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ARTICLE INFO ABSTRACT

Keywords: Piezoelectric catalysis promotes redox reactions by using piezoelectric polarized charges induced by mechanical
Bismuth-based materials stress, while piezo-photocatalysis synergistically enhances carrier separation efficiency and catalytic activity by
Piezocatalysis coupling the piezoelectric effect with the photoexcitation effect. Recent years, bismuth-based catalysts have
Ezz(i)i-ipcl;?sgatalysm shown broad application prospects in the fields of piezo-(photo)catalytic due to their unique electronic structure,
Application environmental friendliness and intrinsic piezoelectricity and photocatalytic activity. Herein, this review sys-

tematically covers the fundamentals of bismuth-based catalysts mediated piezo-(photo)catalysis and the mech-
anisms, including the regulation of the built-in electric field, the optimization of the band structure and the
interface charge transfer path. The design strategies and modification methods such as defect project, metal/non-
metal doping and constructing heterojunctions of bismuth-based piezo-(photo)catalysts were also summarized.
The review then proceeds to outline significant advances in piezo-(photo)catalysis, spanning the fields of water
environment restoration (removal of dyes, antibiotics, heavy/radioactive metal and bacteria), energy conversion
(production of Hy and Hy03, CO reduction) and biomedical therapy (kill cancer cells and bacterial infection).
Finally, the review culminates in a forward-looking perspective on the prevailing challenges and potential future

trajectories.

1. Introduction

The accelerated pace of economic development has resulted in the
discharge of substantial quantities of hazardous chemicals into the
natural environment, causing a steady worsening of environmental is-
sues. Simultaneously, the high rate of non-renewable energy consump-
tion serves to intensify a multifaceted crisis encompassing energy
supply, greenhouse gas levels, and environmental health. Consequently,
as paramount challenges of the contemporary era, it is imperative that
environmental pollution and the energy crisis are addressed with ur-
gency [1]. It is widely recognized that catalytic technology serves as the
fundamental driver of the modern chemical industry, with over 80% of
global chemical manufacturing is facilitated by catalytic processes.
Hence, the exploration and development of catalytic technologies
powered by clean energy is of paramount importance to address envi-
ronmental pollution and thereby mitigate the energy crisis.

Since Fujishima and Honda firstly reported the study of TiO2
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photoelectrodes in 1972, photocatalytic oxidation technology has
received widespread attention since it exhibited outstanding ability
which can convert solar energy into chemical energy, this endows it with
growth potential and persistent vitality to solve energy and environ-
mental pollution challenges [2]. Under light irradiation, semiconductor
photocatalysts with an appropriate bandgap (Eg) can produce photo-
generated electron (e )-hole (h™) pairs, triggering a series of chemical
reactions to generate active species for pollutant treatment and energy
conversion, which has been widely investigated and attained consider-
able achievement [3,4]. Nevertheless, the relatively low quantum effi-
ciency and lackluster response in the absence of light irradiation
severely restricts the practical application of photocatalytic technology.
The rapid recombination of photogenerated electron-hole (e -h™) pairs
on the surface and in the bulk phase of photocatalysts is an important
issue affecting the efficiency of photocatalysis, which can lower the
photocatalytic efficiency [5]. Therefore, the key focus of the photo-
catalysis is how to accelerate the separation rate of photoinduced
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carriers. Additionally, another drawback of photocatalysis is that the
reaction is highly dependent on light, as an intermittent energy, the
uneven distribution and regional characteristics of sunlight result in its
better application only in specific areas. And once the illumination
ceases, the production of reactive species stop immediately, which make
photocatalysis difficult to realize all-weather continuous reaction.
Recent years, piezoelectric catalysis has been demonstrated as an
efficient catalytic strategy that complements and augments traditional
sunlight-driven photocatalytic processes, since it can utilize the lattice of
piezoelectric nanocrystals to generate a piezoelectric polarization field,
which enhances charge carrier separation and facilitates redox re-
actions. In 1880, Jacques and Pierre Curie firstly discovered the piezo-
electric effect. By applying an external force to the piezoelectric material
along its asymmetric direction, the material will undergo deformation,
and subsequently positive and negative charges will be generated on the
opposite surfaces of piezoelectric material [6]. In this way, mechanical
energy was successfully converted into chemical energy. Obviously,
piezoelectric materials, which generate an electric field when under-
going deformation under external mechanical forces, are the core of
piezoelectric technology. At present, piezoelectric materials mainly
include ABOs-type perovskites (where A represent alkaline/rare-earth
metal, and B represent transition metal, such as lead zirconate
titanate-based materials (Pb(Zr; «Tix)O3, potassium niobate (KNbOs3),
barium titanate (BaTiO3)), nonperovskite-like wurtzite (GaN and ZnO),
piezoelectric polymers (polyvinylidene fluoride (PVDF) and polytetra-
fluoroethylene (PTFE)), 2D layered transition-metal dichalcogenide--
based piezocatalysts MX5 (where M represent transition metal, e.g., W,
Mo, and X represent S, Se, S, Te), and bismuth-based piezoelectric
catalyst [1]. Owing to the proper band gap (Eg~2.4 eV) and the inherent
ferroelectricity, some bismuth-based materials possess competitive
piezoelectric properties and photocatalytic properties simultaneously,
such as BiOX (X = Cl, BI‘, I), BiVO4, B12M006, B12W06, Bi4T13012,
bismuth-based perovskite materials (NagsBiop5TiO3), and et al. [7].
Research on bismuth-based materials in the fields of piezo-(photo)
catalysis has received increasing attention. Particularly, bismuth-based
materials which feature a distinctive layered architecture composed of
alternating [Bi202]2+ slabs and anionic species or groups [8,9]. This
arrangement endows them with a unique crystalline framework, diverse
atomic coordination environments, and a desirable hybrid electronic
band structure [10,11]. Owing to this structural versatility, such mate-
rials can be readily tailored through crystal engineering to achieve
specific crystallographic orientations. This facilitates precise control
over exposed facets, band gap tuning, and defect
manipulation—strategies that hold significant promise for applications
in solar energy conversion catalysis. Moreover, the low tolerance factor
in bismuth-based oxides induces a lattice mismatch among cations,
which results in considerable spontaneous polarization and a high
piezoelectric coefficient at room temperature [12]. Additionally, the
narrow band gap, environmentally friendly and non-toxic characteris-
tics have made bismuth-based materials a popular choice for research in
the fields of piezo-(photo)catalysis for environmental remediation (such
as the degradation of organic pollutants and sterilization [13-15]), en-
ergy conversion (such as splitting water to produce hydrogen and CO,
reduction) [16-18], and recently, there have also been studies applying
piezoelectric catalysis to biomedical therapy, which involves using the
electric field and reactive oxygen species (ROS) generated by
nano-piezoelectric materials under the action of ultrasound to sterilize
human tissues or organs, as well as to kill cancer cells [19-21].
Despite there have been many studies on piezo-(photo)catalysis
mediated by bismuth-based materials, comprehensive reviews system-
atically covering category, design, optimization, mechanism and appli-
cation of bismuth-based materials in piezo-(photo)catalysis area remain
scarce. For instance, Jia et al. [22] have conducted a review which
comprehensively summarizes the piezoelectric catalysis and
piezo-photocatalysis technologies from material design to application.
However, the review covers a very wide range of catalytic material
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systems (including various inorganic and organic piezoelectric mate-
rials), and the discussion on bismuth-based materials is relatively scat-
tered, failing to present the unique advantages and design paradigms of
bismuth-based materials as an independent material family. The review
of Cheng et al. [23] mainly focuses on the application of bismuth-based
materials in the fields of piezoelectric catalysis, photocatalysis, and
piezo-photocatalysis for the degradation of organic pollutants, while the
review did not systematically discuss the structure-activity relationship
of the materials. Chen et al. [24] mainly conducted a systematic sum-
mary of the piezoelectric catalytic of BiFeO3;. However, the material
system covered in this review was limited (only BiFeOgs and its modified
forms), and its application is limited to water treatment only. In
contrast, this review focuses on the relationship between the crystal-
lography and piezoelectricity of bismuth-based materials (particularly,
layered bismuth-based materials), conducted a detailed discussion on
the decisive influence of the asymmetric polarization between the
[Bi05]%* layers in the layered structure and the halogen/other anion
layers on its piezoelectric response. The possible advanced piezo-(photo)
catalysis mechanistic of bismuth-based materials have also been sys-
tematically summarized. Moreover, unlike the existing reviews on
bismuth-based piezo-(photo)electric catalysis, which mainly focus on
environmental remediation (degradation of organic pollutants), this
review expands on this basis and systematically explores the applica-
tions of piezo-(photo)electric catalysis on energy conversion (Hy and
H,0; production, CO; reduction) and biomedical therapy. The system-
atic review and mechanism analysis of these application directions are
lacking in the existing reviews.

2. Piezoelectric effects

The conventional piezocatalytic process can typically be summarized
in the following steps: under mechanical stimulation such as stirring or
ultrasonic vibration, the piezoelectric material produces a built-in
electric field, which propels free electrons (e”) and holes (h™) to
migrate toward its surface. This process initiates redox reactions that
generate ROS, thereby driving subsequent reactions such as pollutants
degradation, water splitting, CO2 reduction, and bacterial inactivation
[25,26]. The piezoelectric effect can be categorized into two forms: the
direct (positive) and the converse (inverse) piezoelectric effects. As
illustrated in Fig. 1a, the direct effect occurs when mechanical energy is
applied to a piezoelectric material, leading to electrode polarization and
the transformation of mechanical energy into electrical energy [27].
While, in the inverse piezoelectric effect, the application of an external
electric field induces a mechanical deformation in the material, effecting
a conversion of electrical energy to mechanical energy [28,29].

Hong et al. first reported in 2010 that Hy could be produced via water
splitting driven by a piezopotential, which was created by BaTiOs
microdendrites and ZnO microfibers under ultrasonic irradiation, and
proposed the piezoelectrochemical (PZEC) effect as a mechanism for
directly converting mechanical energy into chemical energy [30]. Under
the action of ultrasonic, ZnO microfibers and BaTiO3 microdendrites
undergo deformation, then a strain-induced electric potential generated
on their surface, triggered redox reactions through the transfer of free
surface charges (Fig. 1b). In 2013, Starr et al. performed a comprehen-
sive theoretical analysis of the piezocatalytic process based on frame-
works from semiconductor physics, piezoelectricity, molecular orbitals,
and electrochemistry. The study demonstrated that to achieve high
electrochemical activity, piezoelectric materials should possess a low
conductivity, high voltage coupling coefficient, and a suitable dielectric
constant, thereby balancing piezoelectric and capacitive effects [31].

Among the three categories of piezoelectric materials (inorganic,
organic and composite materials), inorganic piezoelectric materials are
subdivided into piezoelectric crystals and ceramics, with piezoelectric
crystals typically denoting single-crystal structures. Owing to its high
cost and substantially inferior piezoelectric coefficient relative to
piezoelectric ceramics, its application is confined exclusively to high-
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Fig. 1. (a) Schematic diagram of positive and inverse piezoelectric effect, Reproduced with permission from Ref. [27]. Copyright 2018 Elsevier. Possible Mechanisms
of (b) piezocatalysis, Reproduced with permission from Ref. [31]. Copyright 2013 Nature. (c) piezo-photocatalysis, Reproduced with permission from Ref. [36].
Copyright 2023 Elsevier. (d) Publication statistics for piezocatalysis and piezo-photocatalysis covering the years 2016-2025. The data were sourced from the Web of

Science based on keyword searches for “piezocatalysis” and “piezo-photocatalysis”.

precision standard instruments or sensors. Piezoelectric ceramics, which
are polycrystalline materials, include compounds such as ZnO, KNbOs,
barium titanate (BTO), and lead zirconate titanate (PZT) [32,33].
Despite exhibiting drawbacks like high brittleness, low fatigue resis-
tance, and limited temperature stability, their outstanding piezoelectric
properties ensure they remain highly important for applications in ac-
tuators, sensors and transducers. However, conventional piezoelectric
ceramics like PZT contain lead (Pb), a substance detrimental to both
environmental and human health. This not only violates environmental
regulations but also restricts their broad applicability. There is a critical
need for the extensive development and research of lead-free piezo-
electric ceramics. In parallel, organic piezoelectric
materials—commonly referred to as piezoelectric
polymers—encompass polyamide (PA), cellulose, PVDF, polylactic acid
(PLA) and their derivatives [34]. Piezoelectric composite materials are
fabricated by integrating piezoelectric ceramics and polymers in specific
configurations, with defined volume-to-mass ratios and spatial ar-
rangements. These composites overcome the limitations associated with
single-phase piezoelectric materials, significantly enhancing their
piezoelectric performance and enabling a broader range of practical
applications [35].

3. Piezo-photocatalysis technology

The integration of piezoelectric materials with photocatalysts is
regarded as an effective strategy to facilitate the separation and trans-
portation of photo-generated charge carriers. Piezoelectric materials are
capable of producing an IEF when subjected to mechanical strain. This
induced field acts as a driving force that facilitates the movement of
photo-generated charge carriers within the bulk and across the surface
of photocatalysts, thereby enhancing their separation rate. This novel
catalytic approach, which harnesses both solar and mechanical energy
concurrently, is termed ‘piezo-photocatalysis’. Gong et al. constructed a

BaTiO3/g-C3N4 (TCN) piezo-photocatalyst and used it for the removal of
tetracycline hydrochloride (TCH) under ultrasonic vibration and visible
light (VL) illumination [36]. Under ultrasonic vibration, polarization
electric fields were generated in both TCN and BaTiOs. These fields
sustained the built-in electric field strength at the heterojunction in-
terfaces, greatly improved the migration of photogenerated carriers,
resulting in a synergistic catalytic effect of the dual piezoelectric mate-
rials under VL irradiation (Fig. 1c).

Typically, piezo-photocatalysts are realized through piezoelectric/
semiconductor composite structures, most commonly in core-shell
configurations. In such designs, the core is made of piezoelectric mate-
rials such as BaTiOs, ZnO or NaNbOs, and the shell is formed from
visible-light photocatalysts like FeS, CuS or Ag,0O. Some piezocatalysts
featuring narrow bandgaps also exhibit photocatalytic capabilities (such
as BiFeOg3) [37]. This means a single catalyst possesses both photo-
catalytic and piezoelectric properties simultaneously, enabling it to
simultaneously produce photo-induced charges and piezopotential.
Under light irradiation, not only are photogenerated e -h™ pairs pro-
duced, but a strain-induced polarization electric field is also formed. In
this way, the photogenerated charge carriers are effectively separated,
and the surface reduction and oxidation reactions are enhanced.

Study on piezo-(photo)catalysis remains in its early stages. The
annual publication number for piezo-(photo)catalysis research between
2016 and 2025 is illustrate in Fig. 1d. The search period for the literature
is from January 1st of one year to January 1st of the following year using
the Web of Science Core Collection database. The search strategy
employed the following query in the topic field of “bis-
muth + piezocatalysis” and “bismuth + piezo-photocatalysis”, and the
document types were restricted to “Article” and “Review” to ensure the
inclusion of peer-reviewed original research and reviews. The data ex-
hibits a sharp upward trend, indicating the growing prominence of
piezo-(photo)catalysis in energy and environmental science amid the
contemporary global energy predicament. Despite the relatively brief
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period of investigation, significant advancements have been made in
this field, and it has progressively emerged as a prominent research
focus. Beyond conventional piezoelectric materials such as wurtzite,
perovskite and piezoelectric polymer, some emerging novel piezoelec-
tric materials are also demonstrating efficacy as efficient catalysts. The
research on new piezoelectric catalysts is increasing year by year,
reflecting the growing interest among researchers in exploring and
developing new materials in this field.

