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Piezocatalysis, which converts mechanical energy into chemical energy via the piezoelectric properties of
materials, has emerged as a promising, eco-friendly technology for advanced oxidation processes in
water treatment. It can be synergistically combined with other advanced oxidation techniques, such as
photocatalysis and Fenton reactions, to enhance contaminant removal efficiency. In this Review article,
we outline the fundamental principles of piezocatalysis, the mechanical energy sources employed, and
recent advancements in piezocatalysis-coupled techniques for water decontamination. We systemati-
cally examine three potential mechanisms of piezocatalysis, assess the benefits and drawbacks of various
mechanical energy inputs, and highlight the synergistic effects observed in combined systems.
Furthermore, the review provides a roadmap for future research, emphasizing key areas such as pie-
zocatalysis mechanisms, catalyst design, reactor architecture, and practical applications for water
treatment. By offering a comprehensive analysis of current progress and challenges, this review is ex-
pected to stimulate further research into the theoretical and practical aspects of piezocatalysis-coupled
technologies.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water is indispensable to life. However, modern society's rapid
industrialization, urbanization, and population growth have led to
an alarming accumulation of diverse inorganic and organic pol-
lutants in the natural environment; this has resulted in a water
crisis [1e3]. Therefore, effective technologies for water pollution
control and improving wastewater reuse efficiency must be ur-
gently developed.

Advanced oxidation processes (AOPs), which are based on
reactive oxygen species (ROS), such as hydroxyl radical (�OH) and
sulfate radical (SO4

��), with higher oxidative capacity than a parent
chemical oxidant, have been popularly adopted for the abatement
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of organic pollutants because they can quickly convert toxic or-
ganics into small organic molecules that are less toxic or nontoxic
[4e6]. To evolve a considerable amount of reactive species for
attacking organics, physical and chemical approaches, including
light, electricity, and chemical catalysts, are exploited in AOPs to
activate oxidants (e.g., O2, O3, hydrogen peroxide, Cl2, persulfates)
or even water [7e10].

Accordingly, diverse AOP technologies, such as photocatalytic
oxidation, electrocatalytic oxidation, Fenton and Fenton-like re-
actions, and catalytic ozonation, have been applied for water
remediation [11e16]. However, these technologies have limitations.
For instance, the photocatalytic oxidation technique suffers from
low solar energy conversion efficiency, the use of solar energy is
affected by the weather, and ultraviolet (UV) light is generally
utilized in practical applications, causing relatively high energy
input. Fenton- and Fenton-like reactions usually require a large
consumption of nonrenewable metal resources and have the risk of
secondary pollution. These issues are not conducive to achieving
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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Fig. 1. aeb, Schematic diagrams of free carriers induced by mechanical excitation (a)
and free carriers produced from the defects (b) in the piezocatalyst. VB: valence band,
CB: conduction band. c, Schematic illustration of the principle of electrocatalysis-like
theory. LUMO: lowest occupied molecular orbital, HUMO: highest occupied molecu-
lar orbital. d, Dynamic shielding phenomenon due to piezoelectric effect. P: the po-
larization field, Ox’: oxidizing agent, Red’: reducing agent.
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the goal of carbon neutrality in the sewage treatment industry. In
this context, developing new, green, energy-saving techniques to
abate organic pollutants is in great demand.

In recent years, piezocatalysis has emerged as a hot topic in the
field of catalysis because of its ability to harness environmental
mechanical energy (e.g., water currents, tides, wind energy, noise)
to drive a wide range of chemical reactions [17]. The principle of
piezocatalysis is based on the piezoelectric effect, a physical phe-
nomenon reported by the Curie brothers in France as early as 1880
[18]. They observed that when external stress was imposed on
certain materials (piezoelectric materials), equal amounts of posi-
tive and negative charges appeared on their surfaces, with the
surface charge density being proportional to the magnitude of the
imposed force. Once the force was removed, the charges dis-
appeared. Intrinsically, the appearance of polarized charges at the
surface of deformed piezoelectric material results from the gener-
ation of a built-in electric field (piezopotential) inside a material,
which is induced by a mismatch between the cation and anion
centers within the unit cell of a piezoelectric crystal [19].

The piezoelectric effect has long been exploited in electrome-
chanical sensors, actuators, self-powered nanogenerators, etc.
[20,21]. Based on the peculiar properties of piezopotential, it is also
utilized to manipulate the charge carrier transportation process in
the surface/subsurface area and bulk phase of piezoelectric crystals,
thus promoting catalytic activity [19]. In 2010, Xu's group at the
University of Wisconsin reported for the first time that piezoelec-
tric materials (ZnO microfibers and BaTiO3 dendrites) dispersed in
aqueous solution could catalyze the decomposition reaction of H2O
under ultrasonic sound, producing hydrogen and oxygen [22]. This
pioneering work offered an avenue for the cost-effective produc-
tion of clean energy to relieve environmental concerns about fossil
fuels, thereby triggering scientific interest in piezocatalysis.

Over the past decades, the applications of piezocatalysis have
flourished in the water-splitting area and many other areas,
including environmental remediation, water disinfection, organic
synthesis, bioapplications, and oxygen/CO2 reduction reaction
[23,24]. To date, a variety of piezocatalysts have been reported to
show good degradation performances of aqueous organic contami-
nants, such as dyes, phenolic compounds, antibiotics, etc., via the
production of ROS, such as �OH and superoxide radical (O2

��) from
piezo-driven hydrolysis reactions [25,26]. Moreover, the coupling of
piezocatalysis with other advanced oxidation technologies, such as
photocatalysis and Fenton-like reactions, attains an enhanced
removal performance of organic pollutants by taking advantage of
the piezopotential's ability to regulate the band structure and
interfacial charge transfer process [27e30]. Hence, piezocatalysis
can serve as a green, energy-saving, advanced oxidation technology
and manifest great promise in practical water treatment.

Owing to recent progress in piezocatalysis, several reviews have
introduced intrinsic piezocatalytic mechanisms and summarized
the applications of piezocatalysis in the fields of water splitting,
water remediation, and CO2 reduction reactions in the literature.
Some of these reviews focus on the performance of certain piezo-
catalysts [31e34] or individual piezocatalysis processes [35e41],
and the rest concentrate on the coupled piezocatalytic techniques
in which piezopotential is exploited to enhance the efficiency of
other catalytic systems [42e48]. As for the latter, the published
reviews primarily emphasize piezo-photocatalytic techniques due
to the semiconducting feature of piezoelectric materials [44,45,47].
However, a growing number of articles reporting coupled piezo-
catalysis techniques with Fenton and Fenton-like reactions have
been witnessed in recent years, while relevant reviews are rather
limited. Therefore, this review presents recent advances in applying
piezocatalysis and coupled piezocatalysis techniques in water
remediation.
2

First, we introduce three possible proposed mechanisms of
piezocatalysis, including energy band theory, electrocatalysis-like
theory, and the screening charge effect. Then, we discuss the
ways of initiating piezocatalysis. Following that, we summarize the
research progress on the applications of piezocatalysis, coupled
piezo-photocatalysis, piezo-Fenton, piezo-Fenton-like, and piezo-
catalysis coupled with persulfate-based AOPs (PS-AOPs) techniques
in removing aqueous organic pollutants. Finally, we summarize and
discuss the advantages and challenges of water treatment tech-
nology based on piezocatalysis.
2. The mechanism of piezocatalysis

