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The past several decades have witnessed significant advances in the
synthesis and applications of PIEZQOelectric semiconductors, an
important class of materials, including piezoelectric, pyroelectric, and
ferroelectric semiconductors. The intriguing combination of physical
and chemical phenomena in PIEZ Oelectric semiconductors has trig-
gered much interest in PIEZOcatalysis, that is, catalysis enabled by
PIEZOpotential (i.e., piezopotential, pyropotential, and ferropoten-
tial)-induced built-in electric fields, which is the focus of this Minire-
view. First, the PIEZOelectric materials are briefly introduced.
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in Figure 1, piezoelectrics contain py-
roelectrics, and pyroelectrics comprise
ferroeletrics. Some piezoelectric mate-
rials (green) are non-pyroelectric.
They experience a separation between
positive and negative charge centers
upon strain, while exhibiting zero elec-
tric dipole in the absence of strain
(Figure 2). Partial pyroelectric materi-
als (blue, Figure 1) that are not ferro-
electric exhibit spontaneous polariza-

Second, recent developments in PIEZOcatalysis are highlighted,
including the introduction of representative PIEZ Oelectric semi-
conductors, their possible catalytic mechanisms, novel techniques to
produce their PIEZ Oelectric effects during the catalytic process, and
several examples of PIEZ Ocatalysis. Finally, the challenges in the field
and exciting opportunities to further improve the PIEZ Ocatalytic

efficiency are discussed.

1. Introduction

Motivated by increasingly serious pollution and depletion
of fossil fuels, it is of great importance to convert various
forms of renewable energy, such as solar, wind, tidal, and
geothermal energy, into applicable and storable chemical
energy.!l Clearly, one strategy is to harvest energy by
converting abundant chemicals or pollutants on the earth
through catalysis into molecules such as H, and CH, for use as
fuels.”) The other involves the catalytic degradation of
pollutants by capitalizing on sustainable energy,”’! in which
the heat- (e.g., geothermal) and strain- (e.g., wind and tide)
enabled PIEZOelectrics have been utilized in catalysis.

PIEZOelectrics materials are a class of materials with
non-centrosymmetric structure, which are capable of enhanc-
ing electrochemical or photochemical processes in response
to mechanical deformation.”! They comprise three subsets of
materials, that is, piezoelectric, pyroelectric, and ferroelectric
materials (Figure 1). The five capital letters are used in
PIEZOelectrics, representing three categories of materials
noted above, to differentiate it from the specified piezo-
electric materials referring to only one category. As illustrated

Piezoelectrics

Figure 1. PIEZOelectric materials are composed of piezoelectric, pyro-
electric, and ferroelectric materials. Piezoelectric materials contain
pyroelectric materials, which in turn include ferroelectric materials.
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tion even under no mechanical defor-
mation (Figure 5). When subjected to
strain and changes in temperature, the
dipoles of pyroelectric materials
change. Ferroelectric materials (pink,
Figure 1), which are also pyroelectric
and piezoelectric, show polarized elec-
tric dipoles without strain and temper-
ature changes. The electric field cre-
ated inside ferroelectrics by strain,
temperature, external electric fields,
or spontaneous existence can significantly influence the
electrical environment both inside and around the materials.

The catalytic performance of piezoelectric materials has
garnered considerable attention since their breakthrough in
1970s.51 The internal electric field arising from the polar-
ization of piezoelectric materials was reported to enhance the
separation of charge carriers, leading to improved catalytic
properties.”! In addition, spatial separation of charge carriers
was found to impart oxidation and reduction reactions
occurring at different sites, reducing the occurrence of the
reverse reaction.”) DFT calculations showed that the built-in
electric field also mediates the adsorption and desorption of
reactants and products on the surface of piezoelectric
catalysts, which is conducive to overcoming some fundamen-
tal limitations on catalysis caused by the Sabatier principle.®!
Moreover, piezoelectric polarization was also reported to
tune the catalytic rate by effectively adjusting the barrier
height of a heterogeneous semiconductor interface.”’

This Minireview highlights recent development in PIE-
ZOpotential-enabled catalysis that capitalizes on piezoelec-
tric, pyroelectric, and ferroelectric semiconductors. We sum-
marize the recent development of PIEZOelectric semicon-
ductors, their PIEZOpotential-mediated catalytic mecha-
nism, special techniques to tailor their piezoelectric proper-
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ties, and some PIEZOcatalytic studies. Finally, the issues and
future outlook on the development of PIEZOelectric materi-
als with further enhanced PIEZOcatalytic activities are
presented.