4. Advanced mechanistic understanding beyond conventional
piezo-(photo)catalysis

The mechanisms of piezocatalysis are still controversial, with the
main theories being energy band theory and the screening charge effect
[38]. In accordance with energy band theory, the redox reaction is
governed primarily by the energy band levels, while the piezopotential
is employed to trigger the reaction by modulating the band structure and
steering the internal charge carriers to the catalyst surface. Analogous to
photocatalysis, band theory grounds piezocatalytic activity in the band
structure, while the screening charge effect stresses the piezoelectric
potential-surface charge interaction. The main difference between these
two theories lies in the source of the reactive charge carriers: intrinsic to
the material in the first case, and externally adsorbed in the second.
Apart from the two main mechanisms, recently, the ferroelectric domain
effect and the flexoelectric effect have also been employed to explain the
enhanced piezo-(photo)electric catalytic mechanism.
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4.1. Energy band theory

According to energy band theory, piezocatalysis resembles photo-
catalysis, as the degradation of pollutants proceeds via redox reactions
that are mediated by charge carriers. In photocatalysis, photon ab-
sorption excites electrons from the VB to the CB, leaving behind holes.
These holes can either oxidize water to generate -OH or directly attack
organic pollutants. Meanwhile, the excited electrons reduce dissolved
oxygen to yield O3~ [39]. Whereas photocatalysis uses light, piezoca-
talysis employs external mechanical energy for the excitation of charge
carriers. For instance, at the catalyst/water interface, ultrasonic waves
can induce local pressures greater than 10% Pa, which enables the
excitation of electrons [40]. Cavitation—vapor bubble formation and
collapse arising from rapid liquid pressure drops—in turn produces
transient “hot spots” in water, enabling thermal excitation of e~ [41].
Fig. 2a shows e™ excitation from the VB to the CB under ultrasound, with
h™ left behind. Furthermore, intrinsic defects present in the catalyst also
represent an important reservoir of free charge carriers. Upon intro-
duction of anionic defects into the crystal lattice, the system counteracts
the resultant charge imbalance through the redistribution of electrons,
consequently generating surplus free e~ [24,42]. Cationic defects like-
wise increase the hole concentration, which is a frequent finding in
doping studies [43]. These carriers, propelled by the piezopotential,
move to the surface and improve catalytic reactivity (Fig. 2b) [24,44].

4.2. Screening charge effect

The screening charge effect, in contrast, focuses on the piezopoten-
tial and the dynamic redistribution of surface screening charges. These

(b) Red' ox'
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Fig. 2. Schematic illustration of (a-b) the energy band theory and (c-f) the screening charge effect. (a-f) Reproduced with permission from Ref. [24]. Copyright

2025 Elsevier.
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charges are adsorbed species that offset the bound charges generated by
spontaneous polarization in ferroelectric materials. Fig. 2c-f show how
the piezocatalyst produces ROS under ultrasonic stimulation, with the
dynamic process being governed by the screening charge effect [24].
Initially, piezoelectric materials are charge-compensated by the
polarization-induced bound charges and their associated screening
charges on both polar surfaces (Fig. 2c). Upon application of external
stress, the material deforms, resulting in a polarization change driven by
its asymmetric crystal structure. The screening charges on the surface
are then discharged into the ambient solution to preserve charge bal-
ance, these charges engage in various reactions, one of which is the
reduction of dissolved oxygen by electrons to generate O3~ (Eq. (1)),
whereas oxidative holes either oxidize water to -OH or directly assault
organic pollutants (Eq. (2)) (Fig. 2d). These processes carry on until a
new equilibrium is reached (Fig. 2e). Once the periodic stress is
removed, the material regains its original polarization by re-adsorbing
space charges from the electrolyte to replenish the bound charges,
whereas opposite-polarity charges persist in the solution and remain
active in redox processes (Fig. 2f).

e+ 05— 0% (¢
h* + OH™ - OH )]

The two mechanisms are commonly invoked to explain piezocatal-
ysis. The energy band theory is substantiated by ultrasound-induced e
excitation [40,45], but it lacks explanatory power for pollutant degra-
dation under mild mechanical agitation, such as stirring [46]. By
contrast, direct surface potential measurements verify the crucial role of
screening charges [47].

A systematic comparative study was carried out by BoBl et al. [48] to
investigate the degradation of Rhodamine B under simultaneous ultra-
sonic and mechanical stirring, employing three distinct piezocatalysts:
ZnO, with its wide bandgap but low piezoelectricity, provides evidence
for the energy band theory. In contrast, BF-KBT-PT, which exhibits
strong piezoelectricity yet a narrow bandgap, supports the screening
charge effect. Meanwhile, BTO, featuring both a wide bandgap and high
piezoelectricity, is capable of supporting both mechanisms. The findings
demonstrated that ZnO performed poorly because of insufficient
piezoelectricity, whereas BF-KBT-PT was limited by its unfavorable
band gap, which restricted its catalytic activity. Notably, only BTO
achieved a far higher degradation efficiency. This key finding suggests
that future work should prioritize quantifying the relative contributions
of the two mechanisms rather than debating their dominance. This
would provide clear guidance for catalyst design: when band processes
prevail, focus on band structure optimization; when the screening
charge effect takes over, emphasize polarization enhancement.

4.3. Ferroelectric domain engineering

Ferroelectric materials are distinguished by their ability to sustain
spontaneous polarization below the Curie temperature. This behavior
stems from the crystal’s non-centrosymmetric ionic structure and the
off-centering of certain ions, which creates stable charge separation and
thus generates intrinsic electric dipole moments [49]. Once these dipole
moments organize into domains featuring consistent polarization
alignment, a net polarization intensity emerges across the entire domain
area. The polarization of ferroelectrics can be reversibly switched by
external fields. Specifically, when a reverse electric field of sufficient
strength is applied, all domain polarizations flip in unison, leaving a
remanent polarization (Pr) upon field removal. External mechanical
forces can concurrently alter ionic displacements or induce domain wall
motion in ferroelectric materials, thereby leading to tunable polariza-
tion intensity and a pronounced piezoelectric response [49]. The
single-domain structure creates a spatially continuous internal electric
field by virtue of the uniform alignment of polarization vectors, thereby
guiding photogenerated e -h" directly toward specific crystal facets

Journal of Environmental Chemical Engineering 14 (2026) 124571

through oriented migration. Conversely, the disordered polarization
vectors in multi-domain grains lead to both a weakened overall electric
field and the formation of recombination centers for charges at the
domain walls [50]. Through the single-domain strategy, photogenerated
e-h' are directed toward the oppositely polarized surfaces. This creates
a well-defined pathway that notably reduces the migration distance for
charge carriers and thus lowers the likelihood of recombination during
their movement.

4.4. Flexoelectric effects

The flexoelectric effect, ubiquitous in dielectrics, is an electrome-
chanical coupling whereby strain (or field) gradients interact with po-
larization (or stress). Extensive studies confirm that ferroelectrics show
much higher flexoelectric coefficients than other dielectrics, so their
flexoelectric response is pronounced. Flexoelectricity in solids, also
termed the flexoelectric effect, is a mechanism refers to the generation of
polarization from a strain gradient (direct) or strain from an electric
field gradient (converse). Unlike piezoelectricity, ferroelectricity, or
ferroelasticity, flexoelectricity does not require any specific structural
symmetry. Because of this, it can occur in all crystalline insulators,
which gives it a clear advantage over the piezoelectric effect. The
flexoelectric effect is often employed to enhance the piezoelectric effect.
Shi et al. [51] designed BiO(Cl, Br) nanosheets with a radial-gradient
architecture by emulating the radial gradient hierarchy of bamboo,
the centrosymmetry of BiOCl is disrupted in this structure, which not
only generates strong piezoelectricity but also enhances flexoelectricity
due to the intrinsic mechanical heterogeneity. Owing to the triple-field
synergy (built-in, piezo, flexoelectric), the BiO(Cl, Br) nanosheets boost
H,0; production to 742.2 umol/g/h, a 4.23-fold increase over pristine
BiOCl. Structural defects such as doping, grain boundaries, and dislo-
cations are also known to significantly affect the flexoelectric effect.
Zhou et al. [52] studied the effect of S-vacancies in defective bismuth
sulfide (BizS3.¢) on the generation of ROS and the degradation of organic
pollutants under ultrasonic irradiation, and found it was S-vacancies
break the centrosymmetric structure of pristine Bi,Ss, thereby inducing
piezoelectric behavior and raising the electrical energy in BizSs.x. The
flexoelectric catalytic effect from nonuniform strain accounts for the
nonzero catalytic efficiency of centrosymmetric BisSs.

5. Crucial parameters governing piezo-(photo)electric
performance

Material parameters—particularly electronic structure, piezoelec-
tricity, and charge transport—are closely intertwined in bi-based ma-
terials and collectively dictate the efficiency of piezo-(photo)catalytic
processes. To maximize catalytic activity, selectivity and stability, it is
essential to understand and optimize these parameters. The following
subsections address three key factors: band structure, piezoelectric co-
efficients, and carrier dynamics.

5.1. Band structure

The band structure of the piezocatalyst critically influences its cat-
alytic performance by regulating the energy levels of charge carriers, the
migration efficiency, and the thermodynamic favorability of the redox
reactions [53,54]. In piezocatalyst, the band structure both sets the
intrinsic electronic properties and dynamically couples with the piezo-
potential from mechanical stress, adding a further dimension of control
over catalysis [55]. Bi-based catalysts generally possess moderate
bandgaps (2.0-3.5 eV) and asymmetric electronic structures that arise
from the 6 s2 lone-pair electrons of Bi®* [56]. Bi-based piezoelectric
catalysts have narrower bandgaps than most of conventional piezo-
electric catalysts, which aids electron excitation, yet their band positions
are often insufficient for the redox demands of water splitting and some
pollutant degradation. In photocatalysis, narrower bandgaps improve
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light absorption across a broad spectrum from UV to near-infrared, yet
the electrochemical driving force may still be inadequate. By contrast,
piezocatalysis involves a real-time modulation of the band structure by
the piezopotential arising from mechanical strain. This modulation re-
sults in band tilting and bending, thereby enabling redox reactions that
are thermodynamically forbidden under normal conditions [57]. Hence,
the combination of a rationally tuned band structure and a pronounced
piezoelectric response is critical for the realization of efficient Bi-based
oxide piezo-(photo)catalysts.

5.2. Piezoelectric coefficient

The piezoelectric coefficient, often denoted by d (such as d3z and
dsi), serves as a fundamental parameter that measures the electrome-
chanical coupling in piezoelectric materials. The longitudinal piezo-
electric coefficient dss reflects polarization along the stress direction,
while the transverse d3; corresponds to polarization perpendicular to it.
A larger d value not only reflects a stronger piezoelectric response but
also means a higher IEF can be generated under mechanical
stimulation—a feature that is vital for effective charge separation in
piezocatalysis [58]. The value of d depends on intrinsic lattice distor-
tion, as well as extrinsic factors related to domain switching and the
motion of domain walls. Consequently, doping, defect states, composite
formation, crystal structure and domain configurations can effectively
modulate it. Thus, boosting d is a key strategy in designing
high-performance piezocatalysts, since it directly governs the piezopo-
tential magnitude and the charge-separation efficiency under mechan-
ical excitation.

5.3. Carrier density/mobility and lifetime

The catalytic efficiency of piezocatalysts is determined by carrier
density, mobility, and lifetime, whose interplay governs charge gener-
ation, migration to active sites, and redox participation before recom-
bination [59,60]. Carrier density refers to the quantity of e~ and h' that
are accessible for catalytic reactions [61]. In piezocatalytic systems, it is
governed by intrinsic factors such as dopant concentration, native de-
fects, and electronic structure as well as extrinsic effects from piezo-
electric polarization induced by mechanical stress [62]. A higher carrier
density makes a large enough population of charge carriers accessible to
engage in redox reactions at the surface of the catalyst [63]. However,
the mere generation of charge carriers is insufficient unless they are
effectively transported and have a long enough lifetime to avoid
recombination [64]. Carrier mobility controls the efficiency of carrier
transport to surface active sites before recombination occurs. Doping,
heterostructure construction or defect modulation can improve carrier
mobility. Moreover, the strengthened piezopotential not only promotes
charge separation and suppresses recombination but also directs e and
h™ to separate active sites, which accelerates the overall reaction ki-
netics. Meanwhile, the carrier lifetime—the average time that carriers
persist before recombination—determines whether they can effectively
engage in surface reactions. The piezopotential not only significantly
influences carrier concentration and separation, but also exerts a major
effect on carrier lifetime, because it spatially separates e~ and h™, thus
suppressing recombination and prolonging their lifetime.

6. Differences from related catalytic processes

Piezocatalysis exhibits conceptual parallels with photocatalysis,
sonocatalysis, and tribocatalysis, whereas it is fundamentally distinct
with regard to the mechanisms of energy input and charge generation.
Understanding the differences among these processes clearly is critical
for both data interpretation and catalyst design. Photocatalysis uses
light absorption to excite electrons from the VB to the CB, producing e™-
h* pairs that then drive redox reactions [65]. Unlike photocatalysis,
piezocatalysis requires no light and can work under dark conditions with
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mechanical energy as the sole driving force. Additionally, the generated
piezopotential is maintained throughout the application of mechanical
stress, which enhances the stability of charge separation. Sonocatalysis
utilizes ultrasonic waves (20 kHz-1 MHz) in a liquid to induce cavita-
tion bubbles, which subsequently collapse violently, giving rise to
localized hot spots characterized by extreme temperature and pressure
[66]. The transient microenvironments can promote the generation of
radicals and increase chemical reactivity. Such extreme conditions are
capable of breaking chemical bonds or producing reactive species.
Physical cavitation, rather than the catalyst’s electronic structure, is the
main governing factor in sonocatalysis, although it remains effective. In
piezocatalysis, ultrasonic vibration is employed not to induce cavitation,
but rather to mechanically strain a piezoelectric catalyst and create an
IEF, which makes the mechanism fundamentally different. Tribocatal-
ysis originates from contact electrification induced by friction, whereby
mechanical rubbing produces surface charges that subsequently initiate
chemical reactions [67]. Tribocatalysis, though conceptually connected
to mechanically driven charge generation, is driven by surface charge
transfer, not by bulk lattice polarization. Thanks to its reliance on crystal
deformation, piezocatalysis is more predictable, controllable, and
reproducible, and its performance is closely linked to the material’s
intrinsic structure.

