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The emergence of piezocatalysts has led to advancements in catalyst design through the development
of new technologies. Electron/hole piezocatalysis, a novel form of catalysis, utilizes piezoelectric
materials that are stimulated by mechanical energy. This stimulation generates electrons and holes,
which prove highly effective in promoting inefficient reactions, designing new reactions, and facilitating
challenging chemical reactions and transformations. This review provides a concise historical account of
electron/hole catalysis and the concept of piezoelectricity. Additionally, it explores various types of
piezocatalysts, including piezoceramics (both lead-free and lead-based), piezopolymers, and piezo-
composites. Notably, lead-free piezoceramics such as barium titanate and zinc oxide, as well as
piezopolymers like polyvinylidene fluoride in B-phase and polyacrylonitrile in planar zigzag conformation,
have gained significant recognition. The piezoelectric coefficient of polymers can be enhanced by adjusting
the processing parameters and employing techniques such as blending, filler addition, stretching, and
composite formation with piezo/non-piezo additives. Furthermore, piezoelectricity has been observed in
unique materials such as ionic liquids, metal—organic frameworks, graphitic carbon nitride, black phosphorus,

Received 30th August 2023,
Accepted 1st November 2023

DOI: 10.1039/d3ma00620d and MXenes. This review also presents recent research findings on the utilization of piezoelectric materials

in various applications, including water splitting, water remediation, organic synthesis, and polymerization/
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1. Introduction

Electron/hole catalysis is divided into different main categories:
(1) piezocatalysis,' (2) photocatalysis,” (3) chemocatalysis,* (4)
electrocatalysis,” and (5) pyrocatalysis,” where electrons and
holes are generated through various types of external stimuli
including mechanical energy, light source, chemical redox
agents, electrical current, and thermal energy, respectively, to
promote chemical reactions. In all of these states, electron
transfer plays the main role in encouraging chemical
transformations.>* Amongst the different categories of elec-
tron/hole catalysis, electron/hole piezocatalysis is a recent con-
cept of catalysis relying on piezoelectric materials. The origin of
piezoelectricity is a non-centrosymmetric distribution of posi-
tive and negative electric charges in a unit cell of piezoelectric
material.® Upon mechanical force, a piezoelectric material will
be polarized temporarily, resulting in separated electrons and
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holes. Electron catalysis comprises the reduction of sub-
strates by inserting electrons into reactants, while holes
oxidize substrates by removing electrons. After redox initia-
tion, radical-mediated chain propagation will be followed to
produce the final products.>” More separation of electrons
and holes results in more piezoelectric responses. To explain
accurately, a piezoelectric material remains in equilibrium
with occupiable electronic states when no external mechan-
ical force is applied; when subjected to mechanical force, the
polarization of the material changes, resulting in the devel-
opment of an electric field across it. This electric field causes
the reorientation of electric charge carriers towards
different ends of the material. These separated carriers then
migrate to the material surface and engage in oxidation
and reduction reactions, generating active species for
chemical processes. Once the accumulated electric charges
on the material surface balance out the built-in electric
field, the system returns to its equilibrium state.®®
This review provides an overview of different piezoelectric
materials and the latest studies regarding piezoelectrically
mediated organic synthesis, polymerization/crosslinking,
water splitting, and water remediation. The basic concept
of piezocatalysis in piezoelectrically mediated reactions is
illustrated in Fig. 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The basic principle of electron/hole piezocatalysis in piezoelec-
trically mediated reactions (adapted from ref. 9 with permission from John
Wiley and Sons).

2. Piezoelectric materials

There are four main categories of piezoelectric materials: single
crystals, ceramics, polymers, and composites.'® Some less
common types of piezoelectric materials are also explained
subsequently. Apart from the most common natural piezo-
electric crystals (such as Rochelle salt (potassium sodium
tartrate), cane sugar, quartz, tourmaline, and topaz'''?),
lithium niobate (LiNbOj;), lead magnesium niobate-lead tita-
nate (PMN-PT), and lead zinc niobate-lead titanate (PZN-PT)
are known as the piezoelectric single crystals."® Piezoceramics
are polycrystalline materials consisting of abundant single
crystals with similar chemical composition and different
orientations.'® Piezoceramics display large piezoelectric coeffi-
cients but their structure and mechanical features restrict their
applications."* Piezoceramics are classified into lead-based and
lead-free piezoceramics, as described below.

2.1. Lead-based piezoceramics

The most common lead-based piezoceramic is lead zirconate
titanate (PZT), which is a polycrystalline ferroelectric ceramic
with a perovskite crystal structure.® Another is La-modified
lead zirconate titanate (PLZT) which can be produced by
planetary ball milling of PbO and titanium dioxide (TiO,).*®
Due to the toxicity of lead, there is a pressing need to develop
environmentally benign lead-free piezoelectric materials.'”"*8

2.2. Lead-free piezoceramics

The lead-free piezoceramics have attracted much attention
because of their excellent features of eco-friendliness and high
inherent piezoelectric coefficients. These types of piezocera-
mics are divided into (1) perovskite-type ceramics such as

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

barium titanate (BaTiO,),'® barium zirconium titanate (Ba(Ti/
Zr)Oz, BZT) (e.g., Ba(Tipo5Zr05)03, Ba(Tig.Zr10)03, and
Ba(Tig g5Zr0.15)05°">"), bismuth sodium titanate ((Bi,sNag.s)-
TiO;, BNT),>* Big 5(Nag.5,Ko.5)Ti0;,>® Bi(Na,K,Li)TiO;,>* potas-
sium niobate (KNbO3),>®> and sodium tantalate (NaTaO;)*® and
(2) non-perovskite type ceramics such as bismuth layer-
structured ferroelectrics (BLSF) and tungsten-bronze type
ferroelectrics.'” Perovskite-type ceramics display a relatively
large piezoelectric coefficient but their poling is difficult.””
The most famous of the perovskite-type ceramics is BaTiO;
which shows the maximum piezoelectric coefficient in the
crystal phases of tetragonal and orthorhombic.”® BaTiO; nano-
cubes can also show piezoelectric properties when their mor-
phology and structure are controlled well.?* The BaTiOj;
piezoelectric properties can be further promoted by doping
and forming solid solutions, or controlling the structural
features by changing the processing parameters. Doping of
calcium (Ca), zirconium (Zr), strontium (Sr), and samarium
(Sm) in BaTiOj; increases its piezoelectric activity.*>*! The solid
solution of BaTiO;-BaZrO; is also of great interest due to its
dielectric response which can be adjusted by their
composition.?” The other most common lead-free piezoceramic
is zinc oxide (ZnO), which is crystallized
centrosymmetric wurtzite structure.*® Lanthanum substituted
BaZr, 1Tip 903 (Bay_sxnLacZrg 1Tip. 003 with x = 0.01-0.05) is also
known as a lead-free piezoceramic.® Niobium-based®® and
bismuth-based*® piezoceramics are also two types of effective
lead-free piezoceramics but their high price and processing
challenges limit their large-scale production.”” BiFeO; is an
example of bismuth-based lead-free piezoceramics, showing
large spontaneous polarization and high piezoelectric coeffi-
cient at room temperature.*®3° It can be combined with BaTiO;
to make a binary BiFeO;-BaTiO; ceramic to overcome the
limitations of BiFeO; such as weak charge mobility and a mild
piezoelectric effect.’®*° A binary BiFeO;-BaTiO; ceramic,
0.67BiFe0;-0.33BaTiO;, was prepared by Ferrero et al*' in
2023 through two different ways of (1) mechanochemical
activation of all the constituent oxides and carbonates for
BiFeO; and BaTiO; (synthesis without BT seeds) and (2)
mechanochemical activation of a combination of the constitu-
ent oxides for BiFeO; with the previously formed BaTiOj
particles (synthesis with BT seeds). Pb,BO;X (X = Cl, Br, I)
ceramics reported by Tang et al.*” are also known as lead-free
piezoceramics. Indeed, a combination of the halogen atoms
and metal atoms with a borate makes it a better candidate for
constructing non-centrosymmetric materials. Other lead-free
piezoceramics worthy of mention are Bag,Sr,;TiO3,** molyb-
denum disulfide (MoS,),** molybdenum diselenide (MoSe,),*>
and lithium tantalate (LiTaO3).*®

in a non-

2.3. Piezopolymers

Although piezoceramics have more piezoelectric activity com-
pared to the other types of piezoelectric materials, they
exhibit high brittleness which significantly influences their
performance. Hence, polymers with higher breakdown thresh-
olds have emerged.*”*® Piezoelectric polymers are much more
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durable under deformations and electric fields than ceramics.*’
Flexibility, ease of processability, and biocompatibility of
polymers made them better candidates for piezoelectric appli-
cations. Nevertheless, piezoelectric polymers are not an alter-
native to piezoceramics, and these two types of materials
complement each other. Unlike the piezoelectric crystals and
ceramics, where the non-centrosymmetric nature of the crystal
structure is a requirement for piezoelectricity, this property in
polymers arises from the dispersal of polymer chains and
molecular alignment in the solid state.>®

2.3.1. Fluoropolymers. Polyvinylidene fluoride (PVDF)
and its copolymers including poly(vinylidene fluoride-co-
trifluoroethylene) (P[VDF-TrFE]), poly(vinylidene fluoride-co-
tetrafluoroethylene) (P[VDF-TFE]), poly(vinylidene fluoride-
tetrafluoroethylene)  ([PVDF-TeFE]), and poly(vinylidene
fluoride-hexafluoropropylene) ([PVDF-HFP]) have become the
most famous of piezoelectric/pyroelectric/ferroelectric poly-
mers because of high piezoelectric coefficients, mechanical
and dielectric properties, flexibility, chemical resistance,
toughness, creep resistance, good stability under sunlight,
low weight, biocompatibility, and easy processability.>'™>*
o, B, and y phases are the most popular crystalline phases
of fluoropolymers that determine their piezoelectricity. The
B phase or all-trans conformation is mainly responsible for
excellent piezoelectric, pyroelectric, and ferroelectric properties
because all the dipole moments are directed in the same
direction, resulting in a non-centrosymmetric structure and
the largest spontaneous polarization.””

2.3.2. Polyacrylonitrile (PAN). Recently, PAN has been
introduced as another piezoelectric polymer, especially in the
conformation of planar zigzag. A higher portion of this con-
formation compared to the conformation of 3'-helical leads to
more piezoelectric behavior. The PAN’s planar zigzag portion
can be increased by the incorporation of inorganic fillers,
electrospinning, and mechanical stretching.>® During electro-
spinning, PAN is polarized and stretched by the electric field
simultaneously, and thereby the PAN composite fibers are
oriented in the same direction, and the planar zigzag confor-
mation becomes dominant.’*>” Compared to PVDF, PAN shows
a stronger dipole moment, lower dielectric loss, and higher
thermal stability.>®

2.3.3. Other piezopolymers. Piezoelectric behavior is
also detected in some polyureas,”® polyurethanes,*
polyimides,®* polyamides,®* polypeptides,®® polysaccharides,**
and polyesters.®®> The odd-numbered polyamides or nylons
exhibit piezoelectricity because of their polar structure.®® For
instance, Nylon-5 and Nylon-11 have a net dipole moment
created between the amide group and the even-numbered
methylene group while in the even-numbered polyamides, the
amide dipole moments cancel each other and the net dipole
moment is zero.*”*®

Polylactic acid (PLA) has two stereoisomers of poly-p-lactic
acid (PDLA) and poly-1-lactic acid (PLLA) which show the same
piezoelectricity in the of piezoelectric
coefficients.®®”® The carbonyl groups existing in the PLA struc-
ture induce polarity in the crystalline structure without

reverse values
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additional poling processes.”" Because of the less piezoelectric
characteristics of PLAs, their incorporation with fillers or their
blending with the other polymers is suggested to improve the
piezoelectric response. For instance, the piezoelectric constant
of PLLA increased by two times upon blending with poly(methyl
methacrylate)-b-poly(butyl acrylate)-b-poly(methyl methacry-
late) (PMMA-b-PBA-b-PMMA).”?

