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Abstract:

Piezocatalysis has emerged as a promising strategy for harvesting mechanical energy and driving
chemical reactions toward sustainable energy conversion, environmental remediation, and
biomedical applications. However, the practical implementation of piezocatalytic systems remains
constrained by insufficient piezoelectric polarization, inefficient charge separation, and limited
interfacial reaction kinetics. Doping engineering provides an effective atomic-scale approach to
overcome these limitations by simultaneously regulating crystal structures, defect chemistry,
electronic configurations, and piezoelectric properties. In this review, we establish a
comprehensive framework encompassing crystal-structure regulation (lattice distortion, bond-
length variation, and symmetry breaking), defect chemistry and carrier behavior (band-structure
modulation, defect evolution, carrier concentration, and density-of-states regulation), and
piezoelectric properties (polarization regulation and piezoelectric response enhancement) to
elucidate the fundamental roles of dopants in piezocatalysis. The applications of doped
piezocatalysts in environmental remediation, energy conversion, and biomedical fields are further
reviewed. Finally, current challenges and future perspectives are proposed, focusing on rational
dopant design, dynamic structure evolution, long-term stability, and scalable applications. This
review provides mechanistic insights into doping-enabled piezocatalysis and offers guidance for
the development of high-performance piezocatalytic materials for sustainable technologies.

Keywords: Doping engineering; Piezocatalysis; Crystal structure; Carrier behavior;

Piezoelectric Properties

1 Introduction

The escalating energy crisis and increasing environmental concerns have stimulated the
development of sustainable technologies capable of converting renewable energy sources into
valuable chemical products. Piezocatalysis, an emerging catalytic strategy that directly converts
ubiquitous mechanical energy, such as water flow, vibration, and acoustic waves, into chemical
energy[l, 2], has attracted increasing attention in recent years[2-6]. Unlike conventional
photocatalytic and electrocatalytic processes that require external light irradiation or electrical

input, piezocatalysis relies on the intrinsic piezoelectric polarization generated within non-



centrosymmetric materials under mechanical deformation, enabling spontaneous charge
separation and surface redox reactions[7-9]. Owing to this unique mechanism, piezocatalysis has
demonstrated great potential in clean energy conversion [7, 8], environmental remediation[ 10-12],
and biomedicine[13-15].

The fundamental prerequisite for piezocatalysis is the presence of a non-centrosymmetric
crystal structure capable of generating piezoelectric polarization under mechanical stimulation.
Representative piezoelectric materials, including ZnO[16-18], CdS[19], BaTiOs3[20-22],
Pb(Zr,T1)O3[23], KNbOs3[24], and BiFeOs3[25], have been widely investigated owing to their
intrinsic polar structures and electromechanical coupling characteristics. Under external
mechanical stress, the displacement of positive and negative charge centers within the lattice
generates polarization charges on opposite surfaces of the material[26]. The resulting internal
electric field drives directional carrier migration, promotes electron—hole separation, and activates
interfacial redox reactions. However, despite significant progress, the practical efficiency of
piezocatalytic systems remains limited by insufficient polarization intensity, rapid carrier
recombination, restricted carrier transport, and sluggish surface reaction kinetics[27, 28].
Therefore, rational regulation of intrinsic material properties is essential for simultaneously
enhancing polarization generation, charge utilization, and catalytic activity[29, 30]. In addition,
nanoscale characteristics, including particle size and domain configuration, together with
polarization stability, play important roles in piezocatalysis. Accordingly, various strategies,
including morphology engineering[9, 31] and defect engineering, have been developed to enhance
piezocatalytic performance. From a material-design perspective, these strategies can be broadly
classified into two complementary categories. The first focuses on improving piezoelectric
properties through phase-boundary engineering, strain engineering, Curie-temperature regulation,
electrical modulation, and crystallographic orientation control. In particular, crystallographic
texturing can enhance the macroscopic piezoelectric response of perovskite ferroelectric ceramics
by promoting preferential grain orientation, providing a complementary approach to composition-
based regulation of electromechanical properties [32]. These approaches can strengthen
electromechanical coupling and mechanically induced polarization. The second focuses on
optimizing carrier dynamics and interfacial reaction kinetics through defect engineering,

heterostructure construction, cocatalyst loading, and carbon modification. These strategies can



regulate carrier concentration, facilitate charge separation and transport, and improve surface
redox kinetics [33].

Among these approaches, doping engineering represents a particularly versatile atomic-scale
strategy because it can simultaneously influence both design pathways through coupled regulation
of crystal structure, defect chemistry, and electronic properties. Specifically, dopant incorporation
can modify lattice distortion, phase stability, crystal symmetry, and polarization, thereby
influencing piezoelectric properties[34]. Meanwhile, doping can alter defect chemistry, electronic
structure, carrier concentration, and surface active sites, facilitating charge separation, transport,
and interfacial redox reactions [35]. However, the effects of doping extend beyond simple
compositional substitution and involve complex interactions among lattice reconstruction, defect
compensation, electronic redistribution, and polarization evolution[36, 37]. Depending on dopant
valence, ionic radius, electronic configuration, and occupation sites, introduced dopants can induce
local lattice distortion, chemical bond variation, and symmetry breaking, thereby modifying
piezoelectric responses and polarization behavior[38-41]. Meanwhile, dopant-induced electronic
reconstruction can regulate band structures, defects, carrier concentration, density of states, and
charge-transfer pathways, improving carrier migration and accelerating interfacial redox
reactions[42-48]. Nevertheless, the influence of doping on piezocatalysis is highly dependent on
dopant species, concentration, incorporation sites, and defect configurations. Excessive or
inappropriate doping may introduce secondary phases[49], excessive lattice disorder[50], deep-
level recombination centers[51], charge-screening effects[52], and structural instability[53],
resulting in weakened polarization and reduced catalytic efficiency[54]. Therefore, understanding
the balance between beneficial and detrimental effects of doping is critical for the rational design
of high-performance piezocatalysts.

