BTO
turbid liquid showed a prominent whitening effect, while there was no obvious change in the color of the tooth brushed with water
alone (Fig. 36h). Finally, the application of poled BTO was demonstrated to do much less harm to the enamel and biological cells
compared to HyO9, which made piezocatalysts promising candidates to replace abrasives in the toothpaste. This work not only firstly
introduced piezocatalysis to aesthetic medicine, but also inspired the exploration of piezocatalysis in other biomedical applications
related to generation of ROS.

7. Summary and perspective

Piezocatalysis, an emerging frontier catalytic technique driven by mechanical energy, has great potentials in various fields of
application such as environmental remediation, renewable energy production and biotechnology. In this review, we summarized the
recent advances of piezocatalysis with special emphasis on decoding the underlying correlation between the catalytic activity and
piezo-/ferroelectric physics. The reaction process of piezocatalysis is dominated by the piezo-potential generated under the stimuli of
mechanical strain. Here are the main points:

i). The category of piezocatalysts has extended from classic inorganic oxides to 2D-layered materials and polymer-based piezo-
electrics. Materials with ferroelectricity are drawing increasing attention due to immense design space to regulate
piezoelectricity.

ii). The mainstreams of piezocatalytic mechanisms are based on either energy band theory or screening charge effect. Rational
explanations of piezocatalysis have been provided to support their own concepts in terms of experimental results and theoretical
simulations. It is highlighted that the connection between piezopotential and piezocatalytic performance has been acknowl-
edged in both theories.

iii). The distinction between piezocatalysis and photocatalysis/pyrocatalysis/electrocatalysis/tribo-catalysis have been elaborated.
Considering the comparatively low catalytic efficiency of piezocatalysis, the coupling between piezocatalysis and other catalysis
technologies should arouse more attention from researchers.

iv). In piezoelectric/ferroelectric physics, piezoelectric properties are intimately linked with polarization rotation (intrinsic) and
domain switching (extrinsic). The coexistence of multiple phases, the decrease of domain size and introduction of field-induced
phase transitions are useful to enhance piezoelectric properties, thus improving piezocatalytic performance.

v). The design strategies to enhance the piezocatalytic efficiency covers morphology and facet control, defect engineering, po-
larization modulation (ferroelectrics), heterostructure construction and composites creation.

vi). Piezocatalysis can take place in a variety of complex environments, and have broader potential applications involving envi-
ronmental remediation, renewable energy production and biomedicine.

In piezoelectric/ferroelectric physics, piezoelectric properties are intimately linked with polarization rotation (intrinsic) and
domain switching (extrinsic) behavior. Generally speaking, the coexistence of multiple phases facilitates the polarization rotation and
the decrease of domain size facilitates the motion of domain wall, which will enhance piezoelectric properties. However, the corre-
lation between catalytic reaction kinetics and physical mechanism is still unexplored in various aspects. Some aspects are shown
below:

7.1. The temperature sensitivity of electrical properties

As the most investigated mechanical stimuli source of piezocatalysis, ultrasonic irradiation also exhibits thermal effects, which
increases ambient temperature during the reaction. Piezoelectric properties, on the other hand, are closely related to the working
temperature. For a few lead-free ferroelectric systems, e.g., KNN and BNT, the temperature sensitivity of structural evolution and
piezoelectric properties is yet to be clearly elucidated, which impedes the further investigation of piezocatalysis. Moreover, the
quantitative analysis of relationship between the variation of temperature and the power density of ultrasonication, as well as the
duration of time is necessary to control the thermal effect of ultrasonication, which also benefits the designated shift of Curie point or
the depolarization temperature of ferroelectrics to optimize the piezoelectric performance at practical working temperature. There-
fore, future work should focus on balancing the thermal effect of ultrasonication and the temperature sensitivity of piezoelectricity.

45



N. Meng et al. Progress in Materials Science 138 (2023) 101161
7.2. Electric field-induced phase transitions

In the application of piezoelectric ceramics, poling is an effective strategy to enhance piezoelectric properties, which require a
continuous period of time under a DC voltage. Poling treatment makes the polarization of domains align along the direction of the
electric field, which boosts the piezoelectric properties.[252] The importance of poling treatment before application has been grad-
ually acknowledged to enhance piezocatalytic efficiency. Apart from domain switching in ferroelectrics, electric field-induced phase
transitions can take place in relaxor ferroelectrics and anti-ferroelectrics, which have a great impact on the piezo-response as well.
However, the impact of field-induced transitions on the piezocataytic performance has not been studied so far. Both experimental
results and theoretical calculation should be carried out.

7.3. Doping effect

Apart from poling treatment, doping is another strategy to tailor piezoelectric properties, in terms of regulating lattice distortion
and domain wall motion. It should be noted that doping can also lead to the formation of cation/anion defects and affect the charge
carrier density and charge transfer rate, which play a dominant role in the reaction kinetics of piezocatalysis. Moreover, the electron
spin state of doping element can also change the reactivity of the piezocatalysts. Despite the fact that doping has already attracted
attention in regulating piezocatalysis, a comprehensive understanding of the doping effect on the electronic structure, the kinetics of
charge transfer and the reaction of piezoelectric materials has not been achieved, and requires more efforts to put into.

As an emerging research area involving condensed matter physics and process chemistry, piezocatalysis has been developed rapidly
in this decade and shows massive potential in various applications. In the future, researchers with different backgrounds, mainly
embracing piezoelectric physics and catalysis, should work more closely to put more efforts to investigating and clarifying the rela-
tionship between piezoelectric properties enhancement and chemical reactivity optimization. We believe that significant progress will
be made to enhancing piezocatalytic efficiency with the deepening of understanding physicochemical relationship of piezocatalysts,
which may further extend the application areas and increase practicability of piezocatalysis.
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