Establishing unambiguous experimental criteria for true piezocata-
lytic activity is crucial to distinguish it from other catalytic processes.
Piezocatalysis can be broadly defined as the catalytic activity elicited by
strain-induced polarization and piezopotential in non-centrosymmetric
materials when subjected to mechanical force. Several experimental
controls are routinely employed in practice as the minimum evidence
required to substantiate a piezocatalytic mechanism. To exclude pho-
tocatalytic effects, experiments should be operated in the dark; simul-
taneously, control experiments without the catalyst under ultrasonic or
mechanical stimulation are necessary to evaluate sonochemical in-
fluences. Moreover, it is useful to compare with non-piezoelectric ana-
logues in order to verify that the catalytic activity is due to piezoelectric
polarization rather than to purely mechanical effects, and thus to rule
out friction-induced reactions. Finally, the activity’s dependence on
mechanical parameters like ultrasonic power and frequency further
supports the link between performance and strain-induced
piezopotential.

7. Bismuth-based piezo-(photo)catalysts

Some bismuth-based materials own both piezoelectric and photo-
catalytic properties simultaneously, which make it an attractive material
for piezo-(photo)catalytic applications. Particularly, the unique crystal
structure of layered bismuth-based materials results in diverse atomic
coordination and a favorable hybrid electronic band structure. The
peculiar structure enables the materials to be readily tailored through
crystal design and facilitates crystallographic orientations that are ideal
for facet control, band gap tuning, and defect engineering, and these
approaches have demonstrated significant potential for the catalytic
conversion of solar energy. This section systematically presents repre-
sentative bi-based piezo-(photo)catalysts, with particular attention to
their crystal structures, key physicochemical characteristics, and the
relationships between structure and property that dictate piezocatalytic
performance.

7.1. Sillén-type

7.1.1. BiOX

Sillén-structured bismuth-layered materials, including bismuth
oxyhalides with the formula BiOX (X =Cl, Br, I) and bismuth-rich
compounds such as Bi,OyX, (X =Cl, Br, I), as well as their related
solid solutions, have been extensively employed in photocatalysis [68].
BiOX is composed of Bi,O; layers alternating with double sheets of
halogen atoms (as shown in Fig. 3a). These layers are stacked along the
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Fig. 3. (a) Crystal structure of BiOX (X = Cl, Br, I), Reproduced with permission from Ref. [68]. Copyright 2022 Elsevier. (b) Atomic model of BiOCI and the direction
of the internal electric field, Reproduced with permission from Ref. [71]. Copyright 2012 American Chemical Society. (c) Crystal structure of Bi304X (X = Cl, Br),
Reproduced with permission from Ref. [68]. Copyright 2022 Elsevier. (d) TEM image and schematic illustration of the liquid-exfoliation and hydrothermal-induced
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Chemistry. (e) Interlayer energy barrier diagrams are for the BiOCl, undoped Biz04Cl, C:Bi304Cl with Coytersi, and C:BigO04Cl with Cinnersi, respectively, Reproduced

with permission from Ref. [76]. Copyright 2023 American Chemical Society.

c-axis and held together by nonbonding interactions—specifically van
der Waals forces—acting through the halogen atoms. The unique
layered structure results in an uneven charge distribution between the
BiyO3 layers and the halogen slabs. This asymmetry polarizes the asso-
ciated atoms and orbitals, creating an IEF that facilitates the separation
and transport of photogenerated charge carriers. The pronounced
anisotropy in the structural, optical, electronic, and mechanical prop-
erties of BiOX arises from its strong intralayer covalent bonds and weak
interlayer van der Waals interactions—a characteristic that has also
been noted in other reviews [69,70]. These publications primarily
addressed the synthesis, modification, photocatalytic applications, and
reaction mechanisms of bismuth oxyhalides. More recently, growing
research interest has shifted toward the IEF in these materials, with
particular emphasis on how internal polarization influences photo-
catalytic behavior.

Jiang et al. were the first to demonstrate a facet-controllable method
for preparing BiOCl single-crystalline nanosheets [71]. They success-
fully synthesized nanosheets with exposed [001] and [010] facets and
conducted a comparative study of their photocatalytic properties. Due to
its unique layered structure, internal static electric fields can form
within BiOCl, oriented perpendicularly to the alternating BizOy and
halogen anionic layers (Fig. 3b). As illustrated in Fig. 3b, the
self-induced IEFs are oriented perpendicularly to the BOC—001 nano-
sheets and parallel to the BOC—010 nanosheets. Under UV-vis

irradiation, the BOC—001 film electrode exhibited a higher photocur-
rent response than BOC—010. This indicates that photo-induced charge
separation and transfer are more efficient along the [001] direction in
BOC-001 [72]. Due to the presence of favorable IEF, BiOCl nanosheets
featuring exposed [001] facets demonstrated enhanced UV-light pho-
todegradation activity. Meanwhile, photochemical labeling effectively
confirmed the specific locations of holes and electrons on the [001] and
[110] facets. Unlike the photocatalytic process, Shao et al. [73]
employed ultrasonic excitation as the sole driving force for piezocatal-
ysis, carrying out an oxygen reduction reaction (ORR) to produce H2O2
using BiOCl plates. Under ultrasonic excitation, an alternating electric
field was generated across the BiOCl, which facilitated the movement of
charge carriers (electrons) to react with Oz and H»0, leading to the
formation of HyOs. In a study by Ismail et al. [74], the degradation ef-
ficiency of RhB using BiOCl microspheres was compared across three
processes: photocatalysis (~72%), piezocatalysis (~26%), and
piezo-photocatalysis (~99%). The significantly enhanced degradation
under piezo-photocatalysis was attributed to the synergistic effect be-
tween piezoelectric and photocatalytic mechanisms. Specifically, the
electric field generated by mechanical strain vibration promoted the
separation of photogenerated e™-h" pairs, thereby improving the bio-
catalytic decomposition performance.
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7.1.2. Bi,O)X,
Bismuth-rich bismuth oxyhalides comprise compounds such as
Bi304X (X = CL, Br), Bi4OsXs (X = Br, I), BisO,X (X = Br, I), Bi;Ools,
B112015C16, Bi12017X2 (X = Cl, BI‘) and Bi24031X10 (X = Cl, BI'). Their
structural arrangements are influenced by both the identity of the halide
ion and the oxygen-to-halogen ratio. As an illustration, the structural
model of Bizg04X (X = Cl, Br) is presented in Fig. 3c. Additionally, these
bismuth-rich oxyhalides possess a distinctive interlayer electric field
that enhances the separation efficiency of photoinduced charge carriers.
Through a combination of liquid-phase exfoliation and hydrothermal
recrystallization, Li and colleagues [75] synthesized single-crystalline
Bi3O4Cl nanosheets with varying percentages of exposed [001]
facets-specifically 95%, 91%, and 86%, designated as BOC-95,
BOC-91, and BOC—86, respectively. Their work further revealed a
correlation between the magnitude of the IEF and the percentage of
exposed [001] facets (Fig. 3d). A range of analytical techniques,
including degradation rate, transient photocurrent response tests, elec-
trochemical impedance spectroscopy and photoluminescence spectros-
copy demonstrated that Bi304Cl nanosheets with higher percentages of
exposed [001] facets generate a stronger IEF. This enhanced IEF pro-
motes the separation and migration of photogenerated e -h" pairs,
leading to appreciable photocatalytic activity. Regulating the strength of
the IEF through crystal facet engineering has also been proposed as an
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innovative approach to boost photocatalytic performance. The research
conducted by Fu et al. has revealed that the IEF of Bi304Cl can be
boosted through dual carbon substitutions at both the inner and outer
bismuth positions [76]. They calculated the interlayer energy barriers
(AE) from models representing BiOCl, undoped Bi304Cl, C-doped
Big04Cl with Coyeerpi (doped at the outer Bi site) and C-doped Biz04Cl
with Cipneri (doped at the inner Bi site), as shown in Fig. 3e. In Big04Cl,
the outer bismuth layers act as electron channels while the oxygen layers
serve as hole channels. Hence, the interlayer energy barrier (AE) pre-
sented here specifically corresponds to that between an outer bismuth
layer and an adjacent oxygen layer, denoted as AEqyter Bi ys 0- The AEoyter
Bi vs 0 Value is approximately 10% higher for Coyterpi, and approximately
32% higher for Cinperpi, compared to that of undoped BizO4Cl. The IEF is
calculated by dividing the interlayer energy barrier by the correspond-
ing layer spacing. This yields AEqyter Bi vs 0 Values of 19.69 aV/nm for
C-doped Bi304Cl with Cipperpi, 16.34 aV/nm for C-doped Biz04Cl with
Coutergi> 14.87 aV/nm for undoped Bi304Cl, and 5.6 aV/nm for BiOCl
(between the Bi and O layers). In addition, a number of bismuth-rich
oxyhalides and related composites—including BisO4Br [77] and
CNT/Bi4Osly, [78]—have been utilized in piezocatalysis by taking
advantage of their self-polarized IEF.
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Fig. 4. (a) Schematic representations of the crystal structures for Aurivillius-type bismuth layer-structured materials with varying stacking numbers m, Reproduced
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e™-h* pairs. (c-f) Reproduced with permission from Ref. [86]. Copyright 2021 Royal Society of Chemistry.
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7.2. Aurivillius-type

7.2.1. Structure

Bismuth-layered perovskite ferroelectrics (BLSFs), also referred to as
Aurivillius-phase materials, were first identified by Aurivillius in 1949
[79]. These compounds have garnered significant interest among re-
searchers due to their distinctive layered crystal structures, the presence
of asymmetric centers that give rise to spontaneous polarization, and
their anisotropic physical characteristics [80-82]. BLSFs are generally
represented by the chemical formula (B1202)2+(Am_1Bm03m+1)2‘. Their
crystal structure consists of alternating layers: a fluorite-type (Biz02)*"
sheet and a perovskite-type (Am,leOgmH)z‘ block. Here, the integer
‘m’ indicates how many oxygen octahedra are stacked perpendicular to
the layering direction [83-85]. The structure accommodates a wide
variety of chemical substitutions at the A and B sites. The A site can be
occupied by mono-, di-, or trivalent ions like Na*, K*, Sr>*, Ba®*, Pb%",
or Bi®*, while the B site is typically filled by smaller cations with tetra-,
penta-, or hexavalent charges, such as Ti*", Ta®*, Nb°*, or W™ [1,86,
87] (Fig. 4a). This flexibility in ion substitution enables the tuning of a
broad spectrum of physical properties. A wide range of BLSFs-including
Bi,WOg and BipMoOg (corresponding to m=1); BaBisNbsOg, CaB-
iszzOg, SrBiszzog and SrBizTa209 (rn:2); Bi4Ti3012 (m:S); BaBi-
Ti4015, CaBiTi4015, and SI'BiTi4015 (IH:4), as well as Pb2Bi4Ti5018 and
SryBi4TisO18 (m=5) have been extensively investigated for applications
in piezoelectric/ferroelectric filed [88]. These materials are also regar-
ded as effective catalysts for photodegradation of organic pollutants and
water splitting [89].

BLSFs represent the most extensively researched materials for high-
temperature ferroelectric and piezoelectric ceramic applications, owing
to their high Curie temperatures (Te), distinctive spontaneous polari-
zation, and remarkable resistance to thermal depoling [90,91]. Never-
theless, Aurivillius-type ceramics synthesized via conventional routes
often exhibit low density—resulting from the anisotropic growth of
lamellar grains—as well as poor piezoelectric performance, primarily
due to spontaneous polarization being largely confined within the plane
[92]. The fabrication of highly dense ceramics has traditionally relied on
techniques such as hot pressing and spark plasma sintering. In contrast,
Aurivillius-type bismuth-layered structure nano-catalyst are uniquely
suited for catalytic applications as they can be utilized directly in their
as-synthesized state, eliminating the sintering requirement. Further-
more, the hybridization between Bi 6 s and O 2p orbitals near the band
edge is a common characteristic of BLSFs. This feature enables most
BLSFs to absorb a portion of visible light, suggesting their potential
suitability for photovoltaic, photoelectric and photocatalytic applica-
tions. Accordingly, Aurivillius-phase bismuth-layered structural mate-
rials have emerged as a major focus in piezo-(photo)catalysis research,
owing primarily to their distinctive intrinsic electric field generated by
polarization and their outstanding photo-absorption capability.

The spontaneous polarization in BLSFs is largely confined within the
a-b plane. For instance, in SrBizTas0o, the crystal structure is composed
of perovskite-like TaOg units alternating with (Biz02)?* layers, as
illustrated in Fig. 4b. The TaOg octahedron exhibits a distorted shape,
characterized by elongation along the c-axis and indicative of an asso-
ciated dipole moment. A shorter Ta-O bond along the c-axis and a longer
bond oriented toward the BizO3 layer are observed. Consequently, a net
spontaneous polarization develops along the a-axis, in contrast to the
absence of polarization along the pseudotetragonal c-axis [93]. Addi-
tionally, the direction of spontaneous polarization lies within the a-b
plane of the perovskite-like layers for compounds with an even number
of perovskite units (m), while for those with an odd m, a component of
polarization also appears along the c-axis. For instance, in BisTi3O12
(where m=3), spontaneous polarization occurs along both the a-axis (50
pC/cmZ) and the c-axis (4 pC/cmZ) [94].

7.2.2. Applications in piezo-(photo)catalysis
A significant number of Aurivillius-type piezo-(photo)catalysts
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exhibit high performance in environmental treatment and energy con-
version. Therefore, there is a need to explore new piezo-(photo)catalysts
with Aurivillius structures to advance the fields of piezo-(photo)catal-
ysis. This section presents an overview of currently reported Aurivillius-
phase bismuth-layered materials used in piezo-(photo)catalytic appli-
cations, organized according to increasing values of m.

7.2.2.1. m=1. Bi;WOg, which represents the simplest Aurivillius
compound (with m=1), consists of alternating layers of fluorite-type
[Bizoz]2+ and pseudoperovskite [WO4]2_ stacked along the c-axis.
BioWOg possesses a noncentrosymmetric crystal structure, which gives
rise to macroscopic polarization. This spontaneous polarization occurs
primarily along the c-axis and is concentrated in the WOg layers (parallel
to the layers), resulting from distortions in the oxygen octahedra
(Fig. 4c) [95]. He et al. [86] summarized the polarization contribution of
each constituent ion along the c-axis (Fig. 4d). The total polarization is
estimated to be approximately 45.5 pG/cm?. In the crystal structure of
BioWOg, the conductive BizO- layers and the insulating WOg layers are
alternately stacked along the b-axis (Fig. 4e). Finally, the spontaneous
polarization of Bi;WOg generates a polarization electric field, which acts
as a driving force to separate e~ and h* by directing their movement in
opposite directions (Fig. 4f). This mechanism highlights the applications
potential of BiaWOg as a promising two-dimensional material for various
catalytic area.

Kudo et al. [96] identified BiaWOg as a photocatalyst capable of
evolving oxygen in 1999. Since then, it has attracted extensive research
interest, particularly in the areas of morphology control and the devel-
opment of its visible-light-induced photocatalytic properties [97-99].
Despite this, so far, a systematic investigation into the piezo-(photo)
catalytic performance of Bi;WOg has not been undertaken. In a pio-
neering study, Hao and co-workers [95] demonstrated the use of Bi;WOg
nanosheets as piezocatalyst for organic pollutants degradation. Under
piezocatalytic conditions, approximately 96% of the pollutants were
decomposed within 35 min, and the nanosheets exhibited excellent
reusability and cycling stability. This remarkable performance was
ascribed to two main factors: the piezoelectric effect, which promotes
charge generation and accelerates carrier transport in redox reactions
(Fig. 5a), and the tilting of the conduction and valence bands in piezo-
catalysts resulting from a strong piezoelectric potential (Fig. 5b). The
high reaction kinetic rate constant (k) of the Bi;WOg nanosheets sur-
passes that of many reported piezocatalysts (Fig. 5¢), underscoring its
competitive piezocatalytic performance and promising applications
potential.