Due to the asymmetric crystal structure of a piezocatalyst, the
exertion of mechanical stress causes the positive and negative
charge centers in the material to move about one another and
produce net electric dipole moments. The superposition of these
electric dipole moments leads to the formation of a piezopotential
along the direction of the stress in a piezocatalyst, which lays the
foundation of piezocatalysis because the piezopotential can alter
the bandgap structure and surface charge distribution of a piezo-
catalyst. Currently, three plausible theories have been suggested to
account for the mechanism of piezocatalysis: energy band theory,
electrocatalysis-like theory, and the screening charge effect. For the
three theories, the role that piezopotential plays in piezocatalytic
reactions is different.
2.1. Energy band theory

Due to a certain degree of similarity between piezocatalysis and
photocatalysis and the mature theories of photocatalysis and pie-
zotronics, energy band theory can be adopted to partially explain
the working principle of piezocatalytic reactions. In this theory,
energized charge carriers from the piezocatalyst participate in the
redox reaction, and the electronic state and bandgap structure are
important factors regulating catalytic activities. However, differing
from photocatalysis, the source of energized charge carriers and
how charge carriers transfer and work in piezocatalysis are still
debatable.

Two possible sources of charge carriers are proposed for pie-
zocatalysis, including excited electron (e�)/hole (hþ) pairs induced
by mechanical energy excitation and the inherent free charge of a
piezocatalyst (Fig. 1a and b). The production of free e�/hþ pairs
frommechanical energy excitation in piezocatalysis resembles that
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in photocatalysis, i.e., mechanical energy can encourage the exci-
tation of electrons from the valence band (VB) of a piezocatalyst to
the conduction band (CB), leaving holes in the VB [49]. The occur-
rence of mechanical energy excitation is normally induced by ul-
trasonic waves as mechanical stress because the collapse of
cavitation bubbles caused by ultrasonication can exert a pressure of
up to 108 Pa on the heterogeneous catalyst/water interface, which
provides sufficient energy for electron excitation.

Also, the ultrasonic cavitation bubbles would create a localized
high temperature (~5000 �C), which might result in the thermal
excitation of electrons [50]. Nevertheless, direct experimental evi-
dence on producing free charges in a piezocatalyst under ultrasonic
vibration is unavailable.

The inherent unpaired/free charges produced by flaws in the
piezocatalyst can also serve as a source of free carriers. Especially
when other types of mechanical energy with much lower intensity
than ultrasound are applied to drive piezocatalytic reactions, the
abovementioned mechanical energy excitation is unlikely to occur,
and the inherent unpaired/free charges in the piezocatalyst are the
main source of free carriers. As is known, the unpaired electrons or
functional groups at the material's defects are intrinsically catalytic
sites and can take part in specific chemical reactions [51]. For pie-
zocatalysis, the piezopotential formed in the piezocatalyst can
promote the migration of unpaired/free charges to the piezocata-
lyst surface and increase the surface concentration of free-charge
carriers, thus facilitating the catalytic reaction [52]. On this basis,
defect engineering has also been demonstrated to be an efficient
approach to improving the activity of a piezocatalyst [53]. Anionic
lattice defects, such as oxygen, selenium, and sulfur vacancies, are
commonly present in piezocatalysts based on transition metal ox-
ides and dihalides [54].

In photocatalysis, the match between the redox potentials of CB/
VB and desired redox reactions (e.g., H2O/O2, O2/O2

��) is another
prerequisite for initiating a photocatalytic reaction, which equally
applies to piezocatalysis. In a deformed piezocatalyst, the gener-
ated piezopotential will bend the energy band (Fig. 1a and b) and
change the redox potentials of free e�/hþ pairs, thus making them
sufficiently negative or positive to trigger redox reactions [55,56]. It
should be noted that the applied mechanical strain on the piezo-
catalyst must be periodic because the generated piezopotential
would be gradually neutralized by the internal charges if the pie-
zocatalyst is in a stable deformation state [57].

2.2. Electrocatalysis-like theory

The working principle of electrolysis can be briefly summarized
as follows. The applied external electric potential onto the electrode
can change the electronic energy levels of unoccupied states within
the electrode, resulting in the transfer of electrons in the solution/
electrode and triggering redox reactions [58]. For piezocatalysis, an
induced piezopotential acts as the electric power source since its
magnitude can reach as high as ten to hundreds of volts when
moderate to severe stress is imposed [59]. Meanwhile, it is sug-
gested that a generated piezopotential can change the bandgap of
the piezocatalyst, contrasting with the case of the energy band
theory that piezopotential tilts only the CB/VB energies of a pie-
zocatalyst, and its bandgap remains unchanged (Fig. 1c). Accord-
ingly, chemical species are adsorbed onto the surface of a
piezocatalyst and then undergo redox reactions. In this scenario,
the intrinsic free charges of piezocatalysts are deemed to act as the
source of charge carriers in piezocatalysis.

Differing from electrocatalysis, the piezopotential will drop as
the reactions proceed due to the capacitive and Faradaic effects, and
the drop rate is suggested to depend on both the properties of pi-
ezoelectrics and the nature of a material's surrounding solution
3

[60]. As mentioned earlier, piezopotential is periodically formed,
thus guaranteeing the continuous occurrence of piezocatalytic re-
actions. Meanwhile, the equation describing mass transfer to the
electrode in electrolysis still applies to piezocatalysis. On this basis,
the expression of piezopotential as a function of time can be
theoretically derived.

For instance, the expression proposed by Starr et al. well
matched the measured voltage drop of piezopotential in a piezo-
electric lead zirconate titanate (Pb(ZrxTi1�x)O3, PZT) material [59].
Moreover, the authors suggested that the piezocatalytic activity of
different piezoelectric materials in terms of H2 production is mainly
determined by the piezoelectric moduli and relative permittivity of
piezoelectrics, and related rate constants, which is consistent with
the reported experimental results. Nevertheless, Starr et al. stated
that the intrinsic free charges of the piezocatalyst can serve as
effective screening agents of the piezopotential, and a free-charge
concentration higher than the threshold value would induce a
dramatic decrease in H2 production efficiency [59]. This is contra-
dictory to the generally acknowledged fact that increasing the
concentration of free charges in the piezocatalyst via defect engi-
neering is beneficial to catalytic efficiency. Additionally, whether
the electrochemical frameworks are also applicable to other pie-
zocatalytic reactions is unknown.
2.3. The screening charge effect

Like the electrolysis-like theory, themechanism of the screening
charge effect also highlights the dominating significance of piezo-
potential (i.e., piezopotential serves as the power source to attract
external charges onto the surface of the deformed piezocatalyst).
Nevertheless, those adsorbed external charges, which are known as
screening charges, are deemed to be the free charges participating
in redox reactions for themechanism of the screening charge effect.
The redox capacity of the adsorbed screening charge is comparable
to that of the CB/VB edge in the piezocatalyst.

A piezocatalytic reaction based on the screening charge effect
mechanism (Fig. 1d) can be briefly summarized as follows. (i) First,
the surface of a piezocatalyst adsorbs screening charges from the
surrounding medium when external stress is imposed. (ii) Then,
the adsorbed screening charges are released from the surface of a
piezocatalyst due to the vanishing of the internal electric field upon
removing external stress. (iii) Oxidation-reduction reactions occur
between the screening charges and certain substances in the sur-
rounding medium (e.g., O2, H2O, persulfate molecule) because the
redox capacity of the adsorbed screening charges is comparable to
that of CB/VB edge in the piezocatalyst. (iv) When the external
stress is applied again, the polarization of the piezocatalyst is
reestablished, and screening charges in the surrounding medium
are adsorbed on the surface of the piezocatalyst again, giving rise to
the occurrence of redox reactions.