Polyurea films show piezoelectric behavior after poling
treatment. Aromatic polyureas are the first introduced piezo-
electric polyurea. The odd-numbered aliphatic polyurea, such
as polyurea-9 and polyurea-5, gained a residual polarization
after poling.'® In addition, polypropylene (PP),”® polyethylene
oxide (PEO),”* and vinylidene cyanide copolymers”” are listed in
the category of polymers showing piezoelectric characteristics
alone or in combination with fillers. Cellulose-based materials
such as wood, amylase, chitin, and starch have also been
distinguished as piezoelectric polymers. The existence of dipo-
lar alignment is mostly responsible for their piezoelectric
behavior.’® Some biopolymers such as collagen’® and silk’”
also show piezoelectricity.

2.3.4. Factors affecting the piezoelectricity of polymers.
Several strategies have been introduced for increasing the
piezoelectricity of polymers such as blending”® (e.g., blending
PVDF with PVDF-TrFE, PMMA, and ionic liquids (ILs)),*°
nanoconfinement,”” mechanical stretching (uniaxial or
biaxial),®® electric poling,®" thermal annealing,®* casting from
solutions,® spin coating,®* and adding versatile fillers (e.g.,
carbon nanotubes,® silver nanoparticles (Ag NPs), silver
nanowires,*® ferrites,®” clay,®® graphene oxide (GO), and
reduced graphene oxide (rGO)).*° For instance, Ag NPs have
been broadly used as fillers in PVDF matrices to promote the
B-phase content.’® The interaction between the electron-rich Ag
NPs and F atoms in PVDF enhances the B-phase content,
resulting in improved polarization.”® Since conductive fillers
can improve the piezoelectric properties of polymers, MXenes
may be excellent candidates for increasing the piezoelectric
coefficients of PVDF and its copolymers. MXene promotes the
formation of the piezoelectric phase, provides a high interfacial
coupling effect, and offers an improved piezoelectric response
in PVDF.*>*® The addition of ILs to the PVDF matrix induces
the generation of B-phase which is owing to the interactions
between ILs and PVDF.?” What happens is that the ions interact
with PVDF chains and occupy the amorphous interlamellar
regions of PVDF.”* Five diverse ILs with a similar cation of
1-ethyl-3-methylimidazolium [Emim] and five diverse ILs with a
similar anion of bis(trifluoromethyl sulfonyl)imide [TFSI] were
investigated regarding the piezoelectric properties of PVDF.®
According to the results, the use of [Emim]-based ILs effectively
guided the crystallization of PVDF from o-phase to B-phase
while the [TFSI]-based ILs produced a mixing of o and § phases.
The ionic liquid of 1-ethyl-3-methylimidazolium chloride
[Emim][CI] displayed the most influence in enhancing the
B-phase content. The loading of ILs into the PAN matrix can
also promote the dielectric and mechanical properties of PAN
nanofibers (NFs).’®™® Fig. 2 indicates the fabrication of 1-allyl-
3-butylimidazolium tetrafluoroborate/FeClz-incorporated PAN

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Improved piezoelectricity of PAN NFs by their incorporation with 1-allyl-3-butylimidazolium tetrafluoroborate and FeCls (adapted from ref. 99

with permission from John Wiley and Sons).

NFs through electrospinning. The addition of the fillers of ionic
liquid and ferric chloride hexahydrate (FeCl;-6H,0) enhanced
the conformational transition of PAN fibers to the conforma-
tion of planar zigzag because of the hydrogen bonds formed
between the fillers and PAN’s cyano groups.’®

The impact of a hydrated salt, nickel(u) chloride hexahydrate
(NiCl,-6H,0), has been discovered to enhance the PB-phase
content of PVDF NFs by about 30%." Electrospinning and
electrospraying are two processing techniques that apply
mechanical stretching and poling simultaneously, leading to
enhanced B-phase content.'®" Electrospinning under the con-
ditions of low temperature, fast evaporation of the solvent, high
voltage, and using a rotating collector favors PVDF crystal-
lization in B-phase. The electrostatic force exerted on the jet
is more effective in the formation of f-phase compared to the
mechanical force applied by rotation of the collector.'®?

Annealing (heat treatment), drawing (stretching), and poling
(applying an electric field) are important techniques for enhan-
cing piezoelectricity,'®"%* which are summarized in Fig. 3.
Annealing increases the crystalline regions of a polymer, draw-
ing creates stretching or elongation leading to high alignments
in polymeric chains and a large degree of anisotropy,
and elongation will also re-orientate the crystalline districts
in the polymeric amorphous matrix, leading to increased

© 2023 The Author(s). Published by the Royal Society of Chemistry

piezoelectricity. For instance, drawing applied by electrospin-
ning enhances the B-phase content of PVDF and its derivatives.
Poling aligns the dipole moments within a ferroelectric mate-
rial by applying an electric field leading to the elimination of
the center of symmetry and increasing piezoelectricity.'®?
Besides, the construction of nanostructures from piezoelectric
polymers is an effective way to increase their piezoelectric
performance. Electrospinning and template wetting are two
common nanostructuring techniques.'***%

2.4. Piezocomposites

Piezoelectric composites can be prepared by adding either
piezoelectric or non-piezoelectric additives into piezoelectric
polymeric matrices.'”® Carbon nanotubes (CNTs),'%® GO,
layered silicate nanoclays,'*® metallic salts,'°® ILs,’> and metal-
lic NPs'% are examples of non-piezoelectric additives used to
encourage the production of B and y phases in PVDF and its
copolymers. In one study, TizC,T, MXene nanosheets were
added to samarium doped Pb(Mg;/3Nb,/;3)O3-PbTiO;/PVDF
NFs and the hydrogen bonding established between the
nanosheets and the fluoropolymer matrix was responsible for
inducing all-trans conformation in the PVDF polymer and
improving piezoelectricity.'®" The piezoelectric coefficient of
composites increases with the relative fraction of piezoelectric

Mater. Adv,, 2023, 4, 6092-6117 | 6095
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additives. Incorporation of conductive particles into the poly-
meric matrices is also suggested for improvement of the
dielectric permittivity of composites.'>** For instance, in a
three-phase PA11/PZT/CNT composite, a synergistic effect was
observed between PZT particles used as piezoelectric fillers and
the CNT selected as a conductive filler."’® In another study, a
ternary nanocomposite of PVDF/BaTiO3;/CNT was prepared
based on the homogeneous dispersion of BaTiO; and CNT
fillers in the PVDF matrix.'** BaTiO, and the CNT acted as
high dielectric particles and conductive particles, respectively.
The CNT both reinforced the PVDF composite, resulting in an
increased thermal, mechanical, and electrical feature com-
pared to the pure PVDF, and induced the B-phase in PVDF.
The nanocomposite films of rGO-PVDF containing 0.0 wt% to
0.2 wt% rGO were also prepared and B-phase was induced in
them by drawing and poling techniques.'®” rGO was employed
as a filler to promote the piezoelectricity of PVDF and drawing
and poling were used to further promote piezoelectricity. A
binary nanocomposite of PVDF/multiwalled carbon nanotubes
(MWCNTSs) was also fabricated via electrospinning with various
contents of MWCNTs, and the B-phase of the PVDF component
was increased further via drawing and poling. The interfacial

6096 | Mater. Adv., 2023, 4, 6092-6117
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interactions between the CF, dipole of PVDF and the functional
groups of MWCNTs enhance the B-phase content.’®® PVDF-clay
nanocomposites were also produced using unmodified clay
of montmorillonite and different organically modified clays
of phosphonium-based, pyridinium-based, and ammonium-
based clays.""* These clays served as nucleating agents for the
PVDF matrix in order to raise the B-phase content. The phos-
phonium clay was more efficient in forming B-phase than the
other clays. In another study, PVDF/polyaniline (PANI)/graphi-
tic carbon nitride nanosheet (g-C3N,) nanocomposite fibers
were fabricated as piezoelectric nanogenerators in order to
harvest energy from human motions in different modes."*?
The addition of the PANI/g-C;N, nanocomposite into PVDF and
electrospinning synergistically increased the B-phase content of
PVDF and the nanogenerator could light up 70 commercial
LEDs. A lightweight, low-cost, and flexible rGO/PVDF nanohy-
brid was also prepared as a self-powered nanogenerator
through the dispersion of rGO at various contents in the PVDF
matrix.' A power generation of 14 pW cm ™ was calculated for
the nanohybrid in 1 wt% rGO, which makes it a suitable
candidate in low-power consuming electronic devices and
wireless sensors.

In piezocomposites, the matrix and additive geometry will
affect the piezoelectric coefficients significantly. For instance,
the particle form of fillers shows poor piezoelectricity, while the
fibrous form and laminate form of fillers exhibit great piezo-
electricity when their longitudinal direction is parallel to the
poling direction."** Making composites from piezoceramics
and piezopolymers combines the advantages of high piezo-
electricity of piezoceramics with the strength, flexibility, easy
processability, levity, relatively high dielectric permittivity, and
breakdown strength of polymers.'**'”