As another simplest Aurivillius phase compounds (m=1), BisMoOQg is
also an active bismuth-based semiconductors, which features appro-
priate band structure and layered morphology with a crystal lattice
formed by (Bizoz)2+ and (MoO4)2‘ [100]. Cheng and colleagues [100]
prepared BizMoOg microspheres and nanoparticles using the hydro-
thermal method (HT-Bi;MoOg) and the co-precipitation method
(CP-BigMo00Og), respectively. It was found that the morphology has a
certain influence on the piezoelectric properties of Bi;MoQg. Under vi-
bration, the HT-Bi;MoOg achieves a degradation rate of 98.4% for RhB,
which is higher than that of CP-BizM0Og (67.6%). This can be explained
by that HT-BisMoOg featuring a flower-like microsphere architecture of
nanosheets with abundant surface defects, which is more conducive to
promoting the piezoelectric generation and restraining e -h™ recombi-
nation than that of CP-BioMoQg.

Synergetic piezo-photocatalysis, which combines light irradiation
with ultrasonic vibration, represents a promising approach for removing
organic pollutants from wastewater. In a study by Sun et al. [101], the
piezo-photocatalytic performance of 1 T/2H MoSey/BiaWOg hierarchi-
cal microspheres was evaluated under simultaneous exposure to ultra-
sonic vibration and sunlight. Results shown that the diclofenac (DCF)
degradation rate constant for 1.5% 1T/2H MoSey/BiaWOg
(0.093 min™Y) is higher by factors of 1.1 and 1.3 than those of 1.5% 2 H
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MoSe,/BiaWOg (0.037 min-) and pure Bi;WOg (0.026 min-1). Accord-
ing to PFM and ferroelectric analyzer results, the 1 T/2H MS/BWO
composite produces a strong polarization electric field. This field acts as
an effective driving force that accelerates the separation of carriers,
thereby improving the piezo-photocatalytic performance (Fig. 5d). Li
et al. [102] investigated the piezo-photocatalytic activity of the
BioMoOg nanosheets. It has been shown that, in the degradation of
tetracycline (TC), Bi,MoOg nanosheets exhibit piezo-photocatalytic ac-
tivity that is significantly higher than either their individual photo-
catalytic or piezocatalytic activity, with a synergistic factor of 1.215.

7.2.2.2. m=2. Li et al. [103] prepared a series of layered perovskite
photocatalysts with the composition ABi;Ta;Og (Where A represents Ba,
Ca and Sr, corresponding to an increasing ionic radius of the A-site
cation) using a conventional solid-state reaction approach as early as
2008, and evaluated the photocatalytic performance of these materials
for water splitting under UV light. The photocatalytic Hy evolution rate
of SrBiyTas0g was significantly higher than that of both CaBisTay0g and
BaBi;Tap09. This enhanced activity can be attributed to two structural
factors: firstly, the bond angle between the corner-linked NbOg octa-
hedra in SrBisNbyOg is closer to the ideal 180° compared to that in
CaBisNboOg; secondly, the orthorhombic structure of SrBisNbyOg ex-
hibits greater degree of lattice distortion than the tetragonal structure of
BaBisNbyOg (Fig. 6a). It was also suggested that the crystalline structure
and associated lattice distortions likely significantly influenced the
separation of photogenerated charges, thereby ultimately determining
the photocatalytic performance [104,105]. Wu et al. [106] successfully
synthesized tetragonal BaBiaNbyOg and single-phase orthorhombic
SrBioNbyOg and photocatalysts. Results demonstrated that SrBioNbyOg
exhibited stronger photocatalytic activity in the redox reaction of MO
compared to BaBiaNb2Oo, a difference they attributed to the presence of
a dipole moment within the SrBioNb,Og crystal. As illustrated in Fig. 6b,
the BaBiaNbyOg crystal structure exhibits a tilt of the NbOg octahedra of
less than 3° relative to the c-axis. In contrast, the octahedral tilt in
SrBisNbyOg is approximately 6°. Moreover, due to the distortion within

10

the perovskite layer framework, SrBisNb2Og develops a dipole moment
along the c-axis, a feature deficiency in BaBioNb,Oq. This intrinsic dipole
moment in SrBioNbyOg promotes the separation and migration of pho-
togenerated electrons and holes, thereby enhancing its photocatalytic
activity.

Senthil et al. [107] studied the photocatalytic water splitting per-
formance of Y3*-modified SrBi;TasOg ferroelectric materials with the
composition Srj4Yoyx/3BisTasOg. Their findings indicated that the
introduction of A-site vacancies promotes enhanced rotation of the
octahedra, which leads to improved ferroelectric properties, as illus-
trated in Fig. 6¢. Lattice distortion and the presence of a dipole moment
improved photocatalytic water splitting performance by enabling the
spontaneous separation of photogenerated charge carriers. Conse-
quently, in ferroelectric photocatalysts, charge separation is facilitated
by local electric fields generated by dipoles within noncentrosymmetric
structural domains [108].

7.2.2.3. m=3. Tu et al. [109] conducted a pioneer work on the pie-
zocatalytic performance of BisTi3012 for MO degradation under ultra-
sonic irradiation. It was found that when an ultrasonically applied
pressure was employed, positive and negative charges were generated
on opposite surfaces of the Bi4TigO12. The non-centrosymmetric nature
of BisTigO12’s crystal structure is responsible for its piezoelectric
behavior, leading to the separation of positive and negative charges on
opposing sides. The piezocatalytic process generated a substantial
amount of highly reactive -OH and O3 radicals, which led to effective
degradation. Nevertheless, the overall dye degradation efficiency ach-
ieved by BisTi3O12 remained relatively low.

Wu and colleagues [110] hypothesized that the random orientation
of nanocrystals could lead to the mutual cancellation of their sponta-
neous polarizations, thereby reducing the overall piezoelectric response.
Using layered sodium titanate (NasTi3O7) as a precursor, they synthe-
sized several nanostructured forms of BisTigOj2—such as rectangular
nanoplates, cross-arranged nanoplates, and slice-assembled
microspheres—and examined how these morphological variations
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Ref. [106]. Copyright 2011 Elsevier. (c) A schematic diagram depicting charge neutrality maintained by oxygen and strontium vacancies, Reproduced with
permission from Ref. [107]. Copyright 2011 Elsevier. (d) Schematic representation of the vertical growth mode of Bi4TizO;, nanoplates, (e) Comparison of the
reaction rate constants among BisTizO12 samples with distinct morphologies. (d-e) Reproduced with permission from Ref. [110]. Copyright 2019 Royal Society of
Chemistry. (f) Schematic illustration of the piezo-photocatalytic mechanisms involved in the degradation of dye by BisTizO:2 nanoplates, Reproduced with

permission from Ref. [112]. Copyright 2022 Elsevier.

affect piezocatalytic activity (Fig. 6d). The decussated BisTi3O;2 nano-
plates were found to exhibit higher piezocatalytic activity for the
degradation of RhB under ultrasonic vibration compared to other
morphological structures. This finding was determined to result from a
greater piezoelectric potential difference and a reduced separation be-
tween their polar surfaces (Fig. 6e). By exploiting the rapid hydrolysis of
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inorganic titanium sources, Ji et al. [111] prepared hollow-sphere
Bi4sTi3012 with enhanced spontaneous polarization using a simple hy-
drothermal route. It was found that the rate of its piezo-photocatalytic
degradation of TC was 1.57 times and 5.29 times higher than that of
the spherical and plate-like morphologies, respectively, with a rate
constant of k = 0.127. The hollow spheres were found to contain a
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moderate concentration of oxygen vacancies (Ov), as revealed by sur-
face chemical analysis. Measurements of polarization and piezoelectric
response indicated that they possess considerable spontaneous polari-
zation and piezoelectric properties, and photoelectrochemical and car-
rier property tests confirmed that hollow-sphere BisTi3Op2 offers
superior charge transport and separation efficiency, which can be
attributed to the synergistic effect of defects and polarization fields.
BisTi3012 nanoplates produced via the molten-salt method demon-
strated superior piezo-photocatalytic activity in RhB degradation when
compared to the material which synthesized by solid-state reaction or
hydrothermal methods. This enhancement can be attributed to the
optimal combination of size, morphology, crystallinity, and specific
surface area achieved in the nanoplates [112]. The significantly
improved piezo-photocatalytic performance was also due to the efficient
separation of photogenerated charge carriers driven by the built-in
electric field. A schematic illustration of the proposed dye degradation
mechanism via the piezo-photocatalytic process is presented in Fig. 6f.

7.3. Aurivillius- or Sillén-related

Layered bismuth-based materials related to the Aurivillius or Sillén
families, including BiOIOs, Bi;0,COs3, and BiO2(OH)(NO3), have
recently garnered significant attention. The crystal structure of these
materials consistently consists of alternating layers of [Biz02]%" units
with a fluorite-type arrangement and interstitial anionic slabs, which
may be halide ions, perovskite-like blocks (Am,leO;;mH)Z‘, or planar
anionic groups such as C0%, BO3-, or NO5~. The well-ordered layered
structure is considered conducive to the formation of an IEF, promoting
efficient charge separation. This capability enhances the photocatalytic
performance of these materials and has generated considerable research
interest, leading to a number of important scientific advances.

In 2011, Nguyen et al. [113] first characterized the structure of
BiOIO3, a new noncentrosymmetric polar material with an
Aurivillius-type structure composed of alternating [BizO2] 2+ cation
layers and (IO3)™ anions (Fig. 7a). The trigonal pyramidal geometry of
the 103 units breaks the symmetry between positive and negative charge
centers. This unique structural feature generates a local dipole moment,
and the collective alignment of these dipoles within the 103 polyhedral
layer results in macroscopic polarization along the c-axis (Fig. 7b). Wang
et al. [114] demonstrated that the internal polar field within BiOIO3
nanoplates efficiently separates photogenerated e™-h* pairs during pho-
tocatalysis. Density functional theory calculations verified that photo-
oxidation takes place on the 103 surface layer, while photoreduction
occurs at the edge of the nanoplate, driven by the IEF. The improved
photocatalytic performance of BiOIOs nanoplates results from the
combined effects of the internal polar field and heterolayered structure.
Su et al. [115] synthesized a series of BiOIO3 nanoplates with thick-
nesses of 25, 50, and 150 nm and assessed their performance in photo-
catalytic Hy evolution. The rate of Hy production was found to increase
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with nanoplate thickness, a trend attributed to the enhancement of the
internal polar field effect in thicker nanoplates. Moreover, other study
has confirmed the beneficial influence of this intrinsic polar field on the
photocatalytic behavior of BiOIOs [116].

Zhang et al. [117] reported that BisO3[BO2(OH)] nanosheets
featuring an internal polar field, resulting from the ordered alignment of
BOy(OH) pyramids. The crystallographic analysis confirmed that this
internal polar electric field is oriented along the ac plane due to the
structured arrangement of the BO2(OH) units. Driven by the internal
polar electric field, photoinduced charge carriers are selectively directed
toward the BiyO2 and BOy(OH) layers, respectively. This spatial sepa-
ration of charge carriers enhances the photocatalytic performance of
Bis02[BO2(OH)] under UV light irradiation.

Bi4NbOgX (X =Cl, Br), which adopts a Sillén/Aurivillius-type
structure, consists of single-layered slices of NbOg octahedra alternating
with (BizO2)2X blocks, as illustrated in Fig. 7c. Hu et al. synthesized
Bi4NbOgX (X = Cl, Br) single-crystalline nanoplates via a flux method,
leveraging their noncentrosymmetric structure and strong visible-light
absorption. These nanoplates demonstrated outstanding piezo-
photocatalytic performance [118]. The d3s of Bi4JNbOgCl and BisN-
bOgBr were measured for the first time using piezoresponse force mi-
croscopy (PFM), with values of approximately 128 and 214 pm/V,
respectively. When subjected to simultaneous light and ultrasound
irradiation, BisNbOgBr demonstrated notable oxygen reduction reaction
(ORR) activity, which surpassed the combined effects of light and ul-
trasound applied individually. Besides promoting band bending and
enriching reductive reactive sites, the markedly improved
piezo-photocatalytic performance was also due to the efficient charge
separation driven by the polarized electric field.

7.4. Perovskite-type ABO3 (BiFeOs and Biy sNay 5TiO3)

Bi-containing perovskite have garnered significant interest because
of their inherent ferroelectric properties, strong polarization, and good
chemical stability. Among these, BiFeO3 (BFO) and Biy sNag sTiO3 (BNT)
serve as two typical examples, displaying strong piezoelectric behavior
and outstanding catalytic performance under mechanical activation.

BFO is a multiferroic perovskite featuring a rhombohedral R3c
structure, which simultaneously shows ferroelectric and antiferromag-
netic ordering at room temperature [119]. The stereochemically active
Bi®* 6 52 lone pairs enhance Bi-O hybridization and shift the Bi®* ion
against the FeOg octahedra along the pseudocubic axis, leading to
spontaneous polarization (Fig. 8a) [120]. Ferroelectric polarization is
further strengthened by the rhombohedral distortion, which is crucial
for piezocatalysis. With a narrow bandgap (~2.1 eV) and a high rema-
nent polarization (~100 pC/cm?), BFO allows efficient coupling of its
piezoelectric and semiconducting properties [121]. When subjected to
mechanical stress, BFO generates a large piezopotential, which not only
facilitates charge separation but also drives a range of redox processes
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Fig. 7. (a) Crystal structure of BiOIO3, (b) Net macroscopic polarization oriented along the c-axis (indicated by a large black arrow). Reproduced with permission
from Ref. [113]. Copyright 2011 American Chemical Society. (c) Crystal structure of Bi4JNbOgX (X = Cl, Br), Reproduced with permission from Ref. [118]. Copyright
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permission from Ref. [120]. Copyright 2003 Science. (b) The crystal structure of BNT, Reproduced with permission from Ref. [128]. Copyright 2022 Elsevier. (c) The
structure of BiVOy, crystal, Reproduced with permission from Ref. [130]. Copyright 2024 Nature. (d) Schematic of a strain-induced local polarization mechanism in
BiVOy,, Reproduced with permission from Ref. [132]. Copyright 2018 Wiley. (e) Illustration of the atomic displacements that can lead to polar domains in BiVO4,
Reproduced with permission from Ref. [133]. Copyright 2014 American Chemical Society. (f) The schematic illustration on how the IEF induced by external poling,

Reproduced with permission from Ref. [130]. Copyright 2024 Nature.