2. Piezoelectric-Material-Mediated Catalysis

Piezocatalysis represents a new strategy for enabling or
improving the catalytic process by utilizing the strain state of
piezoelectric materials."”! The piezoelectric effect only exists
below the Curie temperature (7). When the temperature 7>
T., piezoelectric materials lose the piezoelectric property as
the spontaneous polarization becomes zero. Non-centrosym-
metric metal oxides are ideal candidates for piezoelectric
catalysis, including BaTiO,,*!""! ZnO,*"1*12l PbZr Ti, 0,
ZnSnO;,M Pb(Mg,;Nb,;;)05-32PbTiO;  (PMN-PT),101
MoS,,' MoSe,,'”! BiOIO; (or BiOlj eV 0740;),1¥1 NaN-
b0, Bi,Ti;0,,,%" and Bi,0,(OH)(NO,).”!) The most com-
monly observed morphologies of the materials employed in
piezocatalysis are 1D (e.g., microfiber,M®" 13!
wire, 112214 nanostrip,'* and nanorod"*"'*??y and 2D struc-
tures (e.g., nanoplatelet,!” nanoplate," and nanosheet®!).
It is notable that the deformable morphology of 1D and 2D
structures is not a prerequisite for piezoelectric catalysis, as
materials of other morphologies (e.g., microsphere,*®! micro-
powder,"'“d nanoparticle,""! nanocube structures,’” and even
hierarchical structures such as nanoflowers composed of
nanopetals''®'”l and microspheres assembled from slices or
cubes®)) are also applicable in piezoelectric catalysis.

The mechanical deformation of piezoelectric materials
(that is, not pyroelectric or ferroelectric) induces an electric
field that augments the energetics of both free and bound
charges throughout the material.""! When imposed by mod-
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erate to severe strain, piezoelectric materials can generate
potentials of tens to hundreds of volts.!! Piezoelectric
materials that are not ferroelectric show no internal dipole
without strain (Figure 2a). When strained, dipole moments
are created by the lattice displacement. Compressive and
tensile stress produce the polarized electric field of a different
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Figure 2. Piezoelectric materials a) without strain, b) under tension,
and c) under compression.

direction as shown in Figure 2b and Figure 2c, respectively.
Driven by this polarized potential, free electrons and holes or
photo-generated ones are separated and forced to move
towards the opposite directions (Figure 2b,c). As a result, the
recombination of charge carriers is inhibited, and more
electrons and holes reach the active sites on the surface of
catalysts for the redox reaction.

Several methods have been utilized to exert mechanical
strain on piezoelectric materials. For instance, stress was
introduced on ZnO monocrystalline nanoplatelets by cooling
the hybrid ZnO/TiO, nanoplatelet catalysts from high to
room temperatures.'”*] As the thermal expansion coefficients
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of ZnO and TiO, are largely different, the mismatched
thermal expansion coefficients created a residual strain.!*!
Interestingly, a stirring process was employed to induce
compression on PbZr,Ti, 0" Moreover, the stirring
speed was found to significantly influence the catalytic
reaction.'®® When the stirring speed increased from
200 rpm to 900 rpm, the degradation efficiency of rhodami-
ne B (RhB) increased from 10% to 37 %, which was
attributed to the higher built-in electric field induced by the
higher stirring speed.!'™® Mechanically brushing/sliding was
also employed to impose the force.'” For example, ZnO
nanowires were vertically grown on carbon fibers (CFs), and
several bundles of ZnO nanowires/CFs were then woven
together to yield the final photocatalytic electrode (Fig-
ure 3a)."” When CFs were mechanically pulled, ZnO nano-
wires moved against each other, and a piezoelectric field
across their width was thus formed.!'”! Photo-generated

Hz sampling
port

UV lamp \ \3 b

Electrical
port

Figure 3. a) Schematic of a device for photocatalytic degradation of

a MB solution under UV irradiation in conjunction with periodic
mechanical brushing/sliding. Adapted with permission from Ref. [12b].
Copyright 2015, Elsevier. b) An experimental apparatus for piezocata-
lytic hydrogen evolution. Adapted with permission from Ref. [10].
Copyright 2012, Wiley. c) A piezocatalytic device under ultrasound and
light irradiation and d) ultrasonic transducers of different frequencies.
Adapted with permission from Ref. [6]. Copyright 2015, American
Chemical Society.

electrons and holes were driven by this piezoelectric field
and migrated to the opposite side, thereby improving the
photocatalytic degradation of methylene blue (MB).[*"!
Notably, a special device was designed to study the piezo-
electric effect on electrochemical reactions,!'” in which the
PMN-PT cantilever coated with gold electrodes was attached
to an actuator to generate strain (Figure 3b).l"]