2.4. Ionic liquids (ILs)

To date, piezoelectricity has been reported only for materials in
solid state, while Hossain Md. Igbal and Gary Blanchard''®
reported the existence of direct piezoelectricity in bulk liquid-
phase materials, termed room-temperature ionic liquids
(RTILs), for the first time. They reported piezoelectricity for
two ionic liquids of 1-butyl-3-methyl imidazolium bis
(trifluoromethyl-sulfonyl) imide (BMIM" TFSI ) and 1-hexyl-3-
methyl imidazolium bis(trifluoromethyl-sulfonyl) imide
(HMIM" TFSI"). The value of piezoelectricity in these ILs was
observed to be an order of magnitude less than that of quartz.
Unlike solid-phase piezoelectric materials, bulk liquids are
centrosymmetric, and their high piezoelectricity is attributed
to the force-induced macroscopic lifting of the center of

inversion.*®

2.5. Metal organic frameworks (MOFs)

MOFs are a class of highly crystalline porous materials with
highly tailored and customizable structures, which owe their
piezoelectricity to these characteristics.''®'? Nevertheless, the
piezoelectric properties of MOFs are rarely reported. The piezo/
ferroelectricity of zeolite imidazolate framework (ZIF), which is
an important type of MOF, has been recently reported.'**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Amongst ZIFs, ZIF-8 not only shows an ultra-high specific
surface area, high nitrogen content, open pore structure, and
high thermal and chemical stability but also displays great
potential for application in catalysis.'***** Due to its ultra-high
specific surface area, it is expected to be used in dye wastewater
treatment.'** Yao Sun et al. (2019)"*> demonstrated the piezo/
ferroelectric properties of UiO-66 (Zr) and UiO-66 (Hf) for the
first time. They showed that UiO-66(Hf)-type crystals have a
stronger piezo/ferroelectric response than UiO-66(Zr)-type crys-
tals. The piezo/photocatalytic properties of Zr-based and Hf-
based UiO-66-NH, MOFs, named UiO-66-NH, (Zr) and UiO-66-
NH, (Hf) respectively, were confirmed by Chenxi Zhang et al. in
2021."2° Both the MOFs showed the same hydrogen production
under light irradiation while the hydrogen production over
UiO-66-NH, (Hf) was approximately two times more than that
of UiO-66-NH, (Zr) under simultaneous light irradiation and
ultrasound (US) stress which is attributed to the more intrinsic
piezoelectric activity of UiO-66-NH, (Hf). NUS-6 (Hf) and MIL-
53(Cr) also showed piezoelectricity.'*°

2.6. Other piezoelectric materials

2-C3N, is a two-dimensional (2D) semiconductor possessing a
high piezoelectric coefficient in addition to high photocatalytic
activity. Simple preparation procedures, eco-friendliness, and
ability for large-scale production are the advantages of g-C3N,
but increasing the mobility of charge carriers to improve its
piezoelectricity is still a challenge. The combination of carbon
quantum dots (CQDs) with g-C3N, nanosheets merges the
piezoelectric property of g-C;N, with the excellent charge
transfer ability of CQDs, leading to increased piezoelectricity
of g-C5N,."?” Another 2D piezoelectric material is MXene which
is a type of transition metal carbide/nitride with a non-
centrosymmetric lattice structure.'?® The first studies on the
piezoelectricity of MXenes were completed by Dongchen Tan
et al. on the monolayer Ti;C,T, MXene'?® and by Jie Tan et al.
on oxygen-containing MXene (M,CO,, M = Sc, Y, and La).'**
Recently, a PVDF/Ag/MXene composite nanofibrous film with
enhanced piezoelectric activity was fabricated through near-
field electrospinning. The presence of MXene and Ag NPs
increased the electrical conductivity of PVDF and improved
piezoelectricity."*® Another category of piezoelectric materials
are inorganic semiconductors including wurtzite families of
ZnO, indium nitride (InN), gallium nitride (GaN), cadmium
sulfide (CdS), and zinc sulfide (ZnS)."*""**> Of these, ZnO has
developed as the most popular semiconductor because of
uniaxially oriented variants of ZnO nanostructures with multi-
dimensions, including nanowires, nanorods, nanosheets, NPs,
nanodiscs, thin films, etc.'** Applying mechanical force along
the c-axis of ZnO causes displacement of the positive and
negative charge centers, leading to the generation of dipole
moment and induction of piezoelectricity. If the piezoelectric
and photocatalytic properties of ZnO are coupled, the photo-
catalytic efficiency is probably enhanced by the piezoelectrically
encouraged separation of the photogenerated electron-hole
132,134 The nanostructured materials of TiO,, CdS,
and Ag;PO,* as well as multilayer black phosphorus

carriers.
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(BP)"**™7 and single-atomic-layer molybdenum disulfide
(MoS,)"**"*° also show piezoelectricity. BP is a mono-
elemental 2D material that shows piezoelectricity because of
its extremely directional properties and non-centrosymmetric
structure. Although piezoelectricity is barely reported in mono-
elemental materials because of their lack of ionic polarization,
the piezoelectric property of BP is attributed to its non-
centrosymmetric structure."*® Ma et al."*® fabricated BP devices
as nanogenerators composed of multilayer Te-doped BP flakes
with thicknesses of 10-30 nm exfoliated onto a polyethylene
terephthalate (PET) substrate. The BP devices showed an
intrinsic current output as large as 4 pA under a compressive
strain of —0.72%. The highly efficient piezoelectric activity of
MoS, nanoflowers was discovered by Wu et al.**° Wood exhibits
the strongest piezoelectricity when it is under mechanical force
at the angle of 45° to the direction of the wood fibers."*! A
piezoelectric paper fabricated from BaTiOjz-decorated wood
cellulose fibers showed the most piezoelectric coefficient at
the BaTiO; loading of 48 wt%. BaTiO; NPs were attached to the
surface of fibers through electrostatic binding."* Other materi-
als that show piezoelectricity are collagenous tissues (e.g., bone,
tendon, and DNA),”*'**>'* vyiral proteins,"**'** and amino

acids.**®

3. Piezoelectrically mediated chemical
reactions

These reactions use mechanical forces provided in most of the
cases by either ball milling (BM) or US to activate the piezo-
electric material and achieve highly spontaneous polarization.
However, the US is limited to laboratory-scale applications
because its waves are harshly weakened in the cavitation zone
with increasing distance from the vibrating surface, which
restricts its potential in industrial-scale applications.®” BM is
a clean, green, and simple technique that has received increas-
ing attention due to its wide applications in environmentally
benign and non-thermal solid-state reactions.'® The other
advantages of BM can include no use or negligible use of
solvent and the use of incompatible and immiscible
reagents."*® Under the continual impact, compression, shear-
ing, and friction of BM, the solid reactants experience irrever-
sible distortion and produce new active sites, providing more
contact to react."*>™® A ball mill can create an enormous
amount of instant mechanical energy at the local situations
of piezoelectric materials, leading to their polarization, produc-
tion of surface defects and increasing surface energy, and
creation of crystal lattice distortion, resulting in a substantial
increase in catalytic activity.'>' Both dry BM and wet BM can be
used. Although wet BM is faster than dry BM, it needs the
elimination of liquid. A vibratory mill might be used instead of
a conventional ball mill. The frequency of milling, size and
components of balls and jars, and grinding agents are the
important parameters affecting the product yield of mechan-
ochemical reactions.” The common chemical reactions pro-
moted by electron/hole piezocatalysis include small-molecule
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organic reactions, polymerization and polymer crosslinking,
water splitting, and water remediation which are described
below along with the latest published research works.

3.1. Water splitting

Hydrogen has great potential as an alternative energy source to
chemical fuels. Because of its practical use, greenhouse gas
emissions would be severely reduced.’®® The production of
hydrogen from water is considered as a promising solution to
address the growing energy demands and environmental
concerns.'® Piezocatalysts are novel types of green catalysts
that can use mechanical energy for the production of hydrogen
and oxygen. Hong et al. (2010)'** developed piezoelectric ZnO
microfibers (~0.4 um) and BaTiO; microdendrites for hydro-
gen and oxygen production under US vibration. The BaTiO;
dendrites were synthesized hydrothermally through the reac-
tion of Ti(OH),, Ba(OH),-8H,0, and NaOH precursors at 200 °C.
A hydrothermal reaction was also considered for the synthesis
of ZnO fibers by heating a mixture of hexamethylenetetramine
and Zn(NO;),-6H,0 solutions at 95 °C. A hydrogen production
rate of 1.25 x 10> ppm s~ ' was observed within 0-50 min over
BaTiO; dendrites and 3.4 x 107% ppm s~ ' over ZnO fibers
within 0-40 min. Su et al. (2019)"® prepared BaTiO; nanocubes
(10 nm) through the hydrothermal reaction of a mixture of an
aqueous solution of Ba(NOs),, NaOH, oleic acid, and oleyla-
mine and 1-butanol solution of tetrabutyl titanate (Ti(OBu),) at
150 °C. The nanocubes (10 nm) showed a high piezocatalytic
coefficient compared to BaTiO; nanocubes (200 nm) and
BaTiO; nanowires (200 nm) because the piezoelectric potential
does not surpass the free energy of water splitting in the larger
particles. A hydrogen production rate of 655 pmol g * h™* and
an oxygen production rate of 316 umol g~ ' h™" were obtained
under 60 kHz of US vibration over BaTiO; nanocubes with a size
of 10 nm. The yield of the products was very low at low
concentrations of the nanocubes (<10 wt%) and it quickly
increased with the increasing concentration of the nanocubes.
At BaTiO; concentration of more than 10 wt%, the evolution
rate of hydrogen and oxygen decreased, which can correspond
to the aggregation of NPs. Wang et al (2021)'*® prepared
ultrasmall tetragonal 1,2-distearoyl-sn-glycero-3-phosphoryl-
ethanolamine-polyethylene glycol 2000 (DSPE-PEG2000)
coated BaTiO; NPs (P-BTO) by two steps of (1) synthesis of
ultrasmall oleic acid modified BaTiO; through the hydrother-
mal reaction of a mixture of an aqueous solution of Ba(NOj3),
and NaOH and 1-butanol solution of oleic acid and tetrabutyl
titanate (Ti(OBu),), at 135 °C and (2) its assembly with DSPE-
PEG2000 in order to improve water dispersion. Under US
agitation, an imbalanced charge state was induced on the
surface of P-BTO, which subsequently could react with water
molecules to produce oxygen or combine with the water mole-
cules or oxygen to produce reactive oxygen species (ROS). Zhang
et al. (2021)"*” provided the first example of the preparation of a
nanofluidic BaTiO; suspension containing both cubic and
tetragonal phases that produced hydrogen and oxygen in the
ratio of 2 : 1 under US (40 kHz, 60 W, 90 min). For the synthesis,
the BaTiO; samples were prepared by mixing BaCO; and TiO,
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powders under high-speed BM, calcinating at 800 °C, ball
milling, and further calcinating at 1200 °C. The BaTiO; particle
size decreased from 400 nm to 150 nm under US agitation. A
repeatable hydrogen evolution was obtained within 4 days and
a hydrogen evolution rate of 270 mmol h™" g~ was obtained for
5 mg L' of BaTiO;. BiFeO; is a ferroelectric and piezoelectric
material with a piezoelectric coefficient of 100 pm V~"."* You
et al. (2019)"*° prepared BiFeO; square nanosheets through a
hydrothermal reaction of a pH-adjusted solution (pH = 10-11)
containing Bi(NO3);-5H,0 solution in ethylene glycol and
FeCl;-6H,O solution in water, which was further added to
NaOH solution and stirred at 180 °C. A hydrogen production
rate of 124.1 pmol g~ " was obtained under mechanical vibra-
tion (100 W) for 1 h. The combination of BiFeO; and BaTiO;
piezoelectric materials could form a solid solution with suitable
piezoelectricity which could limit the band gap and tune the
conductive band edge position near the redox potential of the
hydrogen evolution reaction for effective hydrogen production
with less energy input. Sun et al. (2021)**® synthesized hydro-
thermally 0.7BiFeO;-0.3BaTiO; (BF-BT) NPs (spherical shape,
67.4 nm) from the precursors Bi(NOs);-5H,0, Fe(NOs);-9H,0,
Ba(NO3),, and Ti(OC,4Hy)4, and used them for hydrogen produc-
tion under US vibration (100 W, 40 kHz) with the production
rate of 1.322 mmol g~' within 1 h. Ranjan et al (2022)""
synthesized rhombohedral R3¢ bismuth sodium titanate parti-
cles, Bi;;,Na,;,TiO3, through sol-gel reaction in various sizes,
termed S400-S800 samples, obtained at different calcination
temperatures of 400, 500, 600, 700, and 800 °C. The hydrogen
production rates of 1520.10, 731.22, 556.12, 328.79, and
108.6 pmol g~ were obtained for S400, $500, S600, S700, and
S800, respectively, after 3 h of US (100 W, 40 kHz) agitation,
showing the highest piezocatalytic efficiency for S400 because
of its smaller particles, more surface area, and a greater
number of oxygen vacancies. Piezoelectricity coupled with
photocatalytic semiconductors, piezo/photocatalysis, has been
extensively studied to tune or enhance optoelectronic activities.
Profiting from the synergistic effect between the polarized
electric field and photogenerated charges, the carrier separa-
tion is improved. In this regard, a common strategy is to
construct heterojunctions by coupling semiconductors of cova-
lent organic frameworks (COFs) and piezoelectric materials. Xu
et al. (2022)*°* constructed a BiFeO;@TpPa-1-COF core-shell
hybrid, BFO@COF20-C, through the controlled growth of the
excellent visible-light photocatalyst of TpPa-1-COF, prepared
by Schiff base reaction, on amino-functionalized BiFeO;
nanosheets (APTES-BiFeOs3) for high-efficiency water splitting.
The optimum BiFeO;@TpPa-1-COF revealed hydrogen and
oxygen production rates of 1416.4 and 708.2 umol-h™' g%
respectively, under simultaneous US (100 W, 40 kHz) and
visible light irradiation (1 > 420 nm). TpPa-1-COF traps elec-
trons, while BiFeOj; tends to gather holes. The plausible charge
transfer mechanism for BiFeO;@TpPa-1-COF is shown in
Fig. 4. Fig. 4A shows the photocatalysis mechanism under light
irradiation. In brief, the photogenerated electrons in the con-
ductive band (CB) of BiFeO; are transferred to the valence band
(VB) of TpPa-1-COF for combining with the photogenerated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The representative diagrams of photocatalysis (A), piezocatalysis (B), and piezo/photocatalysis (C) and (D) for BiFeOz@TpPa-1-COF (adapted from