[122]. BFO-based piezo-(photo)catalysts demonstrate robust perfor-
mance for degrading organic pollutants [123], reducing heavy metal
ions [124], converting CO, [125], producing Hy and H02 [126], and
enabling biomedical applications [127]. Defect engineering (particu-
larly OVs) further boosts BFO performance via active sites, boosting
carrier concentration, and reinforcing piezo-(photo)catalytic responses
activity [125]. Additionally, doping strategies raise polarization and
local electron density for improved catalytic efficiency [124]. Owing to
Bi evaporation and the narrow phase stability, BFO is frequently
accompanied by secondary phases during practical synthesis. Although
these phases are often considered impurities, they can also form heter-
ojunctions with BFO, which facilitate interfacial charge separation and
curb recombination.

BNT is another Bi-based perovskite that exhibits either rhombohe-
dral (R3c) or tetragonal symmetry, as illustrated in Fig. 8b [128]. The
simultaneous presence of Bi®" and Na* at the A-site leads to structural
disorder and the formation of nanoscale ferroelectric domains. Being
lead-free and environmentally benign, and also features a high piezo-
electric coefficient and Curie temperature [129]. The ease of domain
switching leads to enhanced local conductivity, which in turn enables
efficient carrier migration and minimizes recombination under me-
chanical excitation. Owing to the suitable band structure and high
deformability, BNT proves to be an excellent candidate for piezo-(photo)
catalysis. BNT-based materials are highly active for pollutant degrada-
tion and water splitting. Their catalytic activity can be further enhanced
by defect regulation to modify the band structure, while heterojunction
strategies additionally promote carrier migration and separation, ulti-
mately leading to superior piezo-photocatalytic performance.

7.5. Bismuth vanadates BiVO4

BVO has three known polymorphs—tetragonal scheelite, tetragonal
zircon, and monoclinic scheelite. Among which, the monoclinic schee-
lite phase (I2/b) exhibits the highest photocatalytic activity (Fig. 8c)
[130,131]. Despite being centrosymmetric and consequently lacking
intrinsic piezoelectricity, monoclinic BVO can still develop polarization
under mechanical stress through other mechanisms. Particularly,
flexoelectric effects from strain-gradient-induced local polarization at
surfaces or interfaces can yield observable electromechanical responses

13

(Fig. 8d-e) [132,133]. The introduction of OVs, as a common
defect-engineering strategy, can lead to the formation of defect dipoles,
thereby generating piezoelectric-like behavior when the material is
mechanically deformed (Fig. 8f) [130]. Through these mechanisms,
strain generates polarization fields that facilitate charge separation and
thus contribute to the piezocatalytic activity observed in BVO systems,
which are nominally centrosymmetric.

The piezocatalytic activity of BVO mainly originates from the sepa-
ration of surface charges induced by mechanical stress. Ultrasound-
induced lattice strain generates e™-h" pairs that drive redox reactions
and promote ROS formation, thereby enabling organic oxidation and
water splitting [134]. Additionally, BVO also absorbs visible light, the
visible-light response of BVO, together with its piezocatalytic capability,
enables synergistic piezo—photocatalytic systems where dual activation
enhances charge separation and kinetics for efficient environmental and
energy applications [135].

8. Enhancement of piezo-(photo)catalysis activity of the
catalysts

Although the aforementioned bismuth-based materials possess
piezo/-photocatalytic properties, their practical applications are still
limited by the poor intrinsic carrier mobility and the inadequate utili-
zation of solar energy (the response of most bismuth-based materials to
visible light is not very ideal). The strategies for enhancing the piezo-
(photo)catalysis activity of the catalysts of bismuth-based materials are
summarized as follows:

8.1. Defect project

Defect engineering serves as an effective approach to enhance the
degradation processes catalyzed by piezoelectric. In addition, defect
engineering can also enhance the activity of semiconductor photo-
catalysts by deliberately modifying its crystal structure and electronic
state. Oxygen vacancy (Ov)-a prevalent form of lattice defect—play a
key role in determining the material’s optical and piezoelectric prop-
erties. Oy serve as active reaction sites in catalytic processes, it not only
facilitating reactant activation but also helping to lower the thermody-
namic energy barrier [136-139]. From a band structure perspective, Oy
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promote carrier separation by forming defect bands between the CB and
VB [140-142]. Liu et al. [143] synthesized Bi4TizO12 with tunable Oy for
piezocatalytic HyO5 production (Fig. 9a). Results reveal a volcanic trend
in piezocatalytic HoO2 production as a function of Oy concentration in
pure water. This volcanic trend is due to the enhanced generation of 03~
by Oy, which is critical for HoOy production. Despite their negative
impact on piezoelectric properties, the boost in O3~ concentration ulti-
mately governs the efficiency of the oxygen reduction pathway. Sha
et al. [144] reported a strategy of using piezo-activated Oy to modulate
the quantum well effect and p-band center in polar BiOIOj3 single crys-
tals for exceptional photocatalysis. The introduction of the piezoelectric
field serves to strengthen the local charge asymmetry distribution
caused by Oy, which promotes the donation of electrons from the bulk to
the surface iodine atoms, leading to favorable piezo-photocatalytic
performance for various pollutant degradation (Fig. 9b). The presence
of Oy in metal oxides leads to the formation of coordinatively unsatu-
rated sites, which modifies both the surface acidity and electron affinity.
These changes can enhance light absorption, thereby improving charge
separation and increasing the accessibility of unsaturated coordination
sites for catalytic processes.

As another type of defect project, sulfur vacancies can influence
catalytic activity by creating coordinatively unsaturated sites on adja-
cent metal atoms, thereby increasing their acidity and electron affinity.
The compounds containing sulfur vacancies have been widely investi-
gated in photocatalysis, while their piezocatalytic applications are
barely explored. Zhou et al. [145] explore the effect of sulfur vacancies
in defective bismuth sulfide (Bi»S3.x) on the production of ROS under
ultrasonic irradiation (Fig. 9c). They found that the introduction of
sulfur vacancies breaks the centrosymmetric structure of pristine Bi,Ss,
thereby generating a piezoelectric effect and boosting the electrical
energy within BisS3. By capturing electrons, the positively charged
sulfur vacancies in BisS3 4 facilitate the separation of electron-hole pairs
generated by ultrasound. Consequently, BisSsy exhibits pronounced
performance under ultrasonic irradiation, with the rate of HyOy for-
mation and the RhB degradation rate constant being 1.9-fold and 37-fold
greater than those of Bi,Ss, respectively.
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Along with non-metallic defect, metal defect engineering is another
important strategy to enhance the piezo-(photo)catalytic performance of
bi-based materials [146]. For example, Kang et al. [147] synthesized
BioWOg nanosheets featuring tunable bismuth vacancy (Vp;) through ion
exchange method (Fig. 9d). The high piezocatalytic -efficiency
(7.83 x 102 min‘l) of bi-defect-rich BiosWOg for RhB under ultrasound is
facilitated by lattice-escaped bismuth ions, which promote charge car-
rier separation through the attraction of surrounding free electrons.
Wang et al. [148] constructed Bi-deficient BiO,S (BOS) nanosheets for
the decomposition of organic dyes and antibiotics. Under ultrasound,
Bip05S (BOS—4) featuring abundant Vg; achieved a remarkable degra-
dation rate of 95.69% for RhB, which was roughly three times higher
than that of BOS. The results can be largely attributed to the introduc-
tion of Vp;, which not only narrow the band gap but also facilitate charge
generation. Furthermore, these vacancies serve as centers that attract
negative charges, guiding their migration in a specific direction and
enabling effective charge separation, which collectively boosts the pie-
zocatalytic efficiency (Fig. 9e). Recently, researchers have also com-
bined the vacancy effect with heterojunctions, with the intention of
leveraging the resulting synergistic effect to facilitate more efficient
separation of charge carriers. Wang et al. [149] fabricated of Vp;-en-
riched BiOCI-Bi,S3 heterojunctions via a novel light-induced deposition
strategy (Fig. 9f). Under ultrasonic vibration in pure water, the optimal
BiOCl-BiS3—40 composite exhibited a significantly enhanced hydrogen
production rate of 678.67 umol/g/h, representing a two-fold increase
over that of pristine BiOCl (352.53 pumol/g/h). The enhanced perfor-
mance is attributed to the strong built-in electric field from piezoelectric
polarization that promotes charge separation, along with Vp; that serve
as electron traps to reduce interfacial charge-transfer barriers, as well as
the synergistic interaction between heterojunction and Vp; that enables
efficient carrier migration. Defect engineering boosts piezoelectric po-
tential and carrier migration via more active sites and larger surface
area. However, the defect types (e.g., interstitial atoms and metal va-
cancies) and their distribution must be precisely regulated. On the one
hand, an excessive number of vacancies can reduce crystallinity and
impede charge separation. On the other hand, deep-lattice vacancies can
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Fig. 9. Schematic of (a) Bi4Ti301, with tunable OV for piezocatalytic H,O, production, Reproduced with permission from Ref. [143]. Copyright 2025 Elsevier. (b)
OV riched BiOIO; for piezo-photocatalytic degradation of pollutants, Reproduced with permission from Ref. [144]. Copyright 2025 Elsevier. (c) Schematic repre-
sentations of the charge carrier activation and the simulated piezoelectronic energy distributions in Bi»S3 and Bi,S3-x subjected to mechanical force, Reproduced with
permission from Ref. [145]. Copyright 2024 American Chemical Society. (d) Schematic representation of the catalytic reactions induced by piezopotential in
Bi-defective BWO nanosheets subjected to mechanical force, Reproduced with permission from Ref. [147]. Copyright 2022 American Chemical Society. (e) Schematic
of Bi-deficient Bi»O,S (BOS) nanosheets for the decomposition of organic dyes and antibiotics, Reproduced with permission from Ref. [148]. Copyright 2025 Elsevier.
(f) Schematic of bismuth vacancy-engineered BiOCl-Bi2S3 heterojunctions piezoelectric catalytic mechanism, Reproduced with permission from Ref. [149].

Copyright 2026 Royal Society of Chemistry.
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also act as recombination centers by trapping charge carriers. Future
efforts should couple atomic layer deposition with other techniques to:
(1) precisely control both the concentration and spatial distribution of
vacancies; (2) build a predictive quantitative model for defect properties
and synthesis parameters; and (3) elucidate the synergistic action of
multiple defects (e.g., O and metal vacancies) and their stability under
long-term operation, aiming at practical defect engineering and envi-
ronmental robustness.

8.2. Doping modification

Doping strategy is an easy and effective method to elevate the carrier
density and adjust the band gap of the catalyst. By incorporating foreign
elements to the catalyst, the carrier density was greatly elevated, and the
band gap was properly modulated, leading to an improvement in the
piezo-(photo)catalysis activity [150,151].

Roy et al. [150] introduced Gd element into bismuth ferrite piezo-
electric catalyst via a facile two-step solvothermal method, due to the
much smaller ionic radius of Gd>* (0.938 ;\) compared to Bt (1.17 ;\),
a significant lattice distortion occurs. This made the synthesized catalyst
exhibited high polarization (0.92 pC/cm?), which leading to a high
piezoelectric activity for the degradation of RhB (97.6%) and EBT
(91.3%). Moreover, the catalyst also exhibited remarkable antibacterial
efficacy, with a bacterial mortality rate of approximately 99.33% within
30 min. In summary, the addition of Gd introduces structural distortion
within the BFO matrix, this distortion leads to a heightened polarization
effect, as polarization intensifies, the piezo response becomes increas-
ingly prominent (Fig. 10a). In addition, bimetallic doping is also
commonly used in the modification of piezoelectric materials. Guo et al.
[124] prepared a bimetallic (Sm and Mn) co-doped BiFeOs (BFO)
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piezoelectric catalyst, results shown that the incorporation of Sm and
Mn dopants reduced the band gap of BFO, alongside enhancements in
the polarization electric field and piezoelectric coefficients, which
collectively led to a significant improvement in piezocatalytic efficiency.
The synthesized piezoelectric catalyst exhibited a significantly enhanced
U (VI) removal rate of 94.8% over 120 min, which was about 3.2, 4.7
and 8.3 times higher than that of Sm doped BFO alone, Mn doped BFO
alone and pure BFO, respectively, and simultaneously achieving a Hy
generation rate of 402 pmol/g/h. The findings reveal that doping sub-
stantially improves the piezocatalytic performance of BFO, presenting a
viable strategy for wastewater remediation and sustainable energy
generation (Fig. 10b).

Concurrently, piezo-photochemistry, as a derivative of traditional
photocatalysis, has been receiving growing attention as an emerging
field [152,153]. The fundamental principle of the piezoelectric effect
involves converting external mechanical forces into a periodic stress
applied to the photoelectrode, which in turn displaces the positive and
negative charge centers within the material, thereby facilitating the
efficient separation and migration of photogenerated electron-hole pairs
[154]. Liu and co-workers [155] synthesized CI" modified BiVO4 by a
synthetic post-treatment method. CI" - modification can suppress surface
charge recombination. CI bonding with Bi®" causing the distortion of
the BiOg polar groups, this not only improves the piezoelectric response
of the as-prepared catalyst, but also significantly enhances the
piezo-photocatalytic performance for water oxidation (Fig. 10c).
Without the use of any co-catalyst or sacrificial agent, the Cl--embedded
modified BiVO4 achieved a photocurrent density of 0.268 mA/cm? at
1.23 V vs. RHE, which is 5 times higher than that of BiVO4. Wang et al.
[156] prepared Ce*" doped BiyNdO4Cl piezo-photocatalysts by a
high-temperature solid-phase method, Ce** doping not only enhances
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Fig. 10. Schematic diagram of (a) piezoelectric catalytic degradation of dyes and E. coli by Gd-doped bismuth ferrite, Reproduced with permission from Ref. [150].
Copyright 2024 Elsevier. (b) Sm and Mn co-doped BiFeOj for the reduction of uranium (U(VI)) and the production of hydrogen (Hs), Reproduced with permission
from Ref. [124]. Copyright 2025 Elsevier. (c) a: the crystal structure of BiVOy, b: polarization-driven bulk charge separation, c: CI" modified BiOg dodecahedron, d:
ransfer of photogenerated holes and their subsequent reaction with water molecules for O, evolution on Cl-modified BiVO,4, Reproduced with permission from
Ref. [155]. Copyright 2024 Elsevier. (d) the mechanism of how Ce doping in Bi,NdO4Cl enhances its piezoelectric and photocatalytic properties, Reproduced with

permission from Ref. [156]. Copyright 2025 Elsevier.
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the piezoelectric performance of BisNdO4Cl by inducing the lattice
distortion through the replacement of Nd3* by Ce**, but also improves
the separation efficiency of photogenerated electron-hole pairs where
Ce*" act as an electron trapping agent, leading an effectively synergistic
enhancement for the degradation of TCH (Fig. 10d). Doping can tune the
electronic structure of materials and boost the mechano-photocatalytic
synergy. The current focus of research lies in rare-earth/transition-metal
composite doping systems. Efforts are directed toward optimizing
doping concentration and distribution, combined with precise tech-
niques like atomic layer deposition, while also enhancing multiple
properties synergistically through heterostructure design and defect
engineering. Nevertheless, the doping kinetics and environmental
adaptability remain poorly understood and impractical, posing obstacles
to overcome.