In other words, piezocatalytic reactions can be accomplished
over piezoelectric materials through the continuous cycle of
adsorption and desorption of surface screening charges induced by
polarization [61]. Piezocatalytic efficiency is governed by the
number of screening charges, which is closely related to the
magnitude of piezopotential. However, whether the induced pie-
zopotential would change the bandgap or bend the energy band in
the mechanism of the screening charge effect remains unclear.

The three aforementioned mechanisms are still the subject of
numerous debates, and they cannot satisfactorily explain some
experimental phenomena. Further studies should be performed to
fully understand the working principles of piezocatalysis and to
offer a theoretical guide for advancing the use of piezocatalysis
technology.
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3. Types of mechanical energy utilized for piezocatalysis

Deformation of a piezoelectric material is first required to
initiate the piezocatalytic reaction. According to the mechanism of
piezocatalysis, the mechanical strain applied to the piezocatalyst
should be periodic. Different types of mechanical energy, such as
ultrasound waves, water flow, atmospheric pressure, and wind, can
induce periodic deformation of a piezoelectric material. The
commonly utilized ways to trigger piezocatalytic reactions for
water decontamination include ultrasonic vibration, air bubbling,
water-vortex disturbance, and ball milling (Fig. 2).

Ultrasound (US) is a high-frequency acoustic wave with good
directionality, robust penetration, and a long transmission distance
in water. The action of ultrasonography can cause the continuous
formation of tiny cavitation bubbles in the liquid, and the collapsing
of cavitation bubbles creates high pressure on the piezoelectric
material to induce periodic deformation [62].

In a US-driven piezocatalytic system, several variables can affect
catalytic efficiency, including US power, US frequency, and tem-
perature. Normally, an increase in US power can enhance piezo-
catalytic efficiency. The US frequency has a significant impact on
the vibration amplitude of a piezoelectric material, which is pro-
portional to the strength of the piezoelectric effect. Previous studies
discovered that the piezocatalytic efficiency reached its maximum
when the US frequency met the resonance frequency of the pie-
zocatalyst because the vibration amplitude was maximal at the
resonance frequency [23]. Additionally, the solution temperature
will rise continually during the US process, while temperature
strongly influences many chemical reactions. Hence, proper regu-
lation of temperature should be considered during the experi-
mental process [63].

Although US can effectively trigger piezocatalytic processes and
boost catalytic efficiency, it is rarely found in nature. The artificial
creation of the US is energy intensive and can result in significant
noise pollution. Furthermore, US waves are difficult to create in
large channels and gradually decay in a turbidmedium, limiting the
widespread application of US-driven piezocatalysis [64].

The water bubble rupture driven by air bubbling or aeration is
alternatively a low-frequency force [65e68]. Compared to US vi-
bration, air bubbling offers softer stimuli but has lower energy
consumption and less noise pollution. When the bubbles burst, the
disappearance of the gaseliquid interface causes drastic changes
and chemical energy release. In particular, aeration and air flotation
processes are popular wastewater treatment methods [69], which
make bubbling-driven piezocatalysis easy to fulfill in practical
applications.

Additionally, the concentration of dissolved oxygen (DO) in
water can be improved by air bubbling, and DO might be activated
into ROS during the piezocatalysis process, thus promoting the
Fig. 2. Schematic diagrams of types of mechanical energy utilized for piezocatalysis.
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removal efficiency of organic pollutants [67]. For instance, Hou et al.
used air bubbling to drive the piezocatalytic degradation of anti-
biotics over coupling of expanded molybdenum disulfide and pol-
yvinylidene fluoride (E-MoS2/PVDF) microcapsules piezocatalyst
[70]. The degradation efficiency of antibiotics over 85% was
attained in 60min. Importantly, the energy consumption of such an
air-bubbling-driven piezocatalysis process (76.00 kWh�3 order�1)
was only 6.43% of US-driven piezocatalysis processes. Therefore,
the air bubbling method provides a direction for reducing energy
consumption and improving efficiency in water treatment.

Water-vortex disturbance is also a low-frequency mechanical
force that commonly exists in nature. Hence, it can serve as a sus-
tainable and green mechanical energy source for inducing the
deformation of a piezocatalyst. It has been reported that piezo-
electric materials, such as barium titanate and molybdenum di-
sulfide, can harvest water vortex-induced by magnetic stirring and
water flow in piping systems to trigger the piezocatalytic degra-
dation of organic pollutants [66,71]. Based on the piezoelectric
equation and Newton's rule of viscosity [72], the flow rate is an
important factor affecting the efficiency of a water vortex-driven
piezocatalytic system because the flow rate is positively corre-
lated with the piezopotential. Therefore, with the rational design of
a high-performance piezocatalyst and optimization of piping sys-
tems, the integration of piezocatalysis into current wastewater
treatment processes to reduce the energy consumption of waste-
water treatment plants is very appealing. However, even at very
high speeds, the pressure of a water vortex acting on the surface of
a piezocatalyst is significantly lower than that of ultrasound,
resulting in lower catalytic efficiency.

The use of ball milling as mechanical energy for mechano-
chemical synthesis, such as the transformation of organic com-
pounds and the creation of nanomaterials, has frequently been
reported in the literature [73,74]. Ball milling produces frictional
heat that can quickly raise the local temperature to hundreds or
thousands of degrees Celsius. This high energy can cause various
reactions, including breaking or forming chemical bonds, crushing
particles into minuscule sizes, and forming crystallographic defects
in the particles [75]. As a result, ball milling has also been employed
as a mechanical force in piezocatalysis. For instance, Meng et al.
prepared a Fe@3D-WS2 nanoflowers (NFs) piezocatalyst to degrade
levofloxacin (LEVO) bywet ball milling [76]. Their findings revealed
that LEVO was efficiently degraded over Fe@3D-WS2 NFs under the
ball milling agitation. Moreover, ball milling is advantageous to US
vibration in promoting the stability of Fe@3D-WS2 NFs, ascribed to
the reason that catalytic sites in the piezocatalyst were self-
renewed by ball milling.

In summary, compared to air bubbling and water vortexing, US
and ball milling are more efficient ways to trigger piezocatalytic
reactions due to the higher mechanical energy supply, while they
are more energy intensive and unsuitable for large-scale water
treatment. Air bubbling and water vortex as ubiquitous mechanical
energy show great potential in driving piezocatalysis for practical
water remediation. Improving the catalytic efficiency of low-
frequency force-driven piezocatalysis remains a big challenge.
However, an involved catalytic mechanism and an organic
pollutant degradation mechanism might differ when the utilized
mechanical energy is distinct. For instance, in the US-driven pie-
zocatalytic system, sonolysis may partially contribute to the
degradation of organic pollutants, and the resulting degradation
pathway may differ from that of the water vortex-driven piezoca-
talytic system.