ref. 162 with permission from John Wiley and Sons).

holes but part of electrons and holes are recombined, prevent-
ing the photocatalytic reaction. Under US (Fig. 4B), a built-in
piezoelectric field (Py) is generated inside Bi-FeO;@TpPa-1-
COF, which drives the transfer of electrons and holes in the
opposite direction. Nevertheless, some electrons and holes
will recombine, which greatly restricts the piezocatalysis.
Under both light irradiation and US, BiFeO;@TpPa-1-COF
shows piezo-photocatalytic activity. The enhanced piezoelectric
potential of BiFeO;@TpPa-1-COF further accelerates the
separation of electron-hole carriers, thereby enhancing the
photocatalytic redox performance. The polarization direction
is different in Fig. 4C and D.

To summarize, the production rate and yield of hydrogen
and oxygen significantly depend on the type, size, morphology,
and concentration of the piezoelectric material, the type and
intensity of the mechanical source, and the time of applying
mechanical force to the piezoelectric material. Piezo/photoca-
talysis has been introduced as an efficient strategy to increase
the rate and efficiency of hydrogen and oxygen production.

3.2. Water remediation

The removal of toxic compounds from water, termed water
treatment or water remediation, has been acknowledged using
piezoelectric materials. When a mechanical source is applied to
a piezocatalyst, a potential difference is formed on the surface
of the piezocatalyst owing to the generation of separated
electrons and holes, which further participate in redox reac-
tions. The electrons react with dissolved oxygen in water
and produce O,°", while holes produce *OH, thereby disinte-
grating pollutants existing in water.”'®® As general water

© 2023 The Author(s). Published by the Royal Society of Chemistry

contaminants, organic dyes have attracted much attention
due to their carcinogenic effects."® Lan et al. (2017)"® inves-
tigated the piezodegradation and piezodechlorination of 4-
chlorophenol (4-CP) as a model of non-dye pollution over
hydrothermally synthesized tetragonal BaTiO; (tet-BaTiOj3) par-
ticles under US (40 kHz, 110 W). A degradation efficiency of
71.1% was observed after 120 min of US. It was confirmed that
degradation and dechlorination of 4-CP were mainly attributed
to the *OH species. Xu et al. (2018)'*° fabricated BaTiO; NFs
(200 nm) through electrospinning merged with a sol-gel pro-
cess. Briefly, a solution of titanium isopropoxide mixed with 2-
methoxy ethanol and acetylacetone was added to a solution of
barium acetate in acetic acid (Ba to Ti molar ratio of 1:1),
followed by dropwise addition of an ethanolic polyvinyl pyrro-
lidone (PVP) solution to obtain the BaTiO; precursor. The
precursor was loaded into a syringe for electrospinning to
obtain PVP-based electrospun NFs. The BaTiO; NFs were
achieved after annealing the PVP-based NFs at 750 °C. The
BaTiO; NFs degraded 97.5% of Rhodamine B (RhB) within
60 min under US vibration. The *OH species were distinguished
as the main species in the RhB degradation. The hydrother-
mally synthesized BaTiO; NFs were prepared by Yao et al.
(2022)."%” In brief, Na,Tiz;O, was first synthesized hydrother-
mally in an autoclave with the precursor TiO, in a sodium
hydroxide solution. H,Ti;O,, which was obtained after soaking
Na,Ti;0; in an acidic solution, was dispersed in a solution of
Ba(OH),-8H,0 and heated in an autoclave at 210 °C to obtain
BaTiO; NFs. RhB degradation of 94% was achieved under
20 min of US vibration over the BaTiO; NFs exposed to
mechanical milling within 30 min. Mechanical milling
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probably increases the piezoelectric property by both enhan-
cing the specific surface area of BaTiO; NFs and enhancing the
ferroelectric polarization strength of BaTiO; NFs leading to
diminished recombination of the electron-hole carriers in the
catalytic process. The radical trapping experiments displayed
that the *OH species increase with the increase of the vibration
time from 0 min to 60 min. Wu et al. (2018)'°® synthesized
BaTiO; nanowires (100 nm) and BaTiO; NPs (quadrilateral
shape, 200 nm) in a tetragonal perovskite crystalline structure,
through the hydrothermal reaction of the aqueous solutions of
H,Ti;0, and Ba(OH),-8H,0 at 210 °C and the hydrothermal
reaction of the aqueous solutions of H,Ti;O, and Ba(OH),:
8H,0 at 240 °C, respectively. These piezoelectric BaTiO; nano-
materials degraded methyl orange (MO) under US (~40 kHz,
80 W), showing the more piezoelectric behavior of BaTiO;
nanowires compared to BaTiO; NPs, which can be attributed
to the easy deformation of the nanowires. O,*~ and *OH species
were distinguished as the main species in the degradation of
MO. Zhou et al. (2022)"® used tet-BaTiO; NPs (200 nm and
500 nm) in the presence of CuBr, and H,0, for degradation of
RhB under BM. Without using CuBr, and H,0,, 16.7% of RhB
was degraded over BaTiO; NPs (200 nm) after 30 min of milling
at 30 Hz and RhB degradation efficiencies of only 21.5% and
30.1% were realized within 30 min with the use of CuBr, alone
and H,O, alone, respectively. The dye degradation reached
97.5% in 10 min and 99.6% in 30 min when a mixture of CuBr,
and H,0, was used, showing a synergistic effect of piezoelectric
NPs, CuBr,, and H,0, in the degradation of the RhB dye.
Degradation efficiencies of 99.2% and 43.4% were achieved
over 200 nm and 500 nm BaTiOj, respectively, confirming the
more effectiveness of smaller particles in dye degradation. Dye
degradation of 46.2% and 31% was observed within 10 min at
20 Hz and 10 Hz, respectively, versus 97.8% degradation at
30 Hz. The BaTiO; piezocatalyst remained stable after three
cycles of use and O,°” species were suggested to be the main
species in dye degradation. Gaur et al (2023)"*° observed
methylene blue (MB) degradation of ~36%, ~61%, and
~54% over tet-BaTiO; ceramics (~0.5 pm) under a BM speed
of 200 rpm using 5, 10, and 15 numbers of Zr balls (10 mm in
diameter), respectively. The BaTiO; ceramics were synthesized
through calcination of a homogeneous mixture of BaCO; and
TiO, at 1200 °C. Upon increasing the BM speed and number of
balls, the dye degradation increased. A degradation efficiency
of 77% was achieved using 15 balls at 300 rpm within 60 min.
The *OH species were detected as the main species for MB
degradation. Gaur et al. (2023)"7° introduced porous BaTiO;
ceramics for MB degradation under US (150 W, 40 kHz) and
investigated the dependence of the porosity level on piezo-
catalysis activity. The BaTiO; ceramic powder was synthesized
through (1) calcinating a mixture of BaCO; and TiO, at 1200 °C,
(2) mixing with PMMA (0-30 wt%) as a pore former and 4 wt%
PVA as a binder to make the pellets, and (3) sintering. MB
degradation efficiencies of 55% and 88% were observed,
respectively, for non-porous and 30% porous BaTiO; ceramic
pellets under US within 330 min. Thus, by introducing 30% of
porosity, piezoelectricity increased by 1.6 times. O,*  species
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were distinguished as the main species for MB degradation. Thus,
the porosity in bulk BaTiO; ceramic pellets has provided both
significant enhancement in piezocatalytic activity and easy recov-
ery after treatment. Qian et al (2019)""" introduced a BaTiO;-
polydimethylsiloxane (PDMS) composite porous foam prepared
through mixing and heating of PDMS, the as-prepared BaTiO;
powder, granulated sugar, and a curing agent. The porous foam
showed ~94% RhB degradation under US (40 kHz, 400 W) within
120 min and excellent stability after 12 cycles of use when the
amount of BaTiO; was 25.0 wt%. O,* and *OH species were
detected as the main species for the dye degradation. Ranjan et al.
(2022)'®" used Biy,,Na, ,TiO; particles synthesized in various sizes
(S400-S800) for degradation of MB with high efficiency (up to k =
0.039 min~") under US (40 kHz, 100 W). $400 showed a degrada-
tion efficiency of 98.5% within 80 min for 20 ppm of MB. *OH and
0,*” generated in water played the main roles in the dye
degradation, as shown by the equations listed below:

Bij ,Na; ,TiOy —> ¢ +h*
e +0,— 05

h*™ +°*OH — *OH

O3~ + dye — MB degradation

*OH + dye — MB degradation

You et al. (2019)"° prepared BiFeO; square nanosheets for
RhB degradation. The decomposition yield of RhB was up to
94.1% after mechanically vibrating (~45 kHz) for 50 min.
Under low-frequency mechanical stirring (600 rpm of magnetic
stirring) within 10 h, 76.4% RhB degradation was achieved.