The most common approach to induce the mechanical
force is to employ ultrasound irradiation (Fig-
ure 3¢).> 12016181 Ope advantage of this technique is that
a high pressure can be applied on the sample. The total
pressure consists of the periodic acoustic pressure of ultra-
sonic waves and the pressure produced by the collapse of the
acoustic cavity walls.”! Under intense ultrasonic vibration,
extraordinarily active bubbles are formed and then collapse,
consequently creating a high local pressure (even higher than
100 MPa).?"l The other advantage is that the periodic
compression stress caused by ultrasonic waves prevents
piezoelectric polarization charges from being fully screened
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Minireviews

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

by free carriers or photo-generated carriers.”! When a static
stress is applied on piezoelectric materials, an internal electric
field is generated. Free carriers or photo-induced carriers are
forced to separate by this built-in electric field, which quickly
renders the built-in field to be weakened and eventually
diminished by these carriers. However, the ultrasonic wave
enables the periodic on/off of the built-in field by using
ultrasonic transducers of different frequencies (Figure 3d).["
Consequently, during the off state of ultrasonic wave, carriers
originally attracted on the surface of piezoelectric catalysts
are released, thereby hindering the screening of the built-in
field and ensuring the continuous separation of free or photo-
generated electrons and holes.[!

The piezoelectric effect can be utilized in catalysis (i.e.,
piezocatalysis) in several different ways. The first way
involves the use of free carriers. The polarized electric field
is produced to manipulate free carriers of catalysts in the
dark."178] Tt has been demonstrated that the polarized
charges do not directly participate in the redox process.!'*"!
Wu et al. applied a piezocatalytic effect to separate the free
carriers of single and few-layer MoS, nanoflowers (NFs) and
trigger the degradation of rhodamine B (RhB) in the dark.*
The catalytic activity achieved by using MoS, NFs under the
ultrasonic excitation was much higher than that obtained by
using commercial MoS, sheets and P25 (Figure 4a).['®! The
degradation rate of RhB reached 40336 ppmLmol 's™! (i.e.,
approximately 93 % degradation within 60 s), which is the
best degradation efficiency ever reported.'® During ultra-
sonic catalysis, polar water molecules were adsorbed onto the
polarized surface of MoS,. Highly active species such as free
oxygen radicals, hydroxyl radicals, and hydroperoxyl radicals
were thus formed, effectively destroying RhB molecules
(Figure 4b).1%

As the second way, similar to free carriers, piezoelectric
polarization can be used to mediate photo-generated carri-
ers."” This piezoelectric effect combines three aspects, that is,
piezotronics, piezophotonics, and optoelectronics, in one
material, which is referred to as piezophototronic effect by
Wang in 2010.* Khare et al. reported that the separation rate
of photogenerated electron and hole pairs was significantly
enhanced under ultrasonic vibration (Figure 4c¢), resulting in
a much higher photocatalytic degradation rate of MB with the
ultrasonic piezo-potential manipulation than that without the
piezo-electric field (Figure 4d)."”) Huang et al. reported that
macroscopic polarization enhancement in BiOIO; can effi-
ciently promote the separation of photo-induced charge
carriers, leading to the high evolution rate of reactive oxygen
species (e.g., hydroxyl radicals and superoxide radicals)."
After doping vanadium into the lattice of BiOIO; to yield V-
BiOIO;, V' ions replaced I°* ions in 105 polyhedra, thereby
strengthening the polarization of BiOIO; and further improv-
ing the piezophoto-catalytic process.!'®!