In the air-bubbling-driven piezocatalytic system, the high con-
centration of DO can be activated into O2

�� via piezocatalysis, while
the organic pollutant degradation pathway caused by O2

�� perhaps
differs from that caused by �OH. Additionally, the organic pollutant
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oxidation processes in the air-bubbling-driven piezocatalytic sys-
tem mainly occur at a three-phase (gas, solid, and liquid) interface,
whose properties are distinct from those of the solid-liquid inter-
face present in water vortex/ball milling-driven piezocatalytic
systems. Such differences can significantly affect the thermody-
namics of organic pollutant oxidation reactions.
4. Applications of piezocatalysis and coupled piezocatalysis
techniques in water decontamination

Owing to the redox capability of free-charge carriers/screening
charges and the peculiar ability of piezopotential in regulating the
band structure and charge transportation, the deformed piezoca-
talyst can react with H2O/O2 molecules to evolve highly reactive
species [41]. Therefore, piezocatalysis has emerged as an efficient
AOP for the abatement of organic pollutants. Meanwhile, the
pollutant removal performance of piezocatalysis can be enhanced
by coupling with other AOP techniques due to the functions of
piezopotential and piezo-induced free-charge carriers/screening
charges in various chemical reactions.

In particular, the synergistic effect of piezocatalysis-coupled
AOP techniques significantly promotes the catalytic efficiency and
degradation of organic pollutants. To date, it has been demon-
strated that piezocatalysis can be coupled with photocatalysis,
Fenton and Fenton-like oxidation, and PS-AOPs to achieve
enhanced removal of organic pollutants. In this section, the organic
pollutant removal mechanisms involved in piezocatalysis, piezo-
photocatalysis, piezo-Fenton, piezo-Fenton-like, and piezo-PS-
AOP technologies are discussed, and their applications in water
remediation are summarized.
4.1. Piezocatalysis technology

Although the intrinsic mechanism of piezocatalysis is not fully
understood by far, the primary reactions occurring in the piezo-
catalytic oxidation of organic pollutant processes can be briefly
described by equations (1)e(5) and Fig. 3a: (i) the piezocatalyst is
Fig. 3. a, Schematic diagram of piezocatalytic degradation of organic pollutants. P: the
polarization field. bec, Scanning electron microscopy (b) and transmission electron
microscopy (c) images of single and few-layered MoS2 nanoflowers (NF). d, Degra-
dation performance of rhodamine B using the MoS2 nanoflowers piezocatalyst under
ultrasound vibration in the dark. Adapted with permission from Ref. [84], Copyright
2016, Wiley. e, Illustration of the accommodation of �OH on the F-centers defects in
MoS2 nanoflowers such as M-(VMo

0 0 0) and S-vacancies (VS
��). Reprint with permission

from Ref. [89], Copyright 2018, Elsevier.
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polarized by external mechanical energy to generate piezopotential
and piezo-induced e� and hþ; (ii) piezo-induced e� then reacts
with dissolved O2 to produce O2

�� and piezo-induced hþ interacts
with H2O to produce �OH; (iii) the interaction between O2

�� and
�OH may generate 1O2 and the interaction between O2

�� and Hþ

may generate H2O2; (iv) finally the evolved ROS and piezo-induced
hþ oxidize the organic pollutant.

Piezocatalysis þ Mechanical energy / e� þ hþ (1)

e� þ O2 / O2
�� (2)

hþ þ H2O / �OH þ Hþ (3)

O2
�� þ �OH / OH� þ 1O2 (4)

O2
�� þ 2Hþ / H2O2 (5)

In the earlier research on piezocatalytic oxidation of organic
contaminants in water, traditional piezoelectric materials, such as
PZT, BaTiO3, and ZnO, were widely utilized as catalysts. The organic
pollutants were targeted at dyes like rhodamine B (RhB), acid or-
ange (AO7), methyl orange (MO), methylene blue (MB), and methyl
violet (MV) (Table 1) [77]. For instance, Hong et al. demonstrated
that an AO7 removal efficiency of ~90% was attained within 80 min
by BaTiO3 microdendrites under US vibration [63], and the primary
cause of AO7 degradation is �OH. As more research has progressed,
novel piezoelectric materials, such as two-dimensional transition
metal dichalcogenides (TMDCs) and bismuth-based compounds,
have been employed to degrade various types of organic pollutants
besides dyes (e.g., phenols, antibiotics, carbamazepine (CBZ), etc.)
[78].

For example, Wu et al. prepared single- and few-layered MoS2
NFs and investigated their piezocatalytic performance in degrading
RhB under US vibration in the dark [84]. The as-prepared MoS2 NFs
piezocatalyst achieved a degradation efficiency of 93% within 60 s
with a much higher specific rate constant than the reported values
(Fig. 3bed). The extraordinary piezocatalytic activity of MoS2 NFs is
attributed to the abundant presence of single layers and odd-
numbered layers that are piezoelectric. More importantly, Wu
et al. discovered that F-center defects at the edges of MoS2 nano-
sheets, which were formed by MO and S vacancies (Fig. 3e), could
bond with �OH evolved from the piezocatalytic water-splitting
reactions, which significantly prolongs the lifetime of �OH and
thus enhances the degradation of RhB [89].

Since piezoelectric materials are intrinsically semiconducting,
their charge carrier mobility is lower than that of metallic mate-
rials, which limits piezocatalytic activity. To overcome this problem,
researchers have made various modifications to piezoelectric ma-
terials involving defects engineering, phase engineering, doping,
and compounding with other materials [86]. For instance, Pan et al.
fabricated a barium titanate and graphene composite (BaTiO3@G)
material and utilized it as the piezocatalyst for the decomplexation
of Cu-ethylenediamine (Cu-EDTA) [90]. Compared to pristine
BaTiO3, the BaTiO3@G exhibited a much higher Cu-EDTA degrada-
tion efficiency under US vibration (Fig. 4a), demonstrating that
compounding BaTiO3 with metallic graphene is an efficient way to
improve its piezocatalytic activity. Meanwhile, the free Cu(II) ions
resulting from the decomplexation of Cu-EDTA were readily
adsorbed by the residual oxygenated groups on graphene, enabling
simultaneous piezocatalytic decomplexation and resource recovery
in situ. Furthermore, Pan et al. shaped the powdery BaTiO3@G into a
three three-dimensional millimeter-sphere and filled the beads
into a glass column reactor to assess the application potential of
piezocatalysis in the treatment of heavy metal complexes (Fig. 4b).



Table 1
Applications of piezoelectric materials in piezocatalytic degradation of organic pollutants.