Considering the points that the piezocatalysis and photo-
catalysis mechanisms are the same and photocatalytic activity
increases by making heterojunctions, it is expected that hetero-
junctions formed by two piezoelectric materials improve
piezoelectricity.'”> A stronger piezoelectric field can be pro-
duced in the piezoelectric heterojunctions compared to the
pure piezoelectric materials, further accelerating the migration
of free charge carriers for effective redox reactions."”* Since the
energy band gap of Wurtzite CdS with a non-centrosymmetric
structure is well matched with the energy band gap of BiFeOs;,
their heterojunction is of high interest. Long et al. (2022)""*
fabricated the optimal BiFeO;@CdS-10% NFs for removing
bisphenol A (BPA) at 99.7% within 60 min under US (40 kHz,
300 W) with the degradation rate constant of 0.098 min~". The
excellent piezocatalytic activity is probably due to the construc-
tion of the heterojunction and the synergistic effect of the two
piezoelectric components. BiFeO; NFs were fabricated through
electrospinning and annealing and BiFeO;@CdS with 10 wt%
CdS was prepared by regulating the quantity of C,HsNS and
Cd(NO;),-4H,0 through a hydrothermal process. The °*OH
species participated mainly in the piezocatalysis process.
98.9% of BPA was degraded after 5 cycles of use, revealing a
minor decrease in the catalytic activity. Lan et al. (2022)"7° used
ambient water motions that existed in urban drainage systems

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as a mechanical source for the degradation of benzothiazole
(BTH) over MoS,. MoS, was synthesized through a hydrother-
mal reaction of an acidic solution of Na,Mo0O,-2H,O and
thiourea (1:5 ratio) (pH < 1) at 200 °C. The degradation
efficiency of BTH reached 94.8% after 24 cycles of use, which
was 8.8 and 4.9 times more than that of the quiescent solution
of MoS, and non-piezoelectric commercial MoS,, respectively.
The BTH degradation reached up to 99.3% in deionized (DI)
water, 94.7% in rainwater, 92.9% in saline water, and 81.3% in
sewage after 24 cycles of use of MoS, at a concentration of 1 g
L. MoS, showed high stability after four cycles of use. 0,*~
and h' species played the main roles in BTH degradation. The
degradation pathways of BTH, as shown in Fig. 5, involved eight
possible intermediate products. A decreased toxicity was
observed for these intermediates compared to the pristine BTH.

Yang et al. (2023)"° introduced a hexagonal boron nitride
for the degradation of solid per- and polyfluoroalkyl com-
pounds (PFAS) under BM. The successful decomposition and
defluorination of the solid perfluorooctanesulfonate (PFOS)
and perfluorooctanoic acid (PFOA) were observed after 2 h of
treatment. 80% of 21 targeted PFAS were treated within 6 hin a
PFAS-contaminated sediment.

The degradation efficiency of dyes can be promoted by
using both piezo- and photocatalysis simultaneously. A sub-
stantial enhancement in the generation, transportation,
separation, and recombination time of charge carriers can be
detected due to the simultaneous coupling of piezo- and
photocatalysis.””” In this way, the piezoelectric polarization
charges and the induced piezopotential enable the migration
of photoinduced charges toward specific directions promoting
their separation and diminishing their recombination.® Mush-
taq et al. (2018)"® synthesized BiFeO; nanosheets (rhombic, 2-
3 um) and BiFeO; nanowires (200-700 nm) hydrothermally and
used them for water treatment. BiFeO; nanowires degraded
97% and BiFeO; nanosheets degraded 71% of RhB within 1 h
under simultaneous visible light and mechanical vibration. The
h* and *OH species were demonstrated to be the main active
species in the piezo/photocatalysis mechanism. Sharma et al.
(2020)"7° investigated the existing effect of Ce on the piezo-
photocatalytic activity of BayoCao1TiO; in the degradation of
RhB, MB, and diclofenac under both US and visible light
(420 nm) for 120 min. Bay ¢Cag1Ceg 15Tig.g503 with the highest
piezocatalytic activity could be used for up to 5 cycles. The
piezo-photocatalytic activity of Bag gsCag 15Ti0.0Zr( 105 ceramics
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(the average particle size of the pellets was 5 um) was also
confirmed by Sharma et al. (2020).>' These ceramics were
prepared through the solid-state reaction of the precursors of
BaCOj;, CaCO3;, Zr0O,, and TiO, by mixing in a mortar, followed
by calcinating at 1190 °C, re-milling, and pressing into disks.
The degradation efficiencies of 89% and 81% were achieved for
RhB and ciprofloxacin (CIP), respectively. The ceramics were
successfully recycled five times. Sharma et al. (2021)"®° investi-
gated the piezo/pyro/photocatalytic (multicatalytic) behavior of
Bay 55Ca0.15Tio.9Z10.105 (BCZTO) and Bag g5Cag.15(Tio.0Zr0.1)1—x"
Fe,O; (x = 0, 0.5, and 1%) (BCZTO-Fe) ceramics for MB
degradation under US (40 kHz, 70 W) and visible light irradia-
tion (15 W) during temporal temperature change of 10 °C and
45 °C. BCZTO-Fe was prepared via solid-state reaction, as
BaCOj, CaCOs, ZrO,, TiO,, and Fe,O; were mixed by BM,
calcinated at 1250 °C, pressed to make pellets with polyvinyl
alcohol (PVA), and finally sintered in a furnace at 1450 °C. Fe
substitution decreased the piezocatalysis performance of
BCZTO. The BCZTO-Fe samples were piezocatalytically recycl-
able for five cycles. The trapping experiments confirmed the
critical presence of *OH in the dye degradation. Qifeng et al.
(2019)"”7 investigated the piezo/photocatalytic behaviour of
Bag 75Ca0.125Ti0.05510.0503 (BCT-Sn) in the degradation of MB
under both the US and solar simulator (UV, 375 nm). This
piezo/photocatalyst was synthesized by mixing BaCO;, CaO,
TiO,, and SnCl, in a ball mill and further calcinating at
1200 °C. The calcinated powder was mixed with PVA to fabri-
cate pellets, which were then sintered at 1400 °C. The poled
BCT-Sn showed a piezo/photodegradation efficiency of 98% for
MB in the first cycle of use and 96% after five cycles of use. A
piezocatalytic degradation of ~94.5% was reported by Ruan
et al. (2022) for RhB'** over ZIF-8 NPs (dodecahedron, ~2 pm)
under US within 90 min. A liquid phase technique was used for
the synthesis of ZIF-8, in which an aqueous solution of zinc
nitrate and 2-methylimidazole was left to stand for 24 h,
centrifuged and dried, and then calcinated at 350 °C for 2 h
in air. O,*~, positive charges (¢") and negative charges (q~) were
identified as the main species for RhB degradation. The piezo-
electric materials Pb,BO;X (X = Cl, Br, I) were introduced by
Tang et al. (2022)" for the degradation of RhB and the
antibiotics CIP and norfloxacin (NOR) under BM. Their piezo-
responses were in the order of Pb,BO;I > Pb,BO;Br
>Pb,BO;Cl. Pb,BO;I showed a degradation efficiency of
99.0% for RhB within 30min and 90.0% for CIP and NOR

OH

\

\ @[§> s ] NS © .
i Y — > — > . small organic acid, CO,
d N v A~ COOH /> —7 H0507N0y
N

(0H);
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Fig. 5 The proposed pathways of BTH degradation over MoS, (adapted from ref. 175 with permission from American Chemical Society).
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within 15 min. ZrO, balls led to higher efficiency compared to
SiO, balls. The O,°~ species were determined as the main active
species in the degradation of the pollutants.

In summary, a high rate of dye degradation was observed
within a short time (>90% within <60 min in most of the
cases), and the degradation efficiency increased on decreasing
the size of the piezoelectric particles and on increasing the US
intensity, BM speed, and the number of balls. A high recycl-
ability was observed for the piezoelectric materials and in most
of the studies, O,*” and °*OH species were identified as the
main species participating in the degradation of pollutants.
Piezo/photocatalysis promoted degradation efficiency because
of the influence of both piezocatalysis and photocatalysis
processes.

3.3. Controlled polymerization/crosslinking

Reversible-deactivation radical polymerization (RDRP) is a con-
trolled radical polymerization that allows the synthesis of
polymers with controlled molecular weight, low dispersity,
and diverse functionality. Inclusion of mechanical stimuli in
RDRP allows temporal or spatial control of the composition
and functionality of polymers.'®' Three main RDRP techniques,
nitroxide-mediated polymerization (NMP), atom transfer radi-
cal polymerization (ATRP), and reversible addition-fragmenta-
tion chain transfer (RAFT), have been recognized."®* Because of
the restrictions of the three techniques in high conversions, in
the synthesis of multi-block copolymerization, and in con-
trolled polymerization on living cells, the new RDRP methods
have appeared to perform under different stimuli conditions,
such as chemical, light, electrical, force, etc.'®* Actually, piezo-
polymerization is a novel approach that uses mechanical
energy for controlled polymerization and cross-linking
reactions.'®*

Conventional ATRP needs a high loading of the catalyst to
simplify the control equilibrium between radicals and inactive
species, leading to a decreased rate of polymerization.
Advanced ATRP involves the use of chemical reducing agents
and external stimuli to produce an extra redox cycle. Such a
system reduces the concentration of the catalyst to ppm, while
its disadvantage is by-products generated by the chemical
reducing agent. Moreover, the removal of the chemical redu-
cing agents is very difficult after polymerization termination.
Compared with the conventional ATRP and advanced ATRP
systems, US-mediated ATRP has many advantages: (1) control
of polymerization easily by switching US on/off; (2) no usage of
chemical reducing agents, thereby no production of by-
products; (3) simple, mild, and easy scale-up operation;
and (4) suitability for organic and water medium-based
polymerization.'®> Generally, the ATRP technique is mediated
by a redox equilibrium between two oxidation states of copper
(Cu) complexes.’®® The in situ generation of a Cu(i)-based
polymerization activator has previously been achieved using
chemical reducing agents,'®” light,"®® and electrochemical
potential.'®*® Indeed, ATRP is governed by redox-active transi-
tion metal complexes in their lower oxidation state that activate
the inactive species and complexes in their higher oxidation
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state.**°

The dead chains and activation/deactivation cycles
determine the molecular weight distribution in ATRP.™?
Fig. 6A indicates the general probable mechanism of ATRP
performed with a ppm of catalyst. It is identified that the
advanced ATRP produces non-living chains from radical initia-
tors, which increases dispersity, while piezo-ATRP regenerates
the activator."”" As observed in Fig. 6A, the US-mediated
reduction of Cu(u) to Cu(r) causes the controlled polymeriza-
tion. Mohapatra et al. (2016)"°* described a US-mediated ATRP
for n-butyl acrylate (BA) polymerization over tet-BaTiO; NPs
(200 nm, 4.5 wt%) under pulse mode operation of 4s on and 4s
off using the pre-catalyst solution of Cu(OTf),/MesTREN/
BuyNBr. Fig. 6B shows the mechanism of piezopolymerization.
In brief, the ATRP activator is produced through the piezo-
electric reduction of the Cu(u) catalyst under US, and polymeric
chain growth is started from the alkyl halide initiator (2) and
consecutive addition of monomer 1. The final polymer is
obtained after chain termination.