The third way invokes the utilization of hybrid catalysts
for the piezoelectric effect.’’ For example, the spontaneous
polarization potential of BaTiO; was applied to separate
photo-induced carriers of Ag,0O nanoparticles deposited on
the surface of BaTiO; nanocubes.! With the assistance of
periodic ultrasonic waves, an alternating polar charge-created
electric field in the BaTiO; nanocubes acted as a driving force
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Figure 4. The piezoelectric effect in the separation of free charge
carriers: a) Degradation ratio of RhB under ultrasound irradiation in
the dark. b) The piezocatalytic process in (a). H" and polar hydroxyl
radicals are adsorbed on the surface of MoS, with the majority of free
carriers (electrons) to produce H,O,. H,0, further reacts with H* to
yield water molecules and hydroxyl radicals under the internal electric
field. (a-b) Adapted with permission from Ref. [16a]. Copyright 2016,
Wiley. The piezoelectric effect in the separation of photo-induced
charge carriers: c) Photocatalytic degradation of MB under different
conditions (under light irradiation or in the dark in conjunction with or
without ultrasonic vibration). d) The piezophotocatalytic mechanism of
MB degradation by a NaNbOj; particulate suspension under light and
ultrasonic vibration. In the absence of strain, photo-induced charge
carriers are easily recombined. Under ultrasonic vibration, the recom-
bination rate of photo-generated electrons and holes is greatly
reduced. Thus, more charge carriers migrate to the surface of NaNbO,
and increase the formation of "OH and ‘O, radicals. (c-d) Adapted
with permission from Ref. [19]. Copyright 2017, Elsevier. Polarized
piezoelectric field generated by BaTiO; separates photogenerated
charge carriers of Ag,O: e) Absorption spectra of RhB solution under
UV and ultrasonic irradiation using Ag,0-BaTiO; hybrid materials as
catalysts. f) The catalytic mechanism of the process in (e). Photo-
excited electrons and holes of Ag,O nanoparticles move toward the
opposite sites induced by the polarization charges of BaTiO; nano-
cubes with a mechanical strain. The solid and dashed line represent
the electronic band structure of the BaTiO, nanocubes without and
with the presence of external stress, respectively. e—f) Adapted with
permission from Ref. [6]. Copyright 2015, American Chemical Society.

for the separation of electrons and holes in Ag,O nano-
particles (Figure 4 f), which favored a high photocatalytic
activity of Ag,0-BaTiO; hybrid photocatalysts (Figure 4 ¢).°!
More examples of piezoelectric catalysis are listed in Table 1.
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3. Pyroelectric-Material-Mediated Catalysis

Differing from piezoelectric materials discussed above,
pyroelectric materials have dipoles even without strain (Fig-
ure 5a). In this class of materials, compressive or tensile strain
can change the original dipole polarization (Figure 5b,c). If
the strain is large enough, the polarization will shift to the
opposite direction. In addition to strain, the temperature
fluctuation also creates the built-in electric field and changes
the original polarization inside pyroelectric materials as the
temperature variation slightly alters the atom positions in the
crystal structure. Clearly, geothermal energy and solar and
industrial waste heat can drive the conversion of heat into
electricity using pyroelectric materials. The pyroelectric

current can be expressed as follows [Eq. (1)]:P"

I =p-A(dT/dr) (1)

where p is the pyroelectric coefficient, A is the electrode area,
and d77/dt is the rate of temperature fluctuation. In addition to
these parameters, the size of catalysts also affects the pyro-
electric current. Nanomaterials usually display higher pyro-
electric current than their bulk counterparts owing to the
lower defect density.”?!

Figure 6a—d schematically illustrates the pyrocatalytic
mechanism. When the pyroelectric catalysts reach thermody-
namic equilibrium with its surrounding, polarized carriers are
totally screened by compensation carriers from their own free
carriers and the surrounding electrolyte (marked as top and
bottom blue stripes in Figure 6a).””) When the temperature
increases, the polarized dipole moments decrease owing to its
pyroelectric property.?”! The thermodynamic equilibrium is
broken and the catalysts become less polarized. Consequent-
ly, some previously screened carriers in the blue stripes
become uncompensated again (Figure 6b). The charged
chemical species in the electrolyte (marked with a blue
arrow) will thus be adsorbed onto the surface of the catalysts
(Figure 6b).”"! When the temperature remains unchanged,
the thermodynamic equilibrium is again formed (Fig-
ure 6d).[29] Conversely, under decreased thermal irradiation,
the polarized dipole moments increase owing to the heat
dissipation from the pyroelectric catalysts (Figure 6¢).”” The
adsorption of chemical species onto the catalysts from the
electrolyte takes place again.’”! In addition to favoring the
adsorption and desorption of chemical species, more free
carriers of catalysts participate in the redox reactions during
the changes of the reaction temperature. Consequently, the
catalytic performance is largely enhanced during the temper-
ature change.