Materials Contaminant kobs (min�1) ROS Conditions Reference

BaTiO3 nanosheets RhB 0.13 �OH and O2
�� accounted for RhB oxidation US (100 W, 40 kHz) [79]

BaTiO3 dendrites AO7 0.05 �OH accounted for AO7 oxidation US (80 kHz) [63]
BaTiO3 nanoparticles MO 0.02 �OH, O2

��, and hþ accounted for MO oxidation US (80 W, 40 kHz) [62]
ZnO nanoparticles MB 0.01 �OH and O2

�� accounted for MB oxidation US (150 W, 40 kHz) [80]
ZnO nanorods AO7 0.03 �OH accounted for AO7 oxidation Vibration [81]
BiFeO3 nanowires RhB 0.04 �OH and hþ accounted for RhB oxidation US (80 W, 132 kHz) [82]
BiFeO3 nanosheets RhB 0.01 �OH and hþ accounted for RhB oxidation US (80 W, 132 kHz) [82]
Bi4Ti3O12 nanoplates RhB 0.06 �OH and O2

�� accounted for RhB oxidation US (80 W, 40 kHz) [83]
MoS2 nanoflowers RhB 3.06 �OH, O2

��, and H2O2 accounted for RhB oxidation US (250 W, 40 kHz) [84]
MoSe2 nanoflowers RhB 3.45 �OH, O2

��, and H2O2 accounted for RhB oxidation US (250 W, 40 kHz) [85]
WS2 nanoflowers RhB 1.15 �OH, O2

��, and H2O2 accounted for RhB oxidation US (30 W, 40 kHz) [86]
NaNbO3 nanowires RhB 0.01 �OH accounted for RhB oxidation US (40 kHz) [87]
Pb(Zr0.52Ti0.48)O3 nanowires MO 0.02 �OH and O2

�� accounted for MO oxidation US (120 W, 40 kHz) [88]
Pb(Zr0.52Ti0.48)O3 AO7 0.03 Not investigated US (40 kHz) [25]
Cd4BiO(BO3)3 CBZ 0.06 �OH and e� accounted for CBZ oxidation US (120 W, 40 kHz) [78]

Fig. 4. a, Decomplexation efficiency of Cu-ethylenediamine (Cu-EDTA) under different conditions. GO: graphene oxide, U: Ultrasound. b, BaTiO3 nanowires compounded with
graphene (BaTiO3@G) gel sphere column. Adapted with permission from Ref. [90], Copyright 2019, ACS Publications. c, Actual photo of an experimental device for the degradation of
organics by Fe3O4@MoS2/PVDF pipe. PVDF: polyvinylidene fluoride. deg, Scavenging experiments (d), electron paramagnetic resonance spectra of hþ (e), electron paramagnetic
resonance spectra of O2

�� (f), and electron paramagnetic resonance spectra of �OH (g) for the piezocatalytic degradation of tetracycline over Fe3O4@MoS2/PVDF pipe. EDTA-2Na:
ethylenediaminetetraacetic acid disodium salt. TBA: tert-butanol, BQ: benzoquinone. Adapted with permission from Ref. [91], Copyright 2023, Elsevier.
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It was found that the degradation efficiency of Cu-EDTA by the
piezocatalytic reactor was up to 78.1% under continuous flowmode.
The adsorbed Cu ions could be easily recovered by HCl solution.

Recently, Wang et al. prepared a novel Fe3O4@MoS2/PVDF
modified pipe and used it for self-powered piezocatalytic degra-
dation of organics in the pipeline via collecting energy from water
flow (Fig. 4c) [91]. It was found that the modifications with Fe3O4
and MoS2 remarkably increased the content of b phase of PVDF,
thus elevating the piezoelectric response of Fe3O4@MoS2/PVDF
about pure PVDF. As a consequence, the Fe3O4@MoS2/PVDF pipe
manifested a higher tetracycline (TC) removal efficiency of 92.5%
within 60 min than the pure PVDF, Fe3O4/PVDF, and MoS2/PVDF
pipes. The piezocatalytic pipe system was also able to effectively
degrade other types of organic pollutants, including RhB, cipro-
floxacin, and oxytetracycline, with efficiencies of 90.9%, 85.9%, and
69.2%, respectively. Moreover, the degradation performance of
Fe3O4@MoS2/PVDF marginally changed after six cyclic tests, indi-
cating its good stability. The dominant ROS accounting for TC
oxidation in the piezocatalytic Fe3O4@MoS2/PVDF pipe systemwas
6

revealed to be �OH, O2
��, and piezo-induced hþ based on the results

of electron paramagnetic resonance spectroscopy (EPR) analysis
and quenching tests (Fig. 4deg). The outcomes of this work
demonstrate the promising potential of harnessing hydrome-
chanical energy for the piezocatalytic degradation of organic
pollutants.
4.2. Piezo-photocatalysis technology

Photocatalysis, which can harvest solar energy to drive redox
reactions, has been popularly applied in water remediation and
many other areas, such as air pollution control, water splitting,
organic synthesis, etc. [92e96]. However, the quick recombination
of photogenerated electrons and holes when they diffuse onto the
photocatalyst surface substantially reduces the photocatalysis
effectiveness [97]. Thanks to the capacity of piezopotential to
manipulate the charge carrier transportation process, the combi-
nation of piezocatalysis with photocatalysis is a promising route for
enhancing the quantum efficiency of photocatalysis [98,99]. Most



Fig. 5. a, Schematic illustration of the principle of piezo-photocatalysis. hv: illumi-
nation or ultraviolet irradiation, P: the polarization field, VB: valence band, CB: con-
duction band. b, Sonophotocatalytic, photocatalytic, and sonocatalytic degradation rate
of rhodamine B over Ag2O-BaTiO3 photocatalyst and control samples. Adapted with
permission from Ref. [102], Copyright 2015, ACS Publications.

Fig. 6. aeb, Scanning electron microscopy (a) and transmission electron microscopy
(b) images of BaTiO3//ZnO Janus nanofibers PVDF membrane (BTO//ZO JNM). ced,
Electron paramagnetic resonance spectra of �OH (c) and O2

�� (d) analysis on the
generated reactive oxygen species in the piezo-photocatalytic system based on BTO//
ZO JNM. e, X-Ray diffraction patterns of BTO//ZO JNM after six cycles of recovery. f,
Cyclic tetracycline removal tests using BTO//ZO JNM in Ni2þ solution. Adapted with
permission from Ref. [110], Copyright 2023, Elsevier.
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piezoelectric materials also show photocatalytic activity, and they
may directly exploit the built-in electric field to separate photo-
induced charge carriers during the light/piezo-excitation (known
as the piezophototronic effect), which is conducive to the abate-
ment of organic pollutants [100]. Therefore, piezo-photocatalysis
has been the subject of numerous investigations in recent years
because it can simultaneously convert mechanical and solar energy
into chemical energy (Table 2).

The primary reactions occurring in the piezo-photocatalytic
oxidation of organic pollutant processes are illustrated in Fig. 5a.
(i) Under light irradiation, the photocatalyst would absorb phonons
and electrons in the VB are excited to the CB, producing photo-
induced e�/hþ pairs. (ii) Meanwhile, a built-in electric field is
formed in a piezocatalyst when an external stress is applied, which
can separate the photoinduced e�/hþ pairs and reduce the
recombination rate. (iii) Then photo-induced e� reacts with dis-
solved O2 to evolve O2

�� and photo-induced hþ interacts with H2O to
evolve �OH. (iv) Finally the generated ROS and photo-induced hþ

oxidize the organic pollutant. It should be noted that piezo-induced
e�/hþ pairs also interact with O2/H2O during piezo-photocatalytic
processes, but they only make a minor contribution to organic
oxidation.

For instance, an Ag2O-BaTiO3 nanocomposite photocatalyst was
prepared by Li and co-workers aiming to exploit the piezopotential
formed in BaTiO3 for separating photogenerated e�/hþ pairs and
thus improve the photocatalytic activity of Ag2O [102]. Under the
combined light and ultrasonic irradiation, Ag2O-BaTiO3 achieved an
RhB degradation efficiency of ~90% within 1 h, while the single
photocatalytic (light irradiation alone) and piezocatalytic (US
alone) systems only achieved degradation efficiencies of ~66% and
~10%, respectively (Fig. 5b). Additionally, the formation of a built-in
electric field in Ag2O-BaTiO3 can also suppress the formation of
elemental silver from the reactions between electrons and Agþ and
thus improve the reusability of Ag2O in terms of the sonophoto-
catalytic degradation of RhB.

Recently, Lv et al. prepared a novel bamboo-like BaTiO3//ZnO
Janus nanofibers PVDF membrane (BTO//ZO JNM) and utilized it for
piezo-photocatalytic removal of multiple pollutants from water
(Fig. 6aee) [110]. Both the piezoresponse force microscopy (PFM)
measurement and finite element simulation results revealed that
BTO//ZO JNM possesses good piezoelectric properties and that a
large piezopotential was caused under external pressure, which is
conducive to piezo-photocatalysis. Accordingly, under concurrent
light irradiation and magnetic stirring, photo/piezo-induced e� in
BTO//ZO JNM rapidly reacted with O2 to form a considerable
amount of O2

��, resulting in efficient degradation of various organic
contaminants, including TC, bisphenol A (BPA), congo red, and MB,
even with the interference of low concentration of Ni2þ or Cu2þ.
Meanwhile, only a small fall in the piezo-photocatalytic degrada-
tion efficiency was observed for BTO//ZO JNM after six cycles,
Table 2
Applications of piezoelectric materials in piezo-photocatalytic degradation of organic pollutants.

Materials Contaminant kobs (min�1) Mechanism Conditions Reference

ZnO RhB 0.03 Not investigated UV (365 nm, 100 W) and stir (1000 rpm) [101]
Ag2O/BaTiO3 RhB Unavailable Not investigated Mercury lamp (365 nm) and US (50 W, 27 kHz) [102]
BiOCl RhB 0.03 hþ and O2

�� accounted for RhB oxidation Xe lamp (>420 nm, 300 W) and US (~120 W, 40 kHz) [103]
CuS/ZnO MB 0.18 hþ, �OH, and O2

�� accounted for MB oxidation Xe lamp (200e1100 nm, 500 W) and US (200 W) [104]
KNbO3 RhB 0.02 �OH and O2

�� accounted for RhB oxidation Xe lamp (300 W) and US (110 W, 40 kHz) [98]
Bi2MoO6/BiOBr MV 0.03 hþ, �OH, and O2

�� accounted for MV oxidation Metal halide lamp (400 W) and US [105]
BiOBr RhB 0.07 hþ, �OH, and O2

�� accounted for RhB oxidation White light emitting diode (LED, 9 W) and US (120 W, 40 kHz) [106]
Bi2WO6 RhB 0.14 �OH and O2

�� accounted for RhB oxidation White LED (9 W) and US (120 W, 40 kHz) [107]
Bi0.5Na0.5TiO3 RhB 0.06 �OH and O2

�� accounted for RhB oxidation Xe lamp (300 W) and US (110 W, 40 kHz) [108]
PAN/TiO2 RhB 0.05 �OH and O2

�� accounted for RhB oxidation Xe lamp (350 W) and US (110 W, 40 kHz) [109]
BiFeO3 RhB 0.06 hþ, �OH, and O2

�� accounted for RhB oxidation Xe lamp (300 nm < l < 600 nm, 300 W) and US (80 W, 132 kHz) [82]
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indicating good stability (Fig. 6f). Therefore, BTO//ZO JNM shows
good promise in harvesting solar light energy and environmental
vibrations for practical wastewater treatment.
4.3. Piezo-fenton and piezo-fenton-like oxidation technology

As the most classic AOPs, Fenton processes have been widely
used in practical wastewater treatment due to the production of
�OH from the reactions between Fe2þ ion and H2O2 [111]. H2O2may
also be generated during piezocatalytic water-splitting reactions,
but it was not effectively utilized during the piezocatalytic degra-
dation processes because H2O2 itself shows the limited oxidative
ability of organic pollutants (Fig. 3) [112,113]. To improve the
degradation performance of a piezocatalytic system, researchers
proposed adding Fe2þ into the system to activate the in situ
generated H2O2 to obtain more ROS (Fig. 7a) [114]. In particular,
H2O2 is an unstable liquid oxidant with high transportation and
storage costs, while the in situ synthesis of H2O2 offers a feasible
way to overcome this drawback. For instance, several studies
detected the in situ generation of H2O2 in a piezocatalytic BaTiO3/US
system, and the H2O2 yield was affected by US power and catalyst
dosage [115]. Meanwhile, the addition of Fe2þ into the BaTiO3/US
system significantly improves the piezocatalytic degradation effi-
ciency of several types of organic pollutants (e.g., dyes, phenol, 4-
chlorophenol, etc.) due to the production of �OH from a Fenton
Fig. 7. a, Schematic illustration of the piezo-Fenton/Fenton-like oxidation principle. P:
the polarization field. b, Tetracycline degradation ratio attained by Fe2O3-modified
polyvinylidene fluoride-hexafluoro propylene (Fe2O3/PVDF-HFP) and PVDF-HFP
porous films under different conditions. c, H2O2 yield in cyclic tetracycline removal
tests with Fe2O3/PVDF-HFP. d, X-ray photoelectron spectroscopy spectra of fitted Fe 2p
peak points for the Fe2O3/PVDF-HFP before and after the degradation experiment.
Adapted with permission from Ref. [118], Copyright 2022, Elsevier. e, Cycling sildenafil
removal tests using Fe3O4 piezocatalyst. Adapted with permission from Ref. [123],
Copyright 2023, Elsevier.
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reaction. Interestingly, it was found that the piezocatalytic degra-
dation efficiency attained by BaTiO3/US system increases with the
molecular weight of the organic dye.

Apart from aqueous Fe2þ, Fe-based compounds are also effective
catalysts for H2O2 activation [116]. Compared to the homogeneous
Fe2þ catalyst, heterogeneous Fe-based metallic catalysts have a
wider adoptive pH range and are more conducive to recovery,
therefore attracting huge attention [117]. Hence, many studies have
also reported the application of Fe-modified piezoelectric materials
in piezo-Fenton-like oxidation technology [118]. In particular, some
Fe-containing piezoelectric materials also show chemical activity
toward H2O2 activation, and they can serve as a multifunctional
material in piezo-Fenton-like oxidation technology [119]. Another
benefit brought about by the coupling of piezocatalysis with
Fenton-like oxidation based on Fe-based piezocatalytic materials is
that piezo-induced e� can accelerate the redox Fe2þ/Fe3þ cycle
involved in Fenton processes, which remarkably improves ROS
production and catalyst stability (Fig. 7a) [120]. It should be noted
that, in several studies, external H2O2 was also added to the piezo-
Fenton-like system to enhance the elimination of organic pollut-
ants, as the amount of in situ generated H2O2 is relatively limited
[118].

Thus far, Fe-doped g-C3N4 [121], Fe-doped BiVO4 [114], Fe2O3-
modified PVDF-hexafluoro propylene (a-Fe2O3/PVDF-HFP) mem-
brane [118], nanostructured FeWO4, MoS2/a-Fe2O3 heterojunction
[122], Fe3O4 coated conductive carbon modified tourmaline
(Tml@C@Fe3O4) [120] and mesoporous Fe3O4 with large surface
undulations [123] have been utilized as piezocatalysts in piezo-
Fenton-like systems. For example, the flexible Fe2O3/PVDF-HFP
membrane manifests a TC degradation efficiency of 53.7% under
flowing water withmagnetic stirring, which is 37 times higher than
that achieved by the PVDF-HFP membrane (1.4%) under stirring
(Fig. 7b) [118].

The enhanced degradation performance of Fe2O3/PVDF-HFP
membrane is attributed to several reasons: (i) the incorporation of
a-Fe2O3 nanoparticles into the PVDF membrane increased the
specific surface area and piezoelectric b-phase content of the PVDF
membrane, resulting in promoted piezocatalytic activity of the
membrane; (ii) Fe2O3 can effectively activate the in situ generated
H2O2 (Fig. 7c) to evolve more ROS for attacking TC; (iii) the H2O2
activation efficiency over Fe2O3 was further boosted by the accel-
erated Fe3þ reduction over piezo-induced e�, which was verified by
an X-ray photoelectron spectroscopy (XPS) analysis and testing TC
removal efficiency by Fe2O3/PVDF-HFP membrane with external
H2O2 addition in a standing state (without stirring) (Fig. 7d).
Among these factors, the improved piezocatalytic activity of Fe2O3/
PVDF-HFP played a major role in TC removal because the authors
found that the H2O2 yield decreased by 85% after five consecutive
degradation cycles, but the TC degradation efficiency decreased
only by 15% (Fig. 7c). Additionally, the results of the quenching tests
and EPR analysis revealed that O2

�‒ produced from the piezocata-
lytic oxidation of water and H2O2 activation over Fe2O3 is the main
ROS responsible for TC degradation.

Fe3O4, as a non-piezoelectric material, has been popularly used
as a catalyst for H2O2 activation, while it has the drawback of poor
stability [124]. Interestingly, Jia et al. synthesized three-
dimensional mesoporous Fe3O4 with defective oxygen atoms and
large surface undulations and demonstrated that the as-prepared
Fe3O4 material showed good sildenafil degradation performance
and reusability in piezo-Fenton-like oxidation technology [123].
The PFM measurements confirmed that the as-prepared Fe3O4
shows a good piezoelectric response. Meanwhile, a degradation
efficiency of 30% attained by Fe3O4 under US vibration also indi-
cated that it has piezocatalytic activity, which is ascribed to the
reason that the mesoporous pore channels and large surface



Fig. 8. a, Schematic illustration of the principle of piezocatalysis coupled with
persulfate-based advanced oxidation processes. P: the polarization field, PMS: perox-
ymonosulfate, PDS: peroxydisulfate. b, Degradation of bisphenol A in different sys-
tems. BFO NSs: Bi2Fe4O9 nanosheets. cef, The X-ray photoelectron spectroscopy
spectra of Fe 2p under 0 rpm (c), 500 rpm (d), 1000 rpm (e), and 1400 rpm (f) stirring.
Adapted with permission from Ref. [132], Copyright 2022, Elsevier. g, The piezocata-
lytic H2 yield curves of MoS2/Fe0, MoS2/Fe0/peroxymonosulfate, and MoS2/Fe0

(pH ¼ 2.5) in nitrobenzene solution. US: ultrasound, NB: nitrobenzene. Adapted with
permission from Ref. [141], Copyright 2023, PNAS.
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undulations of as-prepared Fe3O4 can enhance the US cavitation
effect and thus the piezoelectric effect. With an external H2O2
addition, the Fe3O4-based piezo-Fenton-like system exhibited a
higher degradation efficiency of ~91%, assigning to the efficient
H2O2 activation over Fe3O4 to evolve more �OH as the primary ROS
for sildenafil oxidation.

Moreover, the as-prepared Fe3O4 catalyst can be used repeatedly
for contaminant removal under US vibration, and its degradation
performance marginally declined after four cycles (Fig. 7e). By
employing XPS techniques to examine the proportions of Fe2þ and
Fe3þ in fresh and used Fe3O4 catalyst, it was found that the Fe3þ

content was decreased and Fe2þ content was increased in the used
Fe3O4 catalyst with regard to fresh sample. This supports the idea
that piezo-induced e� accelerates the transformation of Fe3þ into
Fe2þ and thus improves the stability of Fe3O4. However, the origin
of piezoelectricity in Fe3O4 prepared in this work was not fully
understood, and further research is required to consolidate that
constructing mesoporous materials with large surface undulations
is a feasible approach to improving piezoelectricity in Fe3O4.

4.4. Piezocatalysis coupled with PS-AOP technology

Over the last two decades, the use of persulfate (including
peroxymonosulfate (PMS) and peroxydisulfate (PDS)) as a super-
oxide precursor to produce sulfate radicals (SO4

��) has been
extensively investigated in AOPs [125]. Compared to �OH, SO4

�� has
a higher redox potential (1.8e2.7 V for �OH and 2.5e3.1 V for SO4

��),
a longer half-life time (30e40 ms for SO4

�� and <1 ms for �OH) and a
wider pH operating range, which facilitate the degradation of
organic pollutants [126,127]. Also, persulfate is a solid oxidant that
is less expensive to transport and store than H2O2. Therefore, re-
searchers are considering the feasibility of PS-AOPs in actual
wastewater treatment. Differing from H2O2, persulfate can be pie-
zocatalytically activated to evolve ROS, probably due to the smaller
peroxide OeO bond dissociation energy of persulfate [128].
Therefore, coupling piezocatalysis with PS-AOPs for water reme-
diation has attracted much interest.

Studies on the piezocatalytic activation of persulfate have been
relatively limited compared to persulfate activation by other
methods, and the involved catalytic mechanism is not fully un-
derstood, while researchers prefer to adopt energy band theory to
explain the observed relevant phenomena. Upon the exertion of
mechanical stress, piezo-induced e� in a deformed piezocatalyst
reacts with PMS/PDS molecule to produce free radicals (SO4

�� and
�OH), and piezo-induced hþ reacts with PMS/PDS molecule to
produce SO5

�� and Hþ (Fig. 8a). Then, the combination of two SO5
��

leads to the formation of a SO4
��, SO4

�� can react with H2Omolecules
to produce �OH. At the same time, the piezocatalytic water-
splitting reactions (Fig. 8a) also occur in a piezo-activated PS-AOP
system. For the piezocatalyst, which also has chemical activity to-
ward PS activation, its intrinsic free charges react with the PS
molecule to generate reactive species during the piezocatalytic
activation process. In particular, piezo-induced e� can regenerate
metallic active sites (Mnþ/M(nþ1)þ) in the piezocatalyst, thus
enhancing PS activation efficiency and catalyst stability [129].
Finally, the as-produced reactive species and piezo-induced hþ

jointly attack the organic pollutant.
A wide range of piezocatalysts have been developed for PS-

AOPs, including BaTiO3 [130], CNTs/BaTiO3 [131], Bi2Fe4O9 [132],
SrBi2B2O7 [133], MoS2 [134e136], Fe@MoS2 [137], SnWO4/ZnO
[138], cobalt-doped ZnAl-layered double hydroxides (ZnAl-LDH)
[139], MoS2-embedded PVDF membrane (PVDF-M10) [140], and so
on. For example, Su et al. fabricated Bi2Fe4O9 nanosheets (BFO NSs)
and utilized them as piezocatalysts for PDS activation to eliminate
BPA (Fig. 8b) [132]. It was discovered that the BFO NSs showed
9

chemical activity toward PDS activation, and the BFO NSs/PDS
system achieved a BPA removal efficiency of 75.8%. However, the
BPA removal efficiency was increased to 98.3% under magnetic
stirring at a high speed, and the degradation rate constant achieved
by the force/BFO NSs/PDS system was 3.1 times higher than that
attained by the BFO NSs/PDS system. These results demonstrate
that PDS can be piezocatalytically activated over BFO NSs, and that
the synergy between piezocatalysis and PS-AOPs significantly im-
proves the oxidation of organic pollutants.

Moreover, an XPS analysis revealed that the content of Fe2þ in
used BFO NSs after the piezocatalytic activation process (force/BFO
NSs/PDS system) was much higher than that in used BFO NSs after
the catalytic activation process (BFO NSs/PDS system). Especially in
the case of the force/BFO NSs/PDS system, the Fe2þ content of the
piezocatalyst increased with stirring speed (Fig. 8cef). These phe-
nomena show that piezo-induced e� can boost Fe3þ/Fe2þ circula-
tion in BFO NSs, improving PDS activation performance. Several



Fig. 9. The roadmap for piezocatalysis development. EPR: electron paramagnetic
resonance, FTIR: fourier transform infrared spectroscopy, P: the polarization field.
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types of ROS were produced in the force/BFO NSs/PDS system
including SO4

��, �OH, and 1O2 while SO4
�� and �OH made a major

contribution to BPA oxidation, possibly due to the higher selectivity
of SO4

�� and �OH toward BPA than 1O2.
As mentioned earlier in section 4.1, water can be decomposed

into H2, an important gas fuel via piezocatalysis. However, during
the piezocatalytic degradation of organic pollutant processes, the
H2 yield is relatively low because the pollutant would inevitably
consume electrons and suppress the H2 evolution performance
[141]. Recently, Xing's group discovered that coupling piezocatal-
ysis with PS-AOPs can overcome this problem and realize simul-
taneous wastewater treatment and fuel production. This is
significant to realizing carbon neutrality in environmental reme-
diation [141]. They fabricated a coupled ternary MoS2/Fe0/PMS
system to remove organic pollutants and measured the accompa-
nied H2 production [141]. It was found that the ternary system can
completely remove nitrobenzene (NB) and achieve a H2 production
rate of 901.0 mmol g�1 h�1 under US vibration, which is much
higher than that achieved by MoS2/Fe0/US system in pure water
and is 2.03 times the summed H2 yield in the NB solution of MoS2/
Fe0, Fe0/PMS and MoS2/PMS systems under US (Fig. 8g).

This suggests a remarkable promotional effect of PMS on pie-
zocatalytic H2 evolution over MoS2 in wastewater. The excellent H2

evolution reaction performance manifested by the piezocatalytic
MoS2/Fe0/PMS system is primarily attributed to the following two
reasons: (i) Fe0 serves as a good cocatalyst to improve the charge
separation efficiency in MoS2; (ii) the presence of PMS enhanced
Hþ adsorption on the surface of MoS2 and further boosted the
subsequent evolution of the adsorbed Hþ ions into H2, as consoli-
dated by theoretical calculations. The same group also reported
that a coupled piezocatalytic Co3S4/MoS2/PMS system can realize
simultaneous organic pollutant removal and selective CO produc-
tion in actual wastewater treatment by exploiting the reactions
between piezo-induced electrons and as-obtained carbonate from
the oxidation of organics by PMS-AOPs, which provides a feasible
approach to reduce the CO2 emission in sewage treatment plant
[142].

5. Conclusion and outlook

Piezocatalysis has been demonstrated to be a green, energy-
saving water treatment technique. High-frequency vibrations
(e.g., US, and ball milling) and low-frequency vibrations (e.g., air
bubbling, and water vortex disturbance) can initiate the piezoca-
talytic degradation of aqueous organic pollutants. Furthermore,
piezocatalysis can be integrated with other advanced oxidation
techniques to achieve enhanced degradation performance owing to
the peculiar functions of piezopotential and piezo-induced free-
charge carriers. Hence, piezocatalysis is gaining widespread
popularity in environmental remediation and is predicted to
quickly climb to prominence.

Although substantial progress has been achieved in piezocatal-
ysis research, this topic is still in its infancy, with many unresolved
obstacles:

(i) Massive efforts have been made to improve piezocatalysts'
efficiency via modifications. At the same time, fundamental
analyses of the piezocatalysis process are limited, and the
intrinsic mechanism of piezocatalysis is far from being
elucidated. What is the exact source of charge carriers in
piezocatalytic reactions? How does one piezoelectric mate-
rial's catalytic activity differ from another? Why does one
piezocatalyst show distinct activity in different reactions?
Borrowing insights fromwell-developed research areas such
piezoelectricity, piezotronics, and electrochemistry is very
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helpful in elucidating the piezocatalytic mechanism. More
further in-depth experimental investigation, especially in
situ tests combined with theoretical calculations, is neces-
sary to unambiguously disclose the fundamentals of an
observed piezocatalytic phenomenon. A full understanding
of the piezocatalytic mechanism would boost the use of
piezocatalysis as a green, sustainable environmental reme-
diation technology.

(ii) More attempts should be made to enhance the performance
of piezocatalysis driven by low-frequencymechanical energy
for water remediation. Most current studies have employed
high-frequency US waves more often than low-frequency
mechanical energy to initiate piezocatalytic reactions due
to the much lower catalytic efficiency in the latter case.
Nevertheless, US waves normally need to be manufactured
artificially with significant energy consumption, which is
somewhat against the original motivation of using piezoca-
talysis to harvest natural energy. Hence, strategies for
improving the utilization efficiency of low-frequency me-
chanical energy for piezocatalysis-based water treatment are
urgently needed. One possible way is to fabricate monolithic
piezocatalysts (e.g., films, foams, hydrogels) because mono-
lithic piezocatalysts are more sensitive to low-frequency
mechanical energy and are easier to recover than powdery
materials. Additionally, the rational design of the architec-
ture of piezocatalytic reactors instead of beaker experiments
can better use hydromechanical energy.

(iii) Developing novel piezocatalysis-coupled water treatment
technologies is significant. Due to the peculiar ability of
piezopotential to regulate the band structure and interfacial
charge transfer process, it has been assumed that piezoca-
talysis can also be combined with electrochemical tech-
niques to achieve improved water treatment performance,
while relevant studies are rarely documented. Also, coupling
piezocatalysis with micro-nanobubble technology for water
treatment is appealing because bubble cavitation is an
effective mechanical stimulus for initiating piezocatalytic
reactions. Particularly, the mass transfer and
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thermodynamics of reactions in a coupled system are likely
to be different from those in a single system since a three-
phase (gas, solid, and liquid) interface is present in a
coupled system. In this regard, piezocatalysis-micro-
nanobubble technology is expected to manifest remarkable
performance.

(iv) Finally, more attention should be given to the generation of
value-added products (e.g., H2O2, H2) from piezocatalysis or
piezocatalysis-coupled water treatment technologies, which
can contribute to the reduction of indirect carbon emissions
in the wastewater treatment industry in the coming carbon-
neutral era.

There is a long way to go before the practical applications of
piezocatalysis in real-world water remediation, and ongoing input
from the scientific community is necessary to develop and mature
this research area (Fig. 9). We hope this current study offers clues
regarding the direction that research on piezocatalysis-based water
remediation should take to meet the goals of carbon peaking and
carbon neutralization.
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