Wang et al. (2017)'* prepared poly(methyl acrylate) (PMA)
with high end-group fidelity, predetermined molecular weight,
low dispersity, and 90% of monomer conversion through the
piezo-ATRP technique using ZnO piezoelectric NPs (18 nm)
under US agitation (40 kHz) for 8 h. Unlike the previous work
reported by Mohapatra et al.'® on the piezo-ATRP of n-butyl
acrylate (BA) using a high amount of BaTiOj3, 4.5 wt%, a low
amount of ZnO particles, even 0.06 wt%, was used in this work,
which may be attributed to the ease of electron transfer
between the ZnO NPs and Cu(u)/L compared to that between
BaTiO; and Cu(u)/L. As in the previous work, the reduction of
Cu(u) into Cu(i) activates polymerization. This piezo-ATRP
technique was also applied for the polymerization of other
acrylate monomers including ethyl acrylate, BA, and tert-butyl
acrylate (#-BA). All polymerization
controlled with appropriate molecular weights and low disper-
sity. Wang et al. (2017)'** prepared PMA successfully with a
molecular weight of up to 20000 g mol ' and a dispersity of
1.05-1.18 through piezo-ATRP polymerization of methyl acry-
late (MA) over BaTiO; agitated by US (40 kHz) in the presence of
a low content of the Cu/tris(2-pyridylmethyl)amine catalyst (Cu/
TPMA, 75 ppm) and the ethyl a-bromoisobutyrate (EBiB) initia-
tor. Since the US disrupts metal-ligand interactions, TPMA was
chosen as a ligand to produce stable Cu complexes. Polymer-
ization with cubic BaTiO; (50 nm, 4.5 wt%) led to a monomer
conversion of 67%, a molecular weight of ~10800 g mol™*, and
a dispersity of 1.06 after 8 h. The polymerization using tet-
BaTiO; (200 nm) achieved approximately the same results. The
usage of PMMA-coated BaTiO; increased the rate of polymer-
ization because of its better dispersion in the reaction medium.
Zhou et al. (2018)"" obtained PMA with more than 90%
monomer conversion, well-controlled molecular weight, and
low dispersity (1.03-1.09) through piezo-ATRP polymerization
of MA over tet-BaTiO; NPs (200 nm, 4.5 wt%) in the presence of
50% v/v DMSO (1:1 volume ratio of DMSO:MA) under US
agitation (40 kHz, 70 W, 50 °C). No polymerization occurred in
the presence of 33.3% v/v DMSO, confirming the critical role of
DMSO in the polymerization. A monomer conversion of 94%

reactions were well-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The proposed mechanism of piezo-ATRP. ARGET: activator regenerated by electron transfer; ICAR: initiator for continuous activator
regeneration; SARA: supplemental activator and reducing agent (A) (adapted from ref. 191 with permission from American Chemical Society). The

US-mediated ATRP polymerization of BA (B).

was achieved within 3 h by increasing the concentration of the
catalyst from 100 ppm to 200 ppm. While the RAFT polymer-
ization has been generally used for the modification of non-
magnetic compounds,'®® the surface-initiated ATRP has been
well predicted to modify the magnetic compounds."®® Cvek
et al. (2021)"” modified magnetic NPs with PMA by the piezo-
ATRP technique, for the first time, resulting in NPs@PMA
hybrids. The ATRP initiator-decorated magnetic NPs were
added into a piezo-ATRP mixture, generating surface-initiated
growth of the PMA chains under US (35 kHz, 45 °C) in the
presence of hexagonal micro-ZnO and cubic-phase BaTiO;.
Micro-ZnO was produced via annealing the as-prepared zinc
oxalate dihydrate (ZnC,0,4-2H,0) precursor and BaTiO;. The
reaction progressed with a low amount of CuBr,, thus giving
PMA with low dispersity and high monomer conversion. When
using 5 wt% micro-ZnO, a monomer conversion of 75%, a
molecular weight of 14000 g mol ™', and a dispersity of 1.26
were obtained after 8 h, and when using 9 wt% BaTiO3,
a monomer conversion of 74%, a molecular weight of
13300 g mol ', and a dispersity of 1.09 were obtained after 8 h.

Liu et al. (2022)"® reported piezo-ATRP polymerization of
methyl methacrylate (MMA) over one-dimensional (1D) ZnO
nanorods (NRs) with three different dimensions (termed NR-1,
L=1.9 um, D = 300 nm, L/D = 6; NR-2, L = 4.2 pm, D = 420 nm,
L/D = 10; NR-3, L = 6.8 um, D = 530 nm, L/D = 13) and zero-
dimensional (0D) ZnO NPs (240 nm) under US agitation
(40 kHz, 50 W) within 4 h. Ethyl a-bromoisobutyrate (EBiB),
CuBr,, and TPMA were used as the initiator, copper salt, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

ligand, respectively, and DMSO was used as the solvent. The
ZnO NRs were synthesized by chemical bath deposition using
zinc nitrate hexahydrate and hexamethylenetetramine, while
ZnO NPs were purchased. NR-2 and NR-3 showed more catalytic
activity compared to the NPs because of their larger aspect
ratios. The weakest activity was related to NR-1 owing to its
small aspect ratio and specific surface area. In the presence of
1.2 wt% NR-3, a monomer conversion of 70% and a molecular
weight of 7200 g mol™" were achieved. Remarkably, the US-
mediated ATRP produced PAN with a high molecular weight of
23800 g mol " and a low dispersity of 1.19 after only 6 h. Xu
et al. (2022)'®° synthesized the ZnO/BaTiO; heterostructure by
first in situ deposition of the zinc precursor on BaTiO; particles
and then annealing, and used it in US-mediated ATRP of MMA.
PMMA with a monomer conversion of 63.1%, a molecular
weight of 6600 ¢ mol ™", and a dispersity of 1.30 was achieved
in the presence of 400 ppm CuBr,/TPMA and1.2 wt% ZnO/
BaTiO; under US (40 kHz, 500 W) for 4 h. The ZnO/BaTiO;
piezocatalyst showed a high rate of US-mediated ATRP after ten
cycles, displaying the excellent recyclability of ZnO/BaTiO;.
Zhou et al. (2023)"*° prepared high molecular weight PMMAs
ranging from 33 000 g mol~" to 74 000 ¢ mol ' through DMSO-
assisted BM over tet-BaTiO; (200 nm) in the presence of the
CuBr,/TPMA complex (1/2). The monomer conversion reached
59-69% after 4 h in all the experiments, while dispersity
increased from 1.44 to 1.75. Under a vibration frequency of
20 Hz, a monomer conversion of 46.8% was achieved after 6 h.
Increasing the milling frequency to 25 Hz and 30 Hz resulted in
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an enhanced polymerization rate. With 250 ppm and 150 ppm
of Cu(u)/L, a monomer conversion of 90% was achieved with no
more grinding time at 30 Hz. 2-Hydroxylethyl acrylate (HEA)
was successfully polymerized in the presence of water instead
of DMSO as the liquid-assisted grinding (LAG) additive. At
30 Hz, a monomer conversion of 72%, a molecular weight of
43100 g mol ', and a dispersity of 1.43 were achieved within
1 h of BM.

Reversible addition-fragmentation chain transfer (RAFT)
polymerization is one of the most famous RDRP techniques
that displays high control over molecular weight and end-group
fidelity.”°® The polymerization is a living and accessible poly-
merization technique with wide functional group tolerance.>’*
Ding et al. (2022)*°* investigated the piezo-RAFT of BA under US
agitation of 40 kHz over ZnO NPs (10-30 nm, 4.4 wt%). Fig. 7A
and B present the piezo-RAFT process and the mechanism of
BA. Ethyl a-bromoisobutyrate (EBiB) and bis(trithiocarbonate)
bisulfide (CTA) were used as the initiator and chain transfer
agent, respectively. The adsorption of TPMA on the surface of

S

s} S

(o]
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ZnO could enable electron transfer to alkyl bromides and the
piezoelectrically mediated reduction of alkyl bromides can
both initiate the polymerization and cleave the S-S bond of
bis(trithiocarbonate) bisulfide to produce the RAFT agent
in situ. A monomer conversion of 85.9% and a molecular weight
of 25200 g mol " were achieved within 8 h under US agitation.
Chakma et al. (2023)*® studied the RAFT polymerization of
(meth)acrylate monomers over BaTiO; under three agitation
conditions of US (40 kHz, 70 W), BM (1.5 mL jars, 5 mm ball,
30 Hz), and vortex (1.5 mL vial, two 5 mm balls, 3000 rpm),
as shown in Fig. 7C. The mechanically polarized BaTiO;
(cubic, <100 nm) could reduce diphenyl iodonium hexafluoro-
phosphate (DPIHP) to form phenyl radicals which can start the
RAFT equilibrium. The polymerization was carried out with BA
over 7 wt% BaTiO; under US for 24 h in the presence of various
organic solvents and 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT) as a chain transfer agent. A
monomer conversion of more than 65% and a dispersity of 1.05
were observed in the presence of DMF and DMAc solvents. The

D .
O~ +/\S)]\S/STSV +/\OJ\{/B,~ _»/\OMSTS\/
/Y .\\\ ) . !

BA CTA

TPMA*

DDMAT OH

RO

EBiB

degenerative
chain transfer

i |
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L )s $—CiHas  : Cy,H,s8 S :
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05 e

Fig. 7 The piezo-RAFT process (A) and mechanism (B) of BA (adapted from ref. 202 with permission from American Chemical Society). The piezo-RAFT
polymerization of (meth)acrylate monomers over BaTiOs under the three agitation conditions of US/BM/vortex (C) (adapted from ref. 203 with

permission from John Wiley and Sons).
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piezo-RAFT of ¢BA resulted in a monomer conversion of
more than 95% in the presence of BaTiO; (15 wt%),
DPIHP, and DDMAT after 3 h of BM and a small amount of
DMF as the LAG solvent. The polymerization was also
performed in a vortex using similar BM conditions for 8 h. In
this case, a monomer conversion of 70% was achieved for BA
within 8 h and the use of one milling ball. Under the same
conditions, by using two balls, the monomer conversion
increased to 89%.

Mohapatra et al. (2018)*** prepared a linear polytriazole
through step-growth polymerization via the copper-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction, commonly
denoted as the copper ‘Click’ reaction or mechano-click reac-
tion. As shown in Fig. 8A, equimolar amounts of monomer 1
(1 M) and monomer 2 (1 M) were used along with (Cu(OTf),/
MecTREN) (50/55 mM) and tet-BaTiO3 (200 nm, 10 wt%). Under
US agitation (40 kHz,24 h), a monomer conversion of >95%
was observed. This is the first instance of US-agitated copper
‘Click’ polymerization through a piezo-mediated reaction. A
general illustration of ‘Click’ polymerization catalyzed by Cu()
produced through the US reduction of the Cu(u) precursor
(Cu(OTf),/Me(TREN) is shown in Fig. 8B. Crosslinking was also
performed under the conditions of a mixture containing diva-
lent azide monomer, tripropargyl amine crosslinker, tet-BaTiO3

N /\/\00/\/\1\@ i

O]
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(10 wt%), Cu(OTf),/MesTREN (5/5.5 mol%), and DMF to obtain
a brittle gel.