Benke et al. were the first to verify hydroxyl radicals
generated by thermally excited pyroelectric BaTiOs-Pd nano-
particles,® uncovering the possible pyrocatalytic mechanism
and signifying the potential application of pyroelectric effect
in catalysis. A year later, Jia et al. reported the successful
pyrocatalytic degradation of RhB, methyl orange (MO), and
MB using BiFeOj as catalysts.”” The pyroelectric effect was
also applied in the disinfection of 2',7'-dichlorodihydrogluor-
escin (DCFH) with LiNbO; and LiTaO; particles as cata-
lysts.”* The successful oxidative conversion of DCFH to 2',7-
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Table 1: Comparison of the catalytic performance among various nanostructured piezocatalytic semiconductors.
nanostructured semiconduc-  external sources catalytic applications catalytic performance Ref.
tors
BaTiO; dendrites ultrasonic vibration degradation of AO7 k®=0.0312 min™' [11b]
(c=5.5mgL™)
Pb(Zrys5,Tios)O; fibers ultrasonic vibration degradation of AO7 k=0.00446 min~" [13a]
(c=10mgL™)
Ag,0-BaTiO; hybrid nanocrys-  ultrasonic vibration degradation of RhB RhB totally degraded within 1.5 h, faster [6]
tals + UV (c=15mgL™) than under UV light only (over 3 h)
ZnSnO; nanowires bending stress degradation of MB ca. 27% improvement of degradation by piezo- [14]
+ UV (c=4 ppm) phototronic over piezotronic catalysis
Ag-ZnO branched heterostruc-  ultrasonic vibration degradation of MO 90% degradation by piezophototronic catalysis [12a]
tures + UV/Vis (c=13mglL™) within 75 min, less than 20% for photocatalysis
ZnO nanowires mechanical brushing/slid- degradation of MB ca. 100% degradation by piezo-phototronic [12b]
ing + UV (c=5mglL™) catalysis within 120 min, 60% for photocatalysis
FeS/ZnO nanoarrays ultrasonic vibration degradation of MB 97% degradation within 50 min [12¢]
+ UV/Vis (c=5mgL™)
CuS/ZnO nanowires ultrasonic vibration degradation of MB k=0.18236 min™" [12d]
+ UV/Vis (c=5mglL™)
Ag,0O/tetrapod-ZnO ultrasonic vibration degradation of MB 99% degradation within 2 min [25]
+ UV (c=5mgL™)
ZnO/TiO, nanoplatelets thermal stress degradation of MB 20% improvement of degradation by piezophoto- [12e]
+ UV (c=5mgL™) tronic catalysis over that by photocatalysis
Zn,_,SnO; nanowire arrays ultrasonic vibration degradation of MB k=0.015 min™" [26]
+ UV (c=4 ppm)
few-layer MoS, nanoflowers ultrasonic vibration degradation of RhB 93% RhB degraded within 60 s [16a]
(=10 ppm)
polydimethylsiloxane-PMN- ultrasonic vibration degradation of RhB 55% improvement of degradation by piezophoto- [27]
PT@TIO, film + UV (c=12mgL) tronic catalysis over that by photocatalysis
PbZr,Ti,_,O; microspheres stress induced by stirring  degradation of RhB k=0.012 min™"' [13b]
(¢=10 ppm)
NaNbO; nanostructures ultrasonic vibration degradation of MB 8% improvement in the incident-photon-to- [19]
+ UV (c=32mglL™) current efficiency (IPCE) with ultrasonic vibration
over that without
layered Bi,Ti;O;, ultrasonic vibration degradation of MO Over 80% decomposition within 6 h [20]
few-layered MoSe, nanoflowers ultrasonic vibration degradation of RhB k=69889 ppmLmol~'s™' [17]
(¢=10 ppm)
Bi,O,(OH)(NO;) nanosheets ultrasonic vibration evolution of ‘OH 7.13 mol L' min" for "OH [21]
ZnO nanorods ultrasonic vibration degradation of AO7 ca. 80% decomposition after 50 min [16b]
(c=2mglL™)
[a] k represents the pseudo-first-order rate constant.
a b E c strontium titanate (Ba,_Sr,TiO;, BST) is a superior pyro-
F electric material.® At x = 0.30, the highest pyroelectric effect
@ ofBSTwas reached,”” exhibiting a pyroelectric coefficient of
. . . .. . . . 8 C -1 K—l [38] r-rh 1 . _
@ P4 @ 00 O Q@ 0— : nCcm . e pyroelectric currents of BST (x=0.3)
) (-] o_00_90 @ C X @ nanoparticles were 2.8, 3.0, and 4.0 nA under the temperature
° ° o 00 O (] e @  differences of 0.10, 0.20, and 0.45 K, respectively (Figure 6 e—
: . : : :: : F 2).”7 Owing to .the .increasing number of polarized carriers,
O——— 0 " i (i o pliatoshdiced the electrochemical impedance decreased as the temperature
— charge carriers fluctuations increased (Figure 6h).”") The amount of hydro-
E @@ Polarization-induced gen generated reached 46.89 pmol g ! after 36 thermal cycles
charge carriers from 298 to 323 K.l Moreover, the puckered 2D few-layer
Figure 5. Pyroelectric materials a) in the absence of strain and under black phosphorene exhibits approximately 99 % degradation
b) tension and c) compression. of RhB after 5 cold-hot cycles from 288 to 338 K, and a direct
hydrogen evolution of 540 umolg ' catalysts after 24 thermal
cycles.’!! More examples of pyroelectric catalysis are sum-
dichlorofluorescin (DCF) suggested the formation of reactive ~ marized in Table 2.
oxygen species (ROS, i.e., hydroxyl radicals).’ Barium
Angew. Chem. Int. Ed. 2019, 58, 7526 —7536 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 7531
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Figure 6. a—d) Schematic of the mechanism of pyro-catalysis. Adapted