With the rapid development of piezocatalysis, previous reviews have mainly focused on
fundamental mechanisms, material systems, and representative applications[6, 55, 56], while
recent studies have also highlighted various enhancement strategies, including defect
engineering[27], morphology regulation[57], heterojunction construction[58], and polarization
optimization[51, 59]. In particular, Shi et al. systematically reviewed defect-engineering strategies,
including intrinsic defect activation, vacancy engineering, heteroatom doping, and complex defect
construction, for improving piezocatalytic performance in environmental remediation and energy

conversion [60]. These studies have significantly advanced the understanding of performance



enhancement mechanisms. However, the intrinsic relationships among dopant characteristics,
defect compensation, lattice symmetry regulation, carrier behavior, polarization evolution, and
catalytic reactions remain insufficiently established. Moreover, the beneficial and detrimental
effects of doping across different piezocatalytic systems have not been systematically
integrated[61-63]. Improper dopant species or excessive doping concentrations may induce
secondary phases[63], excessive lattice distortion[64], defect-induced charge recombination[61,
65], weakened polarization, and structural instability[66], ultimately deteriorating piezocatalytic
performance. Consequently, a comprehensive understanding of how doping regulates crystal
structure, defect chemistry, electronic structure, piezoelectric properties, and catalytic processes
remains lacking.

In this review, we establish a unified structure, defect, carrier, and polarization framework to
systematically elucidate the role of doping engineering in piezocatalysis. Different doping
strategies, including heterovalent doping, isovalent doping, co-doping, defect-mediated doping,
and spatially selective doping, are critically analyzed from the perspective of atomic-scale
regulation mechanisms. The effects of dopant incorporation on lattice structure modulation, defect
chemistry regulation, electronic structure reconstruction, carrier transport, and piezoelectric
property enhancement are comprehensively discussed to reveal their underlying structure property
relationships. Furthermore, the applications of doped piezocatalysts in environmental remediation,
energy conversion, and biomedical fields are summarized (Figure 1). Finally, current challenges
and future perspectives are discussed, focusing on rational dopant design, dynamic structural
evolution, long-term stability, and practical scalability. This review aims to provide mechanistic
insights into doping-enabled piezocatalysis and offer guidelines for the development of next-

generation high-performance piezocatalytic materials.
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Figure 1 Overview of doping-engineered piezocatalysis for multifunctional applications.

2 Doping engineering

Doping engineering improves piezocatalytic performance through the coupled evolution of crystal
structure, defect chemistry, electronic states, and piezoelectric polarization. As illustrated in
Figure 2, this process begins with dopant incorporation, which modifies the local coordination
environment according to the dopant's ionic radius, valence state, and preferred lattice site, thereby
inducing lattice distortion, bond-length variation, and symmetry changes [67, 68]. In parallel,
particularly in aliovalently doped systems, charge imbalance drives defect compensation through
the formation or redistribution of vacancies, interstitials, and defect complexes[69]. The resulting
structural and defect modifications jointly reconstruct the electronic structure, regulate carrier
concentration and transport, and alter local charge distribution. These changes can further modify
polarization behavior and piezoelectric response by affecting asymmetric atomic displacement and
local symmetry [51, 69]. Under mechanical stimulation, the resulting piezoelectric polarization
field promotes directional charge separation and migration, thereby influencing interfacial charge
transfer and catalytic reactions. Importantly, these processes are not strictly sequential or
independent: structural distortion affects defect formation, defects modify electronic states and

polarization, and the resulting electronic and electromechanical responses can interact with one



another. Their net effect on catalytic activity therefore depends on the balance among these

coupled factors.
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Figure 2 Schematic illustration of the mechanisms and applications of doping engineering in

piezocatalysis.

2.1 Doping method

The choice of doping method plays a crucial role in determining dopant incorporation, defect
formation, elemental distribution, and ultimately the piezocatalytic performance of the resulting
materials[51, 69]. As illustrated in Figure 3, the fundamental difference among various doping
methods lies in the stage at which dopant species participate in material formation and the
pathways through which they are incorporated into the host lattice. From an atomic perspective,
dopant incorporation involves migration to energetically favorable lattice sites, followed by local
lattice relaxation and charge compensation to minimize the free energy of the system[67, 69].
Precursor-mediated methods, including hydrothermal synthesis, sol-gel processing,
electrospinning, and thermal decomposition, introduce dopant species before or during
crystallization[5, 70-72]. In these approaches, dopant atoms participate directly in nucleation and
crystal growth, enabling lattice incorporation as the host structure forms. Because long-range
solid-state diffusion is largely avoided, precursor-mediated routes generally provide relatively
homogeneous dopant distributions and good compositional uniformity. Homogeneous co-
precipitation also provides a solution-based approach for controlling the composition and particle

size of doped oxide powders, as demonstrated in the preparation of scandia-stabilized zirconia



submicron powders[73]. Moreover, electrospinning offers the additional advantage of constructing
one-dimensional architectures that facilitate polarization alignment and directional charge
transport[74, 75].

In contrast, solid-state reactions rely on thermally activated diffusion after the host lattice has
already formed[51]. Dopant incorporation is therefore governed by diffusion kinetics, lattice
solubility, and defect chemistry, resulting in a stronger dependence on sintering temperature and
processing time[53, 76]. Owing to their simplicity and scalability, solid-state methods remain
widely employed for ceramic piezoelectric materials despite their relatively limited control over
dopant homogeneity[50, 51, 53]. Moreover, the crystal structure of precursor materials can
influence solid-state diffusion, phase evolution, and the