8.3. Heterostructure construction

The construction of heterojunctions is another effective method to
suppress the recombination of charge carriers, with proven efficacy in
photocatalysis as well as in piezocatalysis. Many researchers have
coupled bismuth-based piezoelectric crystals with other semiconductor
materials to promote the separation efficiency of charge carriers. Ac-
cording to their band alignment, heterojunction structures can be
categorized into Type I, Type II heterojunctions, Z-scheme, S-scheme
and Schottky junctions [157].

Yue et al. [158] synthesized a 1 T@2H-MoS,/BisS3 type-II hetero-
junction piezoelectric catalyst, under ultrasonic conditions, the
1 T@2H-MoS;,/BiS3 composite shows markedly enhanced performance
in the piezoelectric degradation of methylene blue compared to
1 T@2H-MoS;. The piezoelectric catalytic mechanism could be ascribed
to: the incorporation of 1T-MoS; and BisS3 endows MoS,/BisS3 with
very low electrochemical impedance, which owing to the synergistic
effect between the interfacial electric field. In addition, the highly
conductive 1T-MoS;, renders a high-speed pathway for free carrier
transport. (Fig. 11a). Zhang et al. [159] fabricated Bi;MoOg-BaTiO3
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(BMO-BTO) Type-I heterojunction piezocatalyst for Hp production.
Under ultrasonic vibration, the BMO—0.1BTO heterojunction achieved a
H, production rate of nearly 152.57 pmol/g/h. This performance sur-
passes that of the individual BMO (16.36 pmol/g/h) and BTO (34.16
umol/g/h) samples by factors of approximately 9.33 and 4.47, respec-
tively. The enhanced Hy production could be explained by: under the
action of ultrasonic, an intrinsic piezoelectric field can be induced
within BTO, which facilitates the migration of charge carriers in oppo-
site directions. Because of the energy level mismatch between the VB of
BMO and the CB of BTO, the e™ in the CB of BTO tend to migrate to the
lower-energy CB of BMO, while the h' in the VB of BTO are prone to
transfer to the VB of BMO. Subsequently, a large number of charge
carriers gathered in the CB and VB of BMO, they are then separated and
migrate to the active sites. In aqueous environment, e” reduce H* to Hy,
while the h'-scavenging agent MeOH enhances piezoelectric carrier
separation, whose synergy delivers exceptional piezocatalytic Hy pro-
duction performance (Fig. 11b).

In the field of piezo-photocatalysis, constructing heterojunctions not
only facilitates the separation and migration of photogenerated charge
carriers but also harnesses the built-in electric field to synergistically
couple the piezoelectric effect with photocatalysis. Bai et al. [160]
prepared a Z-scheme BisTiz-2,CrpyNb,012/%x-8-C3Ny4 heterojunctions by
using the molten salt method, under external ultrasound, the piezo-
electric response of BisTi3-2,CryNb,O12 was activated, which enhanced
the piezoelectric polarization electric field. The enhanced polarization
field promoted band bending in BisTi3-2,CryNb;yO12, thereby reducing
the interfacial Schottky barriers and thus enabling a faster transfer of
photogenerated e across the interface. Through a combination of energy
band bending (induced by the piezoelectric polarization of
BisTiz-2nCrpNb,O12) and the Z-scheme heterojunction, the
piezo-photocatalytic activity of BisTiz-2,CrpNb,O12 was synergistically
promoted (Fig. 11c). Liu et al. [161] prepared a type-II heterojunction
BiMoOg/KNbOs3 piezo-photocatalyst using a simple solvothermal
method, theoretical analysis indicates that under the synergistic effects
of ultrasound and illumination, the construction of heterojunction
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Bi,S, LreeO

0,0, (033 eV)

OH7/-OH (1.99 eV)

Fig. 11. Schematic diagram of (a) of the energy band structure of the 1T@2H-MoS,/Bi,S3 heterojunction and the piezoelectric catalysis process under external
mechanical force (dashed lines indicating the Fermi level), Reproduced with permission from Ref. [158]. Copyright 2023 Elsevier. (b) Bi;M0oOg-BaTiO3 Type-I
heterojunction promotes piezocatalytic H2 production, Reproduced with permission from Ref. [159]. Copyright 2024 Elsevier. (c) piezocatalytic (a), photo-
catalysis (b) and piezo-photocatalytic (c) of BizTi3-2nCrnNbnO15/x-g-C3N4 heterojunctions, Reproduced with permission from Ref. [160]. Copyright 2023 Elsevier. (d)
piezo-photocatalytic mechanism of Fibrous MoS,/Bi;S3/BiFeO3 ternary heterojunction, Reproduced with permission from Ref. [163]. Copyright 2025 Elsevier.
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composite greatly inhibited the recombination rate of photogenerated
e -h" pairs at the phase interface, resulting in notable oxidation ability
towards methylene blue, TC and Congo red degradation. Yin et al. [162]
synthesized BiTisNbO14/BiOCl type I heterojunction
piezo-photocatalyst, the lamellar structure BiTisNbO;4 and
flower-spherical structure BiOCl provided a multitude of active site for
catalytic reaction. Under the action of ultrasonic, an inherent electric
field was formed via the piezoelectric effect, which triggered piezo-
electric catalysis and greatly promoted the separation of photogenerated
e -h'. Results indicated that the constructed heterojunction
piezo-photocatalyst not only exhibited competitive oxidation efficiency
towards a wide range of organic pollutants, but also showed good
cycling stability. To further enhance the oxidation efficiency of
piezo-photocatalysis, ternary composite system heterojunctions have
also been synthesized. Zhou et al. [163] designed a novel MoSy/-
BiyS3/BiFeO3 piezo-photocatalyst, the catalyst exhibited enhanced
piezoelectric properties, as evidenced by Kelvin probe force microscopy
and piezoresponse force microscopy, which showed a surface potential
difference of 66.50 mV and the maximum amplitude displacement of
395.51 pm under 9.91V, respectively. Finite element simulations
showed that the ternary heterojunction was capable of attain a larger
piezoelectric potential. A high ciprofloxacin piezo-photocatalytic
degradation efficiency of 96.6% within 75 min was achieved by the
MoS,/Bi2S3/BFO heterojunction, which was markedly surpassed that of
single photocatalysis (60.5%) and piezoelectric catalysis (25.5%)
(Fig. 11d). Heterojunction structures offer a promising avenue for
boosting the piezo-(photo)catalytic activity of bi-based materials, as
they effectively widen the range of absorbable light and enhance the
efficiency of charge separation. However, the intricate fabrication, high
cost, and variable performance of heterojunctions still pose significant
challenges. In future work, research should prioritize new combinations
of materials, such as coupling of diverse materials with bi-based mate-
rials to attain strong visible light harvesting, which can be accomplished
through strategies like employing a visible-light sensitizer or harnessing
surface plasmon resonance [164-167]. These efforts should aim at
precise control of interfacial properties (roughness and contact area),
interlayer modification, and band-gap engineering. Furthermore, opti-
mization of the electronic structure and charge-transport mechanisms
should be pursued through a combination of empirical analysis and
theoretical modeling, ultimately overcoming the practical application
bottleneck.

The above are the three common modification strategy of bismuth-
based materials in the fields of piezo-(photo)catalysis, and the advan-
tages and disadvantages of each strategy are summarized in Table 1. It is
noteworthy that these strategies are not mutually exclusive; rather, they
often exhibit synergistic effects. For instance, oxygen vacancies (defect
engineering) and heterojunction construction could work cooperatively

Table 1
Comparison of the modification strategies.

Strategies Superiority Limitation Applicable

scenarios

the concentration of
defects must be
precisely control

Defect project Regulate band
structure,

create active

The systems that
require the
regulation of

sites electronic
structure
Element doping Precisely The uniformity of Suitable for

control the
properties of
electrons and
structures

doping is difficult to
control, which may
introduce lattice
distortion.

bandgap control
and conductivity
optimization

Heterostructure Efficiently Interface lattice Applicable to
construction promoting mismatch problem scenarios where
carrier interface charge
separation separation plays a

dominant role
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to regulate intrinsic vacancy concentrations while facilitating charge
carrier separation. However, strategies such as polarization state regu-
lation, heterojunction engineering, and defect engineering must balance
multi-physical field synergy, lattice mismatch, and defect concentration
to achieve optimal performance.

9. Application fields
9.1. Water pollution remediation

The technology of piezo-(photo)catalysis offers a promising solution
for water treatment, demonstrating high effectiveness against a wide
range of pollutants, such as organic dye, heavy/radioactive metal, an-
tibiotics, etc [168]. Piezoelectric materials present key advantages of
low energy consumption and minimal pollution compared to methods
such as photocatalysis, electrocatalysis and chemical treatment. They
accomplish this by utilizing diverse clean mechanical energy sources to
drive or improve water purification, these catalytic processes produce
abundant ROS. These reactive agents then attack pollutants through
redox reactions and compromise the cellular integrity of harmful mi-
crobes, thus accomplishing water purification [169].

Since the pioneering work by Hong et al. in 2012, who first utilized
ultrasonic vibration to achieve piezocatalytic degradation of Acid Or-
ange II using BaTiOg fibers [170], the applications of piezo-(photo)
catalysis have significantly broadened. These technologies are now
employed to purify a wide range of pollutants in water. Du et al. [171]
synthesized a Type-II n—n heterojunction piezocatalyst, Bi4Tiz012/Mo0S3
(BTO/MS), by using a simple hydrothermal method. It was found that
the 5%BTO/MS composite showed the highest removal efficiency to-
ward ciprofloxacin (CIP). The 10 mg/L CIP removal reached 94.46%
with a rate constant of 0.0539 min-!, which is equivalent to 3.46 times
that of pure MoS; and 17.39 times that of pure Bi4Ti3O;2. By forming an
n-n Type-II heterojunction, the composite structure not only effectively
alleviated MoS; nanosheet agglomeration but also suppressed charge
recombination, thereby significantly boosting the piezocatalytic per-
formance (Fig. 12a). Chang et al. [172] fabricated ZnO/BiOCl hetero-
junctions piezo-photocatalyst, the heterojunctions exhibit outstanding
activity in the piezo-photocatalytic degradation of norfloxacin, with
synergy factors of 1.92 versus piezocatalysis alone and 1.22 versus
photocatalysis alone. Combined mechanistic investigations (in-situ XPS,
KPFM, SPV, EPR, and DFT calculations) have revealed a direct Z-scheme
charge transfer pathway, which is significantly promoted by the inter-
facial piezoelectric field. Oxygen vacancies in ZnO are recognized as
crucial mediators that enable light-controlled reversal of the built-in
electric field, thereby directing carrier flow (Fig. 12b).

In terms of heavy/radioactive metal removal, the piezo-(photo)
catalysis technology has also achieved satisfactory results. Huang et al.
[173] constructed a PVDF-HKUST-1/BiVO4 piezo-photocatalytic
membrane for Cr (VI) removal by combing Z-scheme
HKUST—-1/BiVO4 and piezoelectric PVDF via electrospinning method.
The novel flexible fiber piezo-photocatalytic membrane exhibited a high
piezo-photocatalytic efficiency with the Cr (VI) removal rate of 85.33%
within 120 min. This performance surpassed the photocatalysis and
piezocatalytic alone by a factor of 1.35 and 2.19, respectively, which
could be attributed to the synergistic effect of the piezoelectric field
generated by PVDF and the heterojunction formed between HKUST—1
and BiVO4 availably boosted the separation of photogenerated charges.
Guo et al. [174] designed a BiFeO3@InySes heterojunction
piezo-catalyst for uranium (U(VI)) removal from U(VI)-containing
water. The system exhibited a U(VI) removal efficiency of 94.6%
under ultrasonic vibration, with no sacrificial agents involved. They also
found that with the help of auxiliary illumination, the free charges
within the piezocatalyst would be accelerated, thereby promoting
charge retention and leading to an improved U(VI) removal efficiency of
98.8% and a significantly higher reaction rate constant.

In addition, as a novel disinfection technology, piezoelectric water
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disinfection has garnered much attention since it can overcome some
limits in other disinfection methods, such as the restricted light energy
utilization in photocatalysis, suboptimal efficacy in pyrocatalysis and
low material utilization in contact-electro-catalysis. Xie et al. [175]
employed BiOX (X = Cl, Br, I) to develop a system that integrates the
production of Hy0, with its efficient in-situ utilization for organic
wastewater disinfection. Through dual pathways—namely the water
oxidation reaction (WOR) and oxygen reduction reaction (ORR)—the
system achieved an exceptional piezocatalytic HyO, production rate of
over 710 pmol/g/h, the integrated system proved capable of good

wastewater disinfection, as evidenced by an antibacterial efficiency of
70.7% (Fig. 12c¢). Lin et al. [176] designed a MoSy/polyaniline (PAN-
I)/polyacrylonitrile (PAN)@BiFeO3 bilayer hollow piezoelectric nano-
fiber membrane (PPBMH) by coaxial electrospinning method. The fiber
incorporated BiFeO3 nanoparticles in the middle layer and MoS; nano-
sheets in the outer layer, forming a spatially separated type II hetero-
junction that markedly enhances charge separation during
photocatalysis. Under ultrasonic excitation and visible light irradiation,
PPBM-H exhibits a sterilization efficacy against nearly 100% of E. coli
within 60 min, while under the same conditions, PPM only achieves an

Table 2
Summary of application of bismuth-based materials in piezo/-photocatalysis for water treatment.
Type Catalysts and concentration Reaction conditions Target initial k (min~1) Ref.
concentration

Piezo- La/BiFeO3 (0.2 g/L) Ultrasonic (40 kHz, 100 W) + a simulated solar light 300 W CBZ (5 mg/L) 0.101 min* [10]
photo Xenon lamp

Piezo SnS,-BiyS3-BiOCl (0.2 g/L) Ultrasonic (55 kHz, 100 W) TCH (10 mg/L) 0.108 min~! [13]

Piezo Bi-deficient Bi»O,S (0.3 g/L) Ultrasonic (40 kHz, 100 W) TCH (20 mg/L) 0.00401 min ! [148]

Piezo- Bi;O,0OHNO3/BiFeO3 (0.75 g/L) Ultrasonic (100 W) + 300 W Xenon lamp LEV (20 mg/L) 0.0569 min " [164]
photo

Piezo- Sr,BiyTisO15/BiOCI (0.4 g/L) Ultrasonic (40 kHz, 120 W) + 300 W Xenon lamp (400 nm CIP (20 mg/L) 0.015 min ! [167]
photo < 4 < 780 nm)

Piezo Bi4Tiz012/MoS; (0.15 g/L) Ultrasonic (40 kHz, 100 W) CIP (10 mg/L) 0.0539 min ' [171]

Piezo- Zn0O/BiOCI (1 g/L) Ultrasonic (60 kHz, 60 W) + 300 W Xenon lamp norfloxacin (10 mg/L) 0.176 min~! [172]
photo

Piezo- PVDF-HKUST-1/BiVO4 (Not given) Ultrasonic (40 kHz, 150 W) + 300 W Xenon lamp Cr (VD) (10 mg/L) 0.01420 min ! [173]
photo (A>420 nm)

Piezo- BiFeO3;@In,Ses (1 g/L) Ultrasonic (40 kHz, 120 W) + 300 W Xenon lamp U(VD) (50 mg/L) 0.00922 min ! [174]
photo

Piezo BiOCl (0.5 g/L) Ultrasonic (40 kHz, 280 W) E. coli (Not given) 70.7%in30 min  [175]

Piezo- MoS,/polyaniline/polyacrylonitrile Ultrasonic (40 kHz, 300 W) + visible light E. coli (107 CFU/mL) 100% in 30 min [176]
photo @BiFeOs3 (1 g/L)
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inactivation level of approximately 3.88 log. Bacteriostatic cycle tests
confirm that the high sterilization efficacy of PPBM-H against E. coli
remains highly stable over five cycles, further indicating the recyclable
stability and practical potential of PPBM-H (Fig. 12d). Other examples of
bismuth-based piezo-(photo)catalysis for water treatment mentioned in
this study are summarized in Table 2.