with permission from Ref. [29]. Copyright 2016, Royal Society of

Chemistry. Pyroelectric currents of Ba,_,Sr,TiO; (BST; x=0.3) under

the temperature fluctuations of €) 0.10 K, f) 0.20 K, and g) 0.45 K.

h) Electrochemical impedance spectra (EIS) of BST (x=3) at varied

temperature fluctuations. (e-h) Adapted with permission from

Ref. [30]. Copyright 2018, Royal Society of Chemistry.

4. Ferroelectric-Material-Mediated Catalysis

Ferroelectric materials possess a similar polarization
performance with and without strain to pyroelectric materials
(Figure 5). Ferroelectric materials have polarization in the
absence of strain. However, the polarization direction can be
reversed by the application of external mechanical force.
Apart from the strain and thermal excitation, the application
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of an external electric field (i.e., poling) allows the manipu-
lation of the spontaneous electric polarization.

Altman et al. demonstrated the ferroelectric-domain-
dependent adsorption of 2-propanol on separately poled, ¢~
and ct-oriented LiNbO, surfaces.”” After that, Li et al.
reported the direct observation of ferroelectric-domain-
dependent physisorption energies using identical surfaces
poled in situ.*) AFM and scanning surface potential micros-
copy (SSPM) were employed to investigate the adsorption of
CO, on BaTiO; (001) and Pb(Zr(4Tiys5,)O0; (PZT) film.*!
Prior to the CO, exposure, two close BaTiO; (Figure 7a) and
PZT (Figure 7¢) thin films were poled to have ¢* domain
(dark area) and ¢~ domain (bright area). The surface potential
remained unchanged under CO, exposure up to 500 L. The
change in surface potential (Figure 7b and Figure 7 f, respec-
tively) was ascribed to the chemisorption mediated by defects
induced under vacuum annealing.*” Under various CO,
doses, the surface potential of both ¢” and ¢~ domains
decreased linearly with the increasing dose and then became
almost invariant when the saturation coverage of CO, was
approached (Figure 7c and Figure 7 g, respectively).“”! As the
experiments (Figure 7c¢ and Figure 7g) were carried out at
room temperature and insitu poling did not change the
concentration of defects, the different tendency (i.e., y axis)
was caused by the difference of CO, coverage at constant
exposure dose and the surface potential on the two opposite
polarizations affected by adsorbed CO, variation.*”! As the
chemisorption was influenced by defects, the saturation
coverage was low and the neighboring adsorbates did not
interact, the surface potential was linearly proportional to
physical coverage of CO,.*”) The reactive sticking coefficient
S, defined as the ratio of impinging molecules that finally
become chemisorbed, is shown in Equation (2):

0(L) _V(L)-V(0) _ SL o)
gmﬂx Vmax - V(O) emaxN(JV zﬂka T

where the coverage 0 is the fraction of sites per unit area (i.e.,
N,) that are occupied.™ For an ideal gas with exposure dose

L, ﬁ refers to the number of impinging molecules.

2mtmkg

Figure 7d and Figure 7h depict that the dose dependencies of
the potential were linear in a significant range with the ratios
of the ¢™ to ¢” slopes of 3.7 for BaTiO; and 2.5 for PZT,
respectively.*”! These results indicated that S is polarization
dependent and invariable for a wide range of coverage and
dose.[*!

Table 2: Comparison of the catalytic performance among various pyrocatalytic semiconductors.

nanostructured semiconductors external sources catalytic applications catalytic performance Ref.