Wang et al. (2019)*°° reported a mechanically controlled
free-radical (mechano-radical) polymerization and polymer
crosslinking of acrylate monomers using ZnO NPs. They indi-
cated the mechano-radical polymerization of the monomers via
cleavage of alkyl halides under low-frequency US agitation
(40 kHz, 70 W), as shown in Fig. 9A. A Fe(in) complex composed
of FeCl;-6H,0 and tris[2-(2-methoxyethoxy)ethylJamine (TDA-1)
was used to facilitate the free radical transfer during the
agitation. ZnO (20 nm, 9.0 wt%) allowed the polymerization
of BA with a monomer conversion of 74% and a molecular
weight of ~241000 g mol . -BA showed a monomer conver-
sion of 80% and a molecular weight of ~341000 g mol *,
while MMA showed a monomer conversion of 52% and a
molecular weight of ~49 000 g mol ™" after 21 h of US agitation.
In addition, the polymerization of 2-ethylhexyl methacrylate
(HEMA) resulted in the formation of a persistent gel without
the addition of a crosslinking agent. A lower monomer conver-
sion was achieved by polymerization in DMAc and NMP sol-
vents compared to that in DMF solvent and no polymerization
was detected in DMSO. Ayarza et al. (2021)"®* reported the first
examples of the piezo-electrochemical synthesis of disulfide
bonds to form reversible organogels from polymers containing

Heasl
?2)

H O NN ™
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(pre-catalyst solution)
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(catalyst)
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Fig. 8 Piezoelectrically mediated copper ‘Click’ polymerization of monomer 1 and monomer 2 (

A) and a general depiction of Cu()-catalyzed Click

polymerization (B) (adapted from ref. 204 with permission from Johns Wiley and Sons).
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Fig. 9 The mechano-radical polymerization of acrylate monomers using ZnO NPs (A) (adapted from ref. 205 with permission from John Wiley and
Sons). The chemical structures of mercapto-polymers (B) and mechanically promoted cross-linking of mercapto-polymers (C) (adapted from ref. 184

with permission from American Chemical Society).

thiol side groups. This reaction was carried out via piezo-
oxidation of thiol to disulfide over ZnO NPs (18 nm, 5.0 wt%,
2.5 wt%, and 1.0 wt%) and iodide anions under US (40 kHz) or
shaking agitation (2 kHz) for 6 h. Fig. 9B presents the chemical
structures of mercapto-polymers and Fig. 9C shows the reaction
schematic of the mechanically mediated cross-linking of
mercapto-polymers. The gels of mercapto-PMMA, mercapto-
PMA, and mercapto-PS showed gel fractions of 93%, 80%,
and 83%, respectively, over 5.0 wt% ZnO NPs under 40 kHz
of US frequency in the presence of KI base and DMF solvent.
Zeitler et al. (2022)"*® presented the iodonium-initiated free-
radical polymerization of (meth)acrylate monomers under US
and BM. They studied the polymerization of BA in DMF by
using diphenyl iodonium hexafluorophosphate (DPIHP) as the
initiator and BaTiO; (cubic, 7 wt%, <100 nm) or ZnO (18 nm,
7 wt%) as the piezocatalyst. A monomer conversion of 92% and
68% was achieved over BaTiO; and ZnO, respectively, after 20 h
of US agitation (40 kHz, 70 W). Under BM (1.5 mL stainless steel

6106 | Mater. Adv, 2023, 4, 6092-6117

(SS) jar, 5 mm SS grinding ball, 30 Hz) with the use of minimal
DMF, a monomer conversion of >95% was observed within
only 3 h compared to that of 20 h under US agitation. Unlike the
US-mediated polymerization, BM did not need the removal of
oxygen.

Considering the above-mentioned points, all of the poly-
merization reactions produced polymers with high molecular
weights, low dispersity, and high monomer conversions in the
range of 52-95% depending on the monomer. Polymer cross-
linking was also carried out with the formation of high gel
fractions.

3.4. Organic synthesis

For organic synthesis, solid-state reactions (using BM proceed-
ing the reactions) are preferred for the substrates with poor
solubility which can even change the chemical selectivity,
providing products which are difficult or impossible to produce
via the liquid-phase reactions.?***°” The piezocatalyzed organic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesis is also preferred for conventional solid-state reactions
to improve the yield and selectivity of products. Kubota et al.
(2019)*°® reported mechanoredox arylation and borylation reac-
tions proceeded through the reduction of aryl diazonium salts
over BaTiO;. The radicals generated from the polarized BaTiO;
under BM started the reactions. The arylation product was
obtained in a yield of 40% under BM conditions of 1.5 mL
milling jar, milling balls of diameter 5 mm, 20 Hz, and 1 h
under air. The yield of the arylation product reached 81% at
30 Hz and reached 82% using a bigger jar (5.0 mL) and a bigger
ball (7.5 mm). The highest yield of the borylation product (89%)
was afforded using acetonitrile (MeCN) as the LAG additive
within 3 h. The bigger jar (5.0 mL) and ball (7.5 mm) did not
have a significant effect on the yield of the borylation product
(86%). Schumacher et al. (2020)** reported tet-BaTiO; NPs
(500 nm, 20 wt%) as the optimized piezocatalyst in electric-
assisted BM-induced copper-catalyzed atom transfer radical
cyclization (ATRC). In comparison with standard BM, electric-
assisted BM uses high-voltage electrical impulses throughout
BM to accelerate chemical reactions. In this mechanoredox
reaction, the electrons provided by the polarization of BaTiO;
reduce inactive Cu(u) into active Cu(1), as shown in Fig. 10A. The
Cu(1) complexes generate radicals (2) from alkyl halides (1) via a
reversible redox process. The produced carbon-centered radi-
cals (2) experienced intramolecular cyclization through the
creation of new C-C bonds (3). To conclude, the in situ gener-
ated Cu(u) complex transfers the halide atom back to C giving
the ATRC product (4), as shown in Fig. 10B. Fig. 10C shows a
model of the ATRC reaction which used monobromoacetamide
(a), Cu(OTf),, and tris(2-pyridylmethyl)amine (TPMA). The reac-
tion was performed by using tet-BaTiO; (500 nm, 20 wt%),
argon atmosphere, 25 Hz, and 90 min to obtain the ATRC
product with a yield of 97%. A ZrO, milling jar with 8 ZrO, balls

Cu(l)L

Cu(l)L

(a) ATRC product

View Article Online
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with a diameter of 5 mm favored the ATRC product. Under the
same conditions, 40 wt% cub-BaTiO; (100 nm) produced the
ATRC product in 97% yield. The reaction afforded only 6% and
5% of the ATRC product in the presence of non-piezoelectric
materials TiO, (anatase) and Al,O; (gamma), respectively.

For the first time, Pang et al (2020)*"° reported the
mechano-agitated C-H trifluoromethylation of aromatic com-
pounds to produce various trifluoromethylated N-heterocycles
and peptides. The piezo-generated CF; radical is added to the
aromatic compound and produces the trifluoromethylated
intermediate, which is then oxidized by the hole generated by
the agitated BaTiO;, and finally, deprotonation gives the tri-
fluoromethylated product. The product yields of 58%, 58%, and
62% were obtained through trifluoromethylation of 3-methyl
indole using DMF, MeCN, and acetone, respectively, over tet-
BaTiO; (<3 um) in a milling jar of 1.5 mL with balls of 5 mm at
30 Hz for 1.5 h under air. With a larger ball (7.5 mm) and a
larger jar (5 mL) and increasing the time of reaction to 3 h and
the number of balls to two, a product yield of 80% was achieved
when the LAG additive was acetone.

Wang et al. (2021)>'" prepared 1,2-diketoindolizine deriva-
tives from indolizines and epoxides using BaTiO; (cubic,
<3um) in the presence of the pivalic acid (PivOH) additive
under BM (milling jar of 20 mL, 30 balls of 6 mm diameter) for
6 h, as observed in Fig. 11A. Under optimum conditions, a
product yield of 87% was obtained. The plausible mechanism
of the reaction is illustrated in Fig. 11B. Briefly, a radical
intermediate (2) and a superoxide radical anion (O,*") were
generated by the interaction of polarized BaTiO; with indoli-
zine (1) under oxygen. The intermediate (2) was converted to its
resonance form (3). Then again, the ring-opening and oxidation
of styrene oxide (a) produced (b), followed by oxidation by O,°*~
to provide the intermediate (4). Then, the radical intermediate
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Fig. 10 The piezo-reduction of the Cu(i) complex to Cu() complex (A), mechanism of copper-catalyzed ATRC reaction (B), and ATRC reaction of
monobromoacetamide (C) (adapted from ref. 209 which is distributed under the terms of the Creative Commons CC BY license, Wiley's Open Access

Terms and Conditions).
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Fig. 11 The mechano-induced synthesis procedure (A) and mechanism (B) of 1,2-diketoindolizine from indolizines and epoxides over BaTiOz (adapted
from ref. 211 with permission from American Chemical Society). The mechano-induced synthesis (C) and mechanism (D) of C3-acylation quinoxalin-
2(1H)-ones (adapted from ref. 213 with permission from American Chemical Society).

(3) was combined with (4) to form the 1,2-diketoindolizine
cation (5). Finally, deprotonation of the cation (5) offered the
final product (6). Wang et al. (2022)*"> used BaTiO; for the
aerobic oxidation of thiols to disulfide bonds. The agitation of
BaTiO; under BM activated molecular oxygen to produce thiyl
radicals subsequently producing disulfide bonds. In detail,
0,°~ was generated during BM, which further reacted with
the oxidized thiol substrate, R-SH*', and produced thiyl
radicals, R-S°®, which finally coupled together and formed
disulfide bonds (R-S-S-R). As a model reaction, oxidation of
4-methoxybenzenethiol was continued with a yield of more
than 99% in a 2 mL PE milling jar equipped with 4 mm SS
balls on BaTiO; (<3 um) under air within 6 min. A yield of 99%
was obtained on BaTiO; (200 nm) and BaTiO; (0.6-1 mm),
showing no significant effect of size on the reaction yield. Only
20% of disulfide was obtained when BaTiO; (<3 pm) was
agitated by US instead of BM. BaTiOj; could be recycled 20 times
with no loss of reactivity. He et al. (2023)*'® synthesized C3-
acylated quinoxalin-2(1H)-ones through piezo-catalyzed decar-
boxylative acylation of quinoxalin-2(1H)-ones with o-oxo car-
boxylic acids, as a green acylating reagent, under BM over tet-
BaTiO; particles (0.6-1 pm) (Fig. 11C). The reaction of 1-
methylquinoxalin-2(1H)-one and 2-oxo-2-phenylacetic acid was
used as a model and (NH,),S,0s was used as an external
oxidant. The highest yield of the product (98%) was obtained
from the reaction in a 2 mL PE milling jar with three 5 mm SS

6108 | Mater. Adv, 2023, 4, 6092-6117

balls within 18 min under 3800 rpm with the use of NaHCO;
base and 0.5 mmol of BaTiO;. The reaction under air without
using (NH,),S,0g gave no product. BaTiO; could be recycled
three times without a substantial loss in the yield of the
product. As a plausible mechanism as shown in Fig. 11D, the
agitated BaTiO; reduced (NH,),S,0; and formed SO,*~, which
then received a single electron from the 2-oxo-2-phenylacetic
acid anion (1) and produced SO,>~ and the corresponding
benzoyl radical (2) along with CO,. The benzoyl radical was
added to quinoxalin-2(1H)-one to form a nitrogen radical
intermediate (a), which underwent a 1,2-hydrogen shift to
produce the carbon radical intermediate (b). Further oxidation
of (b) by holes provided the carbon cation intermediate (c).
Finally, the final product (d) was achieved after deprotonation
of (c).