Although the piezo-(photo)catalysis technique has experienced
explosive growth over the past decade (increasing nearly thirtyfold) and
is expected to remain a significant research focus, its application in
water treatment, especially for disinfection purposes, is still in its early
stages. Future research should prioritize overcoming the bottlenecks of
low mechanical energy utilization efficiency and material stability in
complex water matrices. Key focuses will likely include the rational
design of heterostructures with synergistic piezo-(photo)catalytic in-
terfaces, the development of scalable reactor systems that effectively
couple light and fluidic mechanical forces.

9.2. Energy conversion

The accelerated pace of industrialization has led to the heavy con-
sumption of non-renewable fossil fuels, precipitating a worsening en-
ergy crisis. This situation urgently requires the development of
alternative energy sources and the design of functional materials in
sustainable energy technologies [177,178]. Piezo-(photo)catalysis are
emerging technologies that utilize the piezoelectric effect to enable the
highly efficient conversion of mechanical and solar energy into chemical
energy. Bismuth-based piezo-(photo)catalysts have shown great poten-
tial in energy conversion, especially in capturing ambient mechanical
energy and transforming it into useful chemical energy. Because of their
multifunctionality, diverse structural chemistry, and advantageous
electronic properties, some bismuth-based materials have emerged as
highly adaptable piezo-(photo)catalysts for Hy evolution, HoO5 synthe-
sis, and CO; conversion.

Given its green credentials and high efficiency, hydrogen energy is
considered a promising ‘ultimate energy source’ in the 21st century. As a
promising sustainable energy conversion route, piezocatalytic Hy pro-
duction harnesses mechanical energy to drive redox reactions, relying
on the piezoelectric properties of semiconductors. During this process,
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mechanical forces (e.g., ultrasound, fluid flow, or pressure) strain the
piezoelectric material, creating an internal piezopotential [179]. The
polarization field promotes the separation of charge carriers: e are
directed to reduction sites for the reduction of H" to Hy, whereas h*
move to oxidation sites for the oxidation of sacrificial agents or HyO
[180]. Wang et al. [181] developed BisO;Br ultrafine hollow nanotubes
(HNTs), featuring a wall thickness of approximately 1 nm, as a highly
sensitive piezocatalyst for water splitting. Unlike symmetric [BizO2]--
based BiOBr, the BisO;Br HNTs are constructed from axially oriented,
asymmetric polar [BisO7] units. Attributed to this structural anisotropy,
they exhibit high chemical bond anisotropy and a larger local electro-
static potential difference (AU) across all [-Bi-Br-], [-Bi-O-], and
[-Br-Br-] regions, which collectively give rise to a strong piezoelectric
response and IEF. BisO7Br exhibits enhanced Hj evolution activity due
to its more favorable Bi active sites that enable easy H* desorption, a
feature originating from the upshifted p-band center (g,) of the Bi 6p
orbital. Accordingly, BisO;Br HNTs yield an ultrahigh Hy production
rate of 2456.48 pmol/g/h (0.28% mechanical-to-Hy efficiency) from
pure water without sacrificial agents, with comparable efficacy in
seawater and tap water (Fig. 13a). Moreover, piezo-photocatalysis,
which couples piezoelectric activation with photoexcitation, has
drawn increasing attention as a promising strategy to enhance Hy pro-
duction. In certain photoresponsive and piezoresponsive catalysts,
polarized electric fields serve as a direct driving factor. Due to the charge
shielding effect, these fields can direct e to positive regions and h™ to
negative regions [182]. Ma et al. [183] fabricated a Z-scheme
BiFeO3/CdS heterojunction piezo-photocatalyst for Hy production.
Owing to the piezoelectric effect, materials such as BiFeO3 and CdS can
develop spontaneous polarization moments under applied external
forces. Piezoelectric polarization markedly improves charge redistribu-
tion in the catalyst’s bulk phase, while also enabling the efficient sep-
aration and further migration of photogenerated carriers at the interface
by means of a Z-scheme heterojunction. Under the action of ultrasound
and visible light irradiation, the composite with 20 wt% CdS achieves a
Hs evolution rate of 3.58 mmol/g/h, which is 116.64 times higher than
that of sole BiFeO3 photocatalysis (Fig. 13b).

As an environmentally benign oxidant, HyO» finds broad application
in water treatment, disinfection, and green chemical synthesis, which
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makes its sustainable production a key research priority. However,
traditional industrial methods, like the anthraquinone process, require
high energy consumption and the use of hazardous organic solvents
[184,185]. Piezocatalysis provides a promising alternative route for
direct HoO5 synthesis from water under mechanical agitation, with no
requirement for an external electric field or sacrificial agents. When a
piezoelectric semiconductor is mechanically deformed, a polarization
field is generated, thereby promoting charge separation. The piezo-
electric field facilitates the migration of e~ and h' toward the catalyst
surface, thus enabling the redox reactions essential for HoO5 formation.
The dominant pathway is the two-electron oxygen reduction reaction
(2e” ORR) (Eq. (3)):

Oy + 2H" 4 2™ - Hy0, 3

Zhou et al. [186] fabricated a carbon modified BiOCl nanosheets for
piezocatalytic HyO, production. Results shown that a high piezocata-
lytic HoO5 production rate of 2110 pmol/g/h was attained in pure water
with carbon-modified BiOCl nanosheets. Mechanistic investigations
indicated that while the carbon modification reduced the piezoelec-
tricity of BiOCl, the contributions of the carbon species—which increase
charge carrier density and act as oxygen activation sites—more than
compensate for this, leading to enhanced H20, production. Thus, the
diminished piezoresponse is more than offset by the enhanced surface
reactivity, resulting in elevated piezocatalytic performance of C-BiOCl
compared to the pristine nanosheets (Fig. 13c). The combination of
piezocatalysis and photocatalysis can further boost performance, as the
piezopotential not only suppresses e”-h" recombination but also benefits
from the extra carriers supplied by photoexcitation. Zhang et al. [187]
constructed BiOCl/Zn-TCPP heterojunction piezo-photocatalyst, under
light irradiation, photogenerated e-h" are generated on
BiOCl/Zn-TCPP, and then separated by the interfacial IEF. The appli-
cation of ultrasonic established an interfacial built-in electric field be-
tween BiOCl and Zn-TCPP, accompanied by the formation of bound
surface charges driven by piezoelectric polarization. Specifically, the
piezo-polarized charges cause band bending at the BiOCl/Zn-TCPP
interface, which facilitates the migration of photogenerated e™-h* in
opposite directions, resulting in more e~ accumulating on Zn sites for the
reduction of O, to O3~. Subsequently, O3 reacts with protons in the
solution to form H30,. Concurrently, photogenerated h* at bi sites
oxidize OH~ from water molecules to yield -OH. Following that, the
coupling of two -OH produces Hy0,. Additionally, the electron density
distribution of BiOCl/Zn-TCPP indicates that the distinctive n—n conju-
gated framework of Zn-TCPP greatly facilitates efficient e~ transport
across the BiOCl/Zn-TCPP composite. As a result, BiOCl/Zn-TCPP ach-
ieves a piezo-photocatalytic HyO2 production rate of 202,200 pM/g/h,
which is 44 times higher than the sole photocatalysis activity and su-
perior to most conventional photocatalysts. It is noteworthy that under
operational conditions of a continuous-flow setup with sunlight and air,
it produces HyO at a rate of 407 pM/h, reaching a concentration of
1.38 wt% after 10 h (Fig. 13d).

To enhance the performance of piezo-photocatalytic water splitting
for producing Hy and H30», sacrificial agents such as methanol, trie-
thanolamine, sodium sulfide, and lactic acid are commonly employed.
These agents function by scavenging holes or positive charges, thereby
facilitating the effective separation of polarized charges or charge car-
riers. Therefore, the careful selection of sacrificial agents plays a key role
in advancing piezo/-photocatalytic water splitting toward practical
application. However, from the perspectives of green chemistry and
energy conservation, in the field of piezo-(photo)catalytic Hy and H202
production using bismuth-based materials, efficient systems that avoid
the use of sacrificial agents should be developed.

The burning of non-renewable energy releases significant amounts of
CO4, which causes environmental issues like the greenhouse effect. As a
result, converting captured CO; into high-value-added chemicals to
reduce its atmospheric concentration has become a valuable and active
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area of research. The photocatalytic reduction of CO, typically relies on
photosensitizers and sacrificial electron agents. However, it suffers from
a high recombination rate of photogenerated charge carriers, leading to
limited conversion efficiency. Despite its advantages of a relatively
simple design and the selective production of various high-value prod-
ucts, electrocatalytic CO reduction suffers from multiple reaction paths.
This often leads to a mixture of products and substantial energy de-
mands [188,189]. By leveraging the piezoelectric effect to convert me-
chanical energy into chemical driving force, piezo-(photo)catalysis can
directly initiate reactions or boost photocatalysis for efficient,
low-energy CO» conversion. Yu et al. [190] prepared a series of W-doped
BisTiNbOg piezo-photocatalyst nanosheets via a one-pot hydrothermal
method. Research found that the introduction of W8 as a substitute for
Ti** in the perovskite-like layers of BisTiNbOg induces lattice distortion.
This enhancement in macroscopic polarization effectively promotes the
separation and transport of photogenerated charge carriers, and the
strong built-in electric field induced by mechanical stress can further
suppress the recombination of e~-h*. After corona poling, the optimized
W-doped BisTiNbOg (5% W) achieved a CO generation rate of 36.67
pmol/g/h, a 3.88-fold increase over the pristine material, and this was
accomplished without any co-catalyst or sacrificial agent (Fig. 13e). Li
and colleagues [191] found that the introduction of a moderate level of
Oy could induce changes in Bi-Br stretching, creating strong local di-
poles in BOB-Oy. Under simultaneous ultrasonic and light stimulation,
the weak piezoelectric field of BOB led to easy recombination of pho-
togenerated carriers. In contrast, the as-prepared BOB-Oy can generate a
strong piezoelectric field that drives photogenerated e~ and h* toward
opposite directions on the surface, enabling efficient catalytic reactions.
Then, CO2 molecules were abundantly adsorbed onto the defect sites of
BOB-Oy, where bi atoms served as both active sites and
electron-enrichment centers, enabling the activation of CO, by e
Attacked by CB-excited e, the activated CO; molecules distort
geometrically to ease C=0 bond cleavage, finally yielding CO as the
major reduction product. Results exhibited that the CO,
piezo-photocatalytic reduction efficiency of the modified material
(BOB-Oy) surpassed pure BOB, reaching a CO production rate of 54.4
umol/g/h. This represented a durable process with high selectivity of
92% (Fig. 11f). Table 3 presents a comparative summary of the recent
applications of bi-based materials mediated piezo-(photo)catalysis on
energy conversion.

Nevertheless, the development of piezoelectricity-driven photo-
catalytic CO5 reduction is hampered by several unresolved issues, such
as the alignment between the band edges of piezoelectric materials and
the redox potentials for CO, reduction, the investigation of the under-
lying charge transfer mechanism for photogenerated charge carriers in
piezo-photocatalyst, strategies for maintaining a persistent and stable
piezoelectric field, and a deeper understanding of the CO5 reduction
reaction mechanism. Therefore, dedicated efforts are necessary to drive
the development of piezoelectric materials and pave the way for their
more effective application in piezo-(photo)catalytic CO, reduction.

9.3. Biomedical therapy

Piezocatalytic therapy is gaining significant attention as a promising
new field of research. The application of ultrasound induces polarization
and a built-in electric field within the piezoelectric material. This field,
in turn, acts to continuously separate and draw the charge carriers to-
ward opposing surfaces [192]. The charge carriers migrating to the
surface interact with water and dissolved oxygen in the solution, thereby
producing ROS that serve as the key therapeutic agents against cancer
cells as well as bacterial infection [193]. Furthermore, ultrasound irra-
diation demonstrates deep tissue penetration (=10 cm), precise target-
ing of deep-seated tumors, and non-invasiveness. These attributes
establish it as a promising external activation source for medical
applications.

Jing et al

[194] synthesized Fe-doped ultrathin BisTi3Oq2
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Table 3
Summary of application of bismuth-based materials in piezo/-photocatalysis for Energy Conversion.
Type Catalysts and concentration Reaction conditions Reaction solution Applications Performance Ref.
Piezo BisTiz012 (0.5 g/L) Ultrasonic (40 kHz, 300 W) alcohol and water (volume H,0, 1611.2 pmol/h [11]
ratio 1:9) generation
Piezo BiyFe4Oq9 (0.2 g/L) Ultrasonic (40 kHz, 200 W) pure water H, evolution 1058 pmol/g/h [18]
Piezo BiOCl (0.5 g/L) Ultrasonic (53 kHz, 150 W) pure water H,0, 28 pmol/h [73]
generation
Piezo Bi4Tiz012 (0.5 g/L) Ultrasonic (40 kHz, 150 W) deionized water H,0, 147.2 pmol/h [143]
generation
Piezo BiOCI-Bi,S; (0.5 g/L) Ultrasonic (45 kHz, 120 W) deionized water H, evolution 678.67 umol/g/ [149]
h
Piezo Bi;M00g-BaTiO3 (0.17 g/L) Ultrasonic (180 W, 240 W, and 300 W) 10 vol% MeOH H, evolution 152.57 pmol/g/ [159]
h
Piezo- Cr/Nb modified BisTi30;2/8-C3Ny Ultrasonic (45 kHz) + 300 W Xenon lamp 0.15 M Na,S solution H, evolution 696 pumol/g/h [160]
photo (0.38 g/L)
Piezo BisO,Br ultrafine hollow Ultrasonic (40 kHz, 240 W) pure water H, evolution 2456.48 pmol/ [181]
nanotubes (0.1 g/L) g/h
Piezo- BiFeO3/CdS (0.2 g/L) Ultrasonic (40 kHz, 100 W) + 300 W Xenon 0.35 M NayS/0.25 M H, evolution 3.58 mmol/g/h [183]
photo lamp (A>420 nm) NaySO3 solution
Piezo C-BiOCl (0.2 g/L) Ultrasonic (40 kHz, 100 W) deionized water H>0, 2110 umol/g/h [186]
generation
Piezo- BiOCl/Zn-TCPP (0.5 g/L) Ultrasonic (40 kHz, 300 W) + 300 W LED pure water Hy0, 407 pmol/g/h [187]
photo lamp generation
Piezo- W-doped BizTiNbOg (0.1 g/L) Ultrasonic (40 kHz, 240 W) + 300 W Xenon deionized water CO,, reduction 36.67 umol/g/h [190]
photo lamp
Piezo- OVs/BiOBr (1 g/L) Ultrasonic (40 kHz, 120 W) + 300 W Xenon deionized water CO,, reduction 54.4 ymol/g/h [191]
photo lamp
nanosheets (Fe-UBTONSs) piezoelectric catalyst for the treatment of action of ultrasound. The introduction of Fe doping establishes a
cutaneous melanoma, targeting both tumor cells and bacteria under the piezo-chemocatalytic system, where piezocatalysis facilitates the
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21



J. Jia et al.

self-generation of HyO5 and promotes electron transfer in Fenton re-
actions, resulting in enhanced -OH production. By inducing intracellular
oxidative stress, the Fe-UBTO-based piezo-chemocatalytic therapy trig-
gers tumor cell apoptosis and excessive autophagy, while concurrently
accelerating wound healing via sterilization, angiogenesis, and
enhanced collagen deposition (Fig. 14a). Yang et al. [195] synthesized
Oy-rich BiO;., nanosheets (NSs). Ultrasonic excitation induces a 0.25 V
piezo-potential on the as-obtained NSs, endowing them with peroxidase-
and oxidase-like activities to elevate ROS yields, and this favorable ef-
fect is prominent in HyOs-overproduced tumor microenvironments.
Moreover, the rapid movement of electrons facilitates a remarkable
sonothermal effect. This effect is demonstrated by a swift temperature
increase to approximately 65 °C under low-power ultrasound
(1.2 W em2) within a short duration of 96s. The study achieved a
synergistic integration of piezocatalytic, enzymatic, and sonothermal
therapeutic modalities, representing a novel direction in tumor therapy
(Fig. 14b). Xiao et al. [196] developed ultrasmall bismuth/strontium
titanate nanocubes (Bi/SrTiO3), the prepared piezoelectric material
generated ROS efficiently by synergizing the rapid charge separation
from the piezoelectric field and the surface plasmon resonance effect.
When integrated into an injectable biopolymer hydrogel, these hybrid
nanotherapeutics yield remarkable anticancer effects, enabling a potent
anticancer response under dual NIR and ultrasound activation
(Fig. 14c). The hydrogel demonstrated considerable filling and retention
within the bone defect. Moreover, under mild ultrasound radiation, it
facilitated bone repair by polarizing and delivering electrical stimuli to
the resident cells.