NaNbOj; nanorods heating—cooling cycles degradation of RhB (c=5 mgL™") RhB completely decomposed [33]
(321-348 K, 5 min) after 24 cycles

Ba,;Sry3TiO; nanoparticles heating—cooling cycles hydrogen evolution Hydrogen evolution achieved [30]
(298-323 K, 10 min) 46.89 umol g™ after 36 cycles

BiFeO; nanoparticles heating—cooling cycles  degradation of RhB (c=5mgL™") RhB almost totally degraded [29]

(300-311 K)
heating—cooling cycles
(288-338 K)

2D few-layered black phosphorene

(i) degradation of RhB (c=5mgL™)

(i) hydrogen evolution

after ca. 200 cycles

(i) Hydrogen evolution reached [34]
540 umol g™ after 24 cycles

(i) Approximately 99% RhB

degraded after 5 cycles
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Figure 7. Surface potential maps of ¢* domain (dark area) and ¢~ domain (bright area) on BaTiO; (001) after exposure to a) O L and b) 30 L of
CO,. c) Average surface potential versus CO, dose on BaTiO; (001). d) 6(L)/6,,., versus CO, dose of BaTiO; (001). (e~h) The corresponding
results for CO, adsorption on PZT thin film as those in (a,b). (a—h) Adapted with permission from Ref. [40]. Copyright 2008, Nature Publishing
Group. i) The photocatalytic degradation rate of RhB using BaTiO; nanoparticles as catalysts at 30°C and 80°C for 40 min. Adapted with
permission from Ref. [41]. Copyright 2015, Wiley. j) Calculated potential distribution of TiO, (obtained at 150°C)/BaTiO; (5 nm)/NaOH
heterojunction. k) -V curves of as-synthesized (red), positively poled (blue) and negatively poled (purple) TiO, (obtained at 150°C)/BaTiO,

(5 nm) nanowires. j,k) Adapted with permission from Ref. [42]. Copyright 2015, American Chemical Society.

It is worth noting that the ferroelectric effect was
experimentally found to directly influence the photocatalytic
performance.”!! The crystal structure of BaTiO; nanoparticles
varied when the catalytic reaction was performed at different
temperatures (i.e., 30°C and 80°C), leading to the different
polarization of BaTiO;.*!l As the polarization of BaTiO,
nanoparticles at 80°C declined compared with that at 30°C,
the photocatalytic decolorization of RhB decreased approx-
imately 12% when temperature raised from 30°C to 80°C
(Figure 7i).11 Additionally, the polarization on BaTiO; film
improved the band bending of TiO, nanowire arrays (Fig-
ure 7j) and thus increased the charge separation efficiency,
resulting in the enhanced photocurrent density (Figure 7 k).
Recently, KNbO; particles were synthesized and polarized for

photocatalytic decomposition of RhB.*! Compared with
unpolarized KNbOj; counterpart, KNbO; particles displayed
remarkable enhancement of photocatalytic performance,
which can be attributed to the internal electric field after
poling as evidenced by the longer photoluminescence life-
time.’) More examples of ferroelectric catalysis are present-
ed in Table 3.

5. Summary and Outlook
In summary, PIEZOelectric semiconductors (i.e., piezo-

electric, pyroelectric, and ferroelectric materials) have
emerged as promising catalysts for a range of applications,

Table 3: Comparison of the catalytic performance among various ferrocatalytic semiconductors.

nanostructured semicon- external sources catalytic applications catalytic performance Ref.
ductors
BaTiO; nanoparticles spontaneous polarization + UV degradation of RhB with spontaneous polarization at 30°C, [41
(¢=10 ppm) 11.9% improvement in RhB degradation
rate over that without spontaneous polar-
ization at 80°C
KNbO; particles polarized by a customized polarizing ~ degradation of RhB k=0.317 min™ [43]

device + UV

(c=10mgL™)
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including the degradation of environmentally relevant organ-
ic pollutants, water splitting, and CO, reduction. Upon the
implementation of external stress and strain, temperature
variation, and electric field, these PIEZOelectric semicon-
ductor nanomaterials experience the separation of positive
and negative charge centers, that is, polarization, thereby
creating an internal electric filed and in turn leading to highly
efficient spatial separation of free charge carriers or photo-
generated charge carriers. The spatial separation of charge
carriers not only reduces the recombination between elec-
trons and holes but also decreases the probability of reverse
reactions between the oxidized and reduced products. As
a result, the catalytic performance of this intriguing class of
materials is enhanced owing to their PIEZOelectric effects
(i.e., piezoelectric, pyroelectric, and ferroelectric effects), as
exemplified in the effective degradation of a wide range of
organic pollutants and hydrogen generation in this Minire-
view.

The advantages and disadvantages of the three PIEZO-
electric semiconductors are briefly compared as follows.
Compared to pyroelectric and piezoelectric catalysis, ferro-
electric catalysis can be triggered by an external electric field,
temperature variation, and mechanical force. In contrast,
pyroelectric catalysis can be initiated by temperature changes
and mechanical force, and piezoelectric catalysis can only be
excited by mechanical force. Additionally, pyroelectrics and
ferroelectrics possess dipoles even without an external trigger
(Figure 5). In other words, pyroelectrics and ferroelectrics can
slightly increase the separation of photo-generated electrons
and holes in the absence of a trigger. However, piezoelectric
materials that are not pyro or ferroelectric only show
spontaneous polarization, that is they exhibit improved
charge separation, under mechanical force (Figure 2). One
of the main disadvantages for PIEZOcatalysts is that the
external trigger, such as heat or mechanical force, should be
changed from time to time. Otherwise the internal polarized
electric field will be screened. For example, if the surrounding
temperature remains the same, the polarized carriers can be
totally screened by the carriers from the electrolyte after the
thermodynamic equilibrium is reached between the pyro-
electrics and the electrolyte (Figure 6a).””! Similarly, the
polarization-induced internal electric field of piezoelectric
materials can also be screened if the external mechanical
force exerted on piezoelectric catalysts does not change.

Despite the impressive advantages of PIEZOelectric
effect peculiar to PIEZOelectric semiconductors that enable
PIEZOpotential for enhanced catalytic activities, there are
issues that remain to be solved as well as exciting opportu-
nities to further improve the PIEZOcatalytic efficiency.

First, more attention should be directed toward the
specific PIEZOcatalytic mechanism. For example, in recent
investigation into pyrocatalysis, polarized carriers were con-
sidered to participate the catalytic redox reactions. However,
more studies should be conducted to corroborate the validity
of this mechanism as free carriers or photo-generated carriers
that are effectively separated by the built-in electric field
owing to polarized carriers are highly likely to drive catalytic
redox reactions. This merits a detailed exploration.
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Second, it is greatly desirable to produce single-crystalline
PIEZOelectric catalyst nanomaterials. This is because in
polycrystalline catalysts, different domains may possess
different polarization directions, thereby affecting the PIE-
ZOpotentials of one another and resulting in weakened
polarization-induced potential. Many techniques can be
utilized to fabricate single-crystal materials, including the
solution method,™ aerosol chemical vapor deposition
(ACVD),*! the floating zone technique " and hydrothermal
reaction.*”! Moreover, the smaller the PIEZOelectric catalyst
is in the polarization direction, the more easily free or
photogenerated carriers will reach the active sites at the
surface of catalysts driven by the internal electric field.

Third, ultrasonic waves have been recognized as an
effective means of initiating the catalytic reaction. It is well-
known that ultrasonic wave can increase the defects on the
surface of materials. According to some reports, defects favor
the separation of electron-hole pairs and play an important
role in determining the kinetics, energetics, and catalytic
mechanism.® Therefore, intensive studies are needed to
identify what is the main reason accounting for the improved
catalytic efficiency during the ultrasonic process, that is, either
the internal electric field caused by the piezopential or the
increased defects generated.

Fourth, the PIEZOelectric effect can be readily extended
to other applications, such as catalytic CO, reduction and
nitrogen fixation. Enhanced carrier separation as a result of
the polarization is expected to enable a drastically improved
catalytic performance. In addition, for the normal catalytic
process, another problem that limits the catalytic activity is
the correlation among the binding energies of catalysts,
reactants, intermediates, and products (described as the
scaling relationship), which follows the Sabatier principle. It
is notable that the interaction between catalysts and adsor-
bates is neither too weak to hinder the adsorption of reactants
onto the surface of catalysts nor too strong to prohibit the
desorption of products from the surface of catalysts. Periodic
stress applied on the catalysts favors the adsorption and
desorption processes of reactants and products, respectively,
mediated by the periodic polarization.!

Finally, other forms of clean energy, including wind, tidal,
and geothermal energy, can also be exploited as energy
sources to trigger the PIEZOcatalysis. Wind and tide can be
utilized to apply stress on catalysts, while geothermal energy
can be employed as the heat source to change the temper-
ature of catalysts. As such, a greater progress in the wide
spectrum of practical utilization of PIEZOcatalysts will be
facilitated.

We hope this Minireview will serve as a useful reference
and bring some inspiration in the design and investigation of
both PIEZOcatalysts and the related PIEZOcatalytic mech-
anisms and procedures. Looking forward to the future of this
exciting field, new challenges may continue to emerge and in
turn create many opportunities for crafting a suite of new
PIEZOcatalysts and effectively capitalizing on them for
enhanced PIEZOcatalysis.
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