Lv et al. (2022)>'* presented, for the first time, a highly
regioselective divergent synthesis of o-arylacylamides over
BaTiO; (3 pum) with a yield of 45-89% and oxindoles over
PbTiO; (2 pm) with a yield of 71-92% in the presence of the
Cu(n) precatalyst under BM agitation (30 Hz) (Fig. 12A). Jiang
et al. (2022)*" reported, for the first time, the mechano-
induced C(sp®)-H arylation of quinoxalin(on)es with support-
ing diaryliodonium salts and BaTiO; under BM (8 balls of
10 mm size, 20 mL jar, 35 Hz) (Fig. 12B). The highest yield of
production was obtained under the optimum conditions of
BaTiO; (<4 pm, 6.0 equiv.), NEt; (LAG solvent, 3.0 equiv.), and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Mechano-induced synthesis of a-arylacylamides and oxindoles (A) (adapted from ref. 214 with permission from John Wiley and Sons). The
procedure (B) and mechanism (C) of mechano-induced C(sp?)-H arylation of quinoxalin(on)es (adapted from ref. 215 with permission from Elsevier).

BM agitation (2 h). The plausible mechanism is shown in
Fig. 12C. The highly polarized BaTiO; reduced diaryliodonium
salts (2) to produce the aryl radical (I), which was subsequently
added to quinoxalin(on)es providing a radical addition inter-
mediate (II). Then, intermediate (II) experienced a 1,2-hydrogen
shift, and finally, the target products were obtained by depro-
tonation of the carbocation (III).

Song et al. (2022)"" reported the piezocatalytic oxidation of
toluene to phenol in a one-step method without excessive

© 2023 The Author(s). Published by the Royal Society of Chemistry

oxidation, over barium strontium sulfate (Bay ;55r.,5504, hex-
agonal crystal structure, 1-3 um) agitated by BM under air. The
highest yield of phenol production was 55.6% with 50 mg of the
piezocatalyst. Under a pH of 5, the yield of phenol production
reached 59.4%. At a rotating speed of 150 rpm, no phenol
formation was observed, and at 600 rpm, the yield of produc-
tion reached 55.6%. At 300 rpm and 450 rpm, the phenol
production yields were 5.6% and 20.6%, respectively. The yield
of production reached 55.6% under a BM time of 3 h and

Mater. Adv., 2023, 4, 6092-6117 | 6109
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Table 1

6112

]
Q
~

148
197

- ATRP polymerization of MMA with monomer 185

conversion of 63.1%
- Polymerization of MA with monomer conver-

- t-BA polymerization with monomer conver-
sion of 75%

sion of 92%
- t-BA polymerization with monomer conver-

sion of >95%
- t-BA polymerization with monomer conver-

sion of 68%
- Monomer conversion of 74% for MA

Application and efficiency
polymerization

- BM (1.5 mL SS jar, SS balls with a diameter of 5 mm,

30 Hz, 20 h)

In situ deposition of the zinc pre- US (40 kHz, 500 W, 4 h)

cursor on BaTiO; followed by

Mechanical energy source
- US (40 kHz, 70 W, 20 h)

-BM (3 h)
- Annealing of the ZnC,0,-2H,0 US (35 kHz, 45 °C, 8 h)

- Purchased from Sigma-Aldrich
- US Research Nanomaterials

Preparation technique(s)

on [~}
= B
= 2 a
[+

151 8%
=1 O =
=i [a=]
[ Ry

- Cubic BaTiO; (<100 nm size, 7 wt%)
ZnO/BaTiO; heterostructure

- Hexagonal micro-ZnO (5 wt%)

- Cubic-phase BaTiO; (9 wt%)

Piezoelectric material(s)
- ZnO (18 nm, 7 wt%)

Mater. Adv., 2023, 4, 6092-6117

- The borylation yield of 67% over UiO-66 and

78% over UiO-66-NH,

BM (5 mL SS jar, SS balls with a diameter of 7.5 mm,

30 Hz)

Hydrothermal synthesis

Zr-based UiO-66 and UiO-66-NH, (octahe-

dral, 180-220 nm)

120

- The arylation yield of 64% over UiO-66 and

68% over UiO-66-NH,

124

- RhB degradation of 94.5%

US (180 W, 40 kHz, 90 min)

Liquid phase method

ZIF-8 NPs (dodecahedron shape with an

average diameter of ~2 um)

MoS,

- BTH degradation (after 24 cycles) up to 99.3% 175
in DI water, 94.7% in rainwater, 92.9% in saline

water, and 81.3% in sewage

Water movements of urban drainage

and thiourea (1:5 ratio) (pH < 1)

acidic solution of Na,M00,-2H,0
at 200 °C

Hydrothermal reaction of an

View Article Online

Review

partial conversion of phenol to benzoquinone was observed in
more than 3 h. At a toluene concentration of 0.1 mol mL™*, the
yield of phenol production was 55.6% and at concentrations
higher or lower than 0.1 mol mL™?, the yield of production
decreased. O,*~ and electrons were determined as the main
species for the oxidation reaction. Ding et al. (2022)"*° reported
the first example of piezoelectric MOFs for organic redox
reactions. They synthesized structurally stable, inexpensive,
and easily handled Zr-based UiO-66 and UiO-66-NH, MOFs
(octahedral, 180-220 nm) hydrothermally through the precur-
sors ZrCl, and terephthalic acid/2-amino terephthalic acid and
used them for the reaction of diazonium salts and heteroar-
enes/bis(pinacolato)diboranes under BM (5 ml milling jar,
7.5 mm diameter milling balls). UiO-66 (Zr)-NH, showed more
piezoelectric activity than UiO-66 (Zr). The borylation reaction
between 4-bromobenzenediazonium tetrafluoroborate and
bis(pinacolato)diborane as well as the arylation reaction
between 4-bromobenzenediazonium tetrafluoroborate and
furan were investigated as the models. The highest yields of
the borylated product (67% over UiO-66 and 78% over UiO-66-
NH,) were received under the optimized conditions of 5 mL jar,
DMF solvent, and 1 h reaction. The yields of the arylated
products were 64% over UiO-66 and 68% over UiO-66-NH,
under the same conditions. All of the piezo-catalyzed organic
reactions were carried out under BM with a high yield of
production. Using the LAG additive and increasing the size of
the jar and balls and the number of balls increased the yield of
production significantly in most of the cases. Overall, piezo-
catalysis, a cutting-edge field in chemistry, has gained signifi-
cant attention due to its potential for accelerating chemical
reactions through mechanical forces. One intriguing aspect
within piezocatalysis is the phenomenon of electron/hole piezo-
catalysis, which holds great promise for revolutionizing
chemical reactions. The interplay of various factors, such as
crystal structures, surface defects, and lattice vibrations, influ-
ences the generation and migration of charge carriers. This
intricate dance of electrons and holes creates a fascinating
environment for chemical reactions to unfold. Table 1 provides
a summary of up-to-date studies of various piezoelectrically
mediated chemical reactions.

4. Challenges and outlook

While electron/hole piezocatalysis is a promising method for
enhancing chemical reactions, it is important to note that in
certain instances, electrons or holes may function as reagents
or auxiliaries rather than catalysts. Despite the great advances
and the exciting potential of piezoelectric materials as charge-
transfer catalysts for organic reactions, their application in the
synthesis of small organic molecules is still highly limited. The
cost, toxicity, stability, and scalability concerns regarding piezo-
catalysts, especially for large-scale applications and in ambient
environments, are very challenging. For scaling up the reaction,
optimizing the process parameters such as mechanical source
frequency and the concentration of piezocatalysts is critical.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The current progress in electron/hole catalysis is limited, but
further advancements in this field have the potential to revo-
lutionize chemical reactions on a global scale. Besides, much
effort still must be devoted to determining the accurate mecha-
nism of piezocatalysis.

Fully comprehending the intricate mechanisms involved
presents a significant challenge in the realm of electron/hole
piezocatalysis. The generation and migration of charge carriers
under mechanical stress depend on various factors, such as
crystal structures, defects, and vibrations. Understanding these
intricate processes is crucial for optimizing catalytic materials
and enhancing the efficiency of reactions. Developing efficient
and stable catalytic materials for electron/hole piezocatalysis
presents another challenge. Identifying materials that can
withstand mechanical stress, exhibit high piezoelectric proper-
ties, and efficiently generate and transport charge carriers is
essential. Ensuring selectivity and control over chemical reac-
tions in electron/hole piezocatalysis is another challenge. The
generation of charge carriers can lead to a complex network of
reactions, making it challenging to achieve specific product
formation. Developing strategies to manipulate and direct the
charge carriers to desired reaction pathways is crucial for
practical applications. In addition, maintaining the stability
of electron/hole piezocatalytic systems over extended periods
poses a challenge. The materials used for catalysis must exhibit
long-term stability under mechanical stress, temperature varia-
tions, and other environmental conditions. Ensuring the dur-
ability and performance of these systems is essential for their
commercial viability.

5. Conclusion

Electron/hole piezocatalysis is an emerging concept in catalysis
that relies on the temporary polarization of piezoelectric mate-
rials under mechanical agitation. This polarization leads to the
generation of electrons and holes, which can then actively
participate in a variety of redox reactions, ultimately resulting
in the production of valuable and highly efficient products. By
unifying this concept, a new era of catalysis technology will be
established, enabling the acceleration of chemical reactions in
a more environmentally benign and efficient manner. This
advancement will also facilitate the design of novel reactions
and aid in overcoming the challenges associated with complex
reactions. This study provides an overview of electron/hole
catalysis, piezoelectricity, piezoelectric materials, and the dif-
ferent types of piezoceramics (lead-free and lead-based), piezo-
polymers, and piezocomposites. BaTiO3z, ZnO, PVDF, and PAN
were described as the most famous piezocatalysts, and MOFs,
2-C3Ny, BP, ILs, and MXenes were introduced as the recently
developed piezoelectric materials. Improving piezoelectricity of
polymers was also explained by applying different techniques.
Piezocatalysis-mediated reactions and up-to-date studies
regarding hydrogen and oxygen production caused by water
splitting, degradation of organic dyes existing in water and
wastewater, organic synthesis, and controlled polymerization/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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crosslinking were also discussed. The high yields of oxygen and
hydrogen production, dye degradation, and organic reactions,
as well as well-controlled polymerization/crosslinking with high
molecular weights, low dispersity, and high monomer conver-
sions, were achieved under optimum conditions and optimum
piezocatalysts.
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