As an innovative non-invasive antimicrobial approach, piezocata-
lytic therapy that employs lattice-asymmetric sonosensitizers provides
flexible spatiotemporal selectivity and the capacity to penetrate deep
into tissues. Chen et al. [197] constructed a piezocatalytic
bio-heterojunction (P-bioHJ) which composed of BiOI and few-layered
MXene for antibacterial application. The engineered P-bioHJ achieves
rapid sterilization through a burst of radicals, a result of not only its
relatively narrow bandgap, which responds to sonoluminescence from
sonocavitation, but also its ability to induce interfacial polarization and
Oy for effective carrier separation. Transcriptomic analysis points to
P-bioHJ disruption of the bacterial electron transport chain as the
mechanism of sterilization, undermining both bacterial metabolism and
energy synthesis. The P-bioHJ exhibits good cytocompatibility in vitro,
which is further corroborated by its outstanding in vivo antimicrobial
performance in a cutaneous infection model. Moreover, when decorated
with naringin, it demonstrates the additional functionality of promoting
angiogenesis and osteogenesis in an infectious bone defect model. Peng
et al. [198] fabricated a Ru-doping Bi4OsBry (Bi4OsBra@Ru), the Ru
dopants function as dual promoters of lattice distortion and Oy to
simultaneously enhance the piezoelectric response and confer POD- and
CAT-like enzymatic activities. Ultrasound excitation creates a piezo-
electric field that optimizes the conduction band alignment of the pre-
pared piezocatalyst. This enhanced alignment amplifies its POD-like
activity, leading to the production of a series of ROS (-OH, 10,, and O%").
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The mixed Ru (III/IV) valence states in Bi4OsBro@Ru function to deplete
glutathione, resulting in a consequential enhancement of oxidative
stress capacity for more effective biofilm eradication. The boosted
CAT-like activity serves to ameliorate the hypoxic conditions within the
biofilm microenvironment, and the RNA transcriptomic analysis points
to the disruption of the tricarboxylic acid cycle as the mechanism by
which Bi4OsBro@Ru impairs bacterial energy metabolism (Fig. 14d).
Other studies about bi-based materials mediated piezo-(photo)catalysis
on biomedical therapy are summarized in Table 4.

Despite the broad exploration of bi-based materials piezo-(photo)
catalysis in biomedicine for disinfection, antibacterial purposes, and
tumor therapy, substantial advancements in both efficiency and safety
remain to be addressed. The biosafety of bismuth-based materials is key
to their clinical translation. Generally, Bismuth-based nanomaterials
possess good biocompatibility and low cytotoxicity [199]. For instance,
BiFeO3 nanoparticles maintain 85% cell viability even at concentrations
as high as 75 uM [200]. The toxicity of Bismuth-based materials is
predominantly determined by their physicochemical characteristics,
including shape, size, chemical composition and surface chemistry
[201]. Owing to their small size, Bi NPs can intimately interact with
cellular components, including organelles, cell membranes, proteins and
DNA, thereby giving rise to potential biological or cytotoxic effects.
Although reports have shown low cytotoxicity of Bi NPs both in vitro
and in vivo [202], data on toxic effects remain insufficient for clinical
use thus far, and their pharmacokinetics, biodistribution, and clearance
pathways in animal models call for systematic evaluation. Furthermore,
the degradation behavior of Bi-based materials under physiological
conditions is a key determinant of their long-term biocompatibility. The
low solubility of bismuth compounds in biological fluids is a major
contributing factor to their relatively non-toxic nature. Nonetheless, the
long-term fate of Bi-based nanomaterials in vivo—including their
degradation products and clearance routes—remains still poorly un-
derstood. Consequently, despite considerable progress made in pre-
clinical studies, the clinical translation of bi-based piezo-(photo)
catalysts faces great challenges: (1) lack of standardized toxicity eval-
uation protocols; (2) insufficient understanding of long-term biosafety
and biodegradation; (3) complexity of large-scale synthesis with
consistent quality; and (4) regulatory hurdles for nanomedicine
approval. Future research should prioritize the development of
safe-by-design strategies and comprehensive in vivo evaluations to
bridge the gap between fundamental research and clinical applications.

Moreover, the early stage of this technology in biomedicine presents
considerable obstacles for its subsequent development and clinical
application. However, rapid technological progress is poised to enable
piezo-(photo)catalytic therapy to make a substantial impact on medical
innovation and the improvement of human health.

10. Summary and outlook

This review summarizes the types of bismuth-based materials in the
fields of piezo-(photo)catalysis, the methods for enhancing the piezo-

Table 4
Summary of application of bismuth-based materials in piezo/-photocatalysis for biomedical therapy.
Type Catalysts Reaction conditions Applications Performance Ref.
Piezo BiFeO3 1.0 W/cm? Tumor therapy Promoting the activation of anticancer [20]
immunity
Piezo Fe-doped Ultrasonic (40 kHz, 80 W) Antitumor and Tumor inhibition rate of 76.2% [194]
BisTiz012 Antibacterial Therapies
Piezo Ovriched BiO,_,  Ultrasonic (1.2 W/cm?) Tumor therapy Tumor tissue undergone severe [195]
apoptosis
Piezo- Bi/SrTiO3 Ultrasonic (1.0 MHz, 2.0 W/cm?) + near-infrared Anti-osteosarcoma and osteogenesis Tumor suppression for xenograft and [196]
photo light (808 nm, 1.0 W/cm?) combination therapy tibial osteosarcoma
were 98.6% and 67.6% respectively
Piezo BiOI/Mxene Ultrasonic (40 kHz, 80 W) + 80 W Xenon lamp Bacterial Infection S. aureus inactivation rate of 99.85% [197]
(A>420 nm)
Piezo Bi4OsBro@Ru Ultrasonic (1 MHz) Bacterial Abscess Therapy E. coli removal rates of 74.2% [198]
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(photo)catalysis activities of catalysts, the advanced mechanistic beyond
conventional piezo-(photo)catalysis and applications in various areas.
Despite the publication of outstanding research on novel bi-based piezo-
(photo)catalysis materials, the field remains in its nascent stages and
requires continued development. For instance, the synthesis techniques
for novel bi-based piezo-(photo)catalysts are confined to a narrow
range, primarily centered around the hydrothermal method. Variations
in experimental conditions, including catalyst dosage, pollutant con-
centration, and ultrasonic parameters, due to a lack of standardization,
prevent meaningful comparison of piezo-(photo)catalysis performance.
The catalytic mechanism remains a subject of debate. Current applica-
tions are largely confined to organic pollutants degradation and Hjy
production; others, including CO, reduction, N, fixation, and steriliza-
tion, have received much less attention. Therefore, this gap offers vast
potential for enriching the role of piezoelectric materials in catalysis.
Given that persistent fundamental issues remain, we propose the
following strategies for advancement:

(1) For layered bi-based piezoelectric catalyst, the piezoelectric ef-
fect occurred only confined to single or odd-numbered layers, and
rapidly diminishing as the layer count increases, despite the natural
coexistence of both odd and even layers. Moreover, the current synthesis
methods—including hydrothermal, exfoliation, and CVD
techniques—pose a significant challenge for accurately controlling
monolayer number and scaling up production. Therefore, higher de-
mands on current synthesis methods, particularly in enhancing the yield
of monolayer bi-based piezoelectric catalyst.

(2) The primary techniques currently used to verify the piezoelectric
properties of materials are piezoelectric force microscopy (PFM),
second-harmonic generation (SHG), and theoretical simulation. How-
ever, there are extremely few documents that simultaneously contain
the value of piezoelectric coefficients, polarization values, band gaps
and charge-separation efficiencies, the simultaneous optimization of
these three parameters and the associated mechanism still require
further exploration. In addition, while the piezoelectric coefficients are
not thoroughly detailed in some of the reviewed literature, it has been
established through past experiments that mechanical vibration can
enhance their piezo-photocatalytic performance. Nevertheless, these
processes not only accelerate mass transfer but also enhance overall
catalytic activity: ultrasonic vibration and mechanical stirring improve
transfer, while ultrasonic cavitation induces sonocatalysis. Clarifying
the role of piezoelectric effect in boosting catalytic activity requires
performing piezoelectric tests and precise control of experimental
variables.

(3) Understanding the dynamic evolution of piezoelectric polariza-
tion, charge carrier behavior, and surface reactive species under oper-
ational conditions is essential for elucidating the true -catalytic
mechanisms. It is an urgent need to develop operando characterization
setups tailored specifically for piezo-(photo)catalytic reactions.
Advanced in situ techniques—including operando EPR, Raman spec-
troscopy, and PFM—enable real-time monitoring of the piezoelectric
response, charge separation dynamics, and ROS generation under
simultaneous mechanical stimulation and light irradiation. Therefore,
future research should prioritize the construction of integrated operando
platforms that combine multiple spectroscopic and electrochemical
probes to capture the full complexity of piezo-photocatalytic processes.

(4) First-principles calculations, particularly density functional the-
ory (DFT), have become indispensable for predicting piezo-(photo)cat-
alytic performance and elucidating reaction mechanisms at the atomic
level. DFT calculations can effectively predict piezoelectric coefficients,
band structures, charge density distributions, and adsorption energies of
key intermediates, thereby guiding the rational design of high-
performance piezo-(photo)catalysts. Moreover, future theoretical ef-
forts should focus on developing machine-learning-accelerated high-
throughput screening frameworks to rapidly identify promising
bismuth-based piezo-(photo)catalyst candidates from the vast compo-
sitional space, as well as multi-scale modeling approaches that bridge
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atomic-scale piezoelectric responses with macroscopic catalytic
performance.

(5) Current literature exhibits wide variations in experimental
conditions—including ultrasonic frequency and power, catalyst dosage,
pollutant concentration, temperature, pH, and mechanical energy
input—making it extremely difficult to compare the catalytic perfor-
mance of different materials reported by different research groups. At
present, there is no universally standardized testing protocols for eval-
uating piezo-(photo)catalytic activity of bismuth-based materials. Thus,
the community should work toward establishing standardized reference
materials and benchmark reaction systems, as well as consensus
guidelines for reporting key parameters such as mechanical energy input
per unit volume, reaction temperature control, and the use of appro-
priate control experiments to distinguish piezocatalysis from sonoca-
talysis and tribocatalysis. Such standardization efforts will be essential
for enabling meaningful cross-study comparisons and accelerating the
translation of laboratory findings into practical applications.

(6) Despite the remarkable progress achieved at the laboratory scale,
most piezo-(photo)catalysts are still synthesized through small-scale
methods that are not readily transferable to industrial production. For
bismuth-based materials, scalable synthesis must address not only pro-
duction yield but also batch-to-batch consistency, phase purity, and
morphological control, all of which critically influence piezocatalytic
performance. Future research should explore continuous-flow synthesis
and industry-relevant production scales to bridge the gap between ac-
ademic research and industrial application.

(7) Translating piezo-(photo)catalysts from powder-form laboratory
studies to practical devices represents a significant step toward practical
applications. Future research should focus on the design of immobilized
piezo-(photo)catalysts systems (e.g., films, membranes, and 3D porous
frameworks) that enable easy recovery and reuse, as well as the inte-
gration of energy harvesting devices with piezocatalytic reaction sys-
tems. Future device development should consider flow-through reactor
configurations, membrane-based separation, and hybrid systems that
combine piezocatalysis with other advanced oxidation processes to
maximize treatment efficiency. The development of self-powered pie-
zocatalytic devices that harvest ambient mechanical energy (e.g., from
water flow, wind, or vibration) represents an exciting frontier that could
enable off-grid operation in remote or resource-limited settings.

(8) Piezo-(photo)catalysis offers a promising alternative to conven-
tional methods for industrial wastewater treatment, enhancing the
effectiveness of degrading organic pollutants and reducing heavy metal
ions. Therefore, it has broad prospects for industrial applications.
However, substantial barriers remain, including elevated operational
costs, scalability limitations, and the need for integration with existing
industrial infrastructure. Future study should focus on: (i) pilot-scale
demonstrations to validate laboratory findings under real conditions;
(ii) life-cycle assessment and techno-economic analysis to evaluate the
economic viability of piezocatalytic technologies; and (iii) development
of durable and stable piezo-(photo)catalysts that can withstand long-
term operation in harsh industrial environments.

In summary, through the dedicated efforts of researchers, a diverse
array of bi-based piezo-(photo)catalysts exhibiting high catalytic effi-
ciency has been developed. This review may provide a useful reference
for the future development of more novel materials with desirable piezo-
(photo)catalytic performance, thereby contributing to a better compre-
hension of their mechanisms. This review may also provide impetus for
advancements in related disciplines, including piezoelectric sensors and
actuators, ultimately fostering the development of innovative piezo-
electric materials for sustainable science and enhancing their potential
for real-world applications. The investigation of novel piezoelectric
materials is crucial for deepening our comprehension of the mechanisms
underlying piezo-(photo)catalytic processes. It is anticipated that this
research will support the future design and development of more inno-
vative bi-based piezo-(photo)electric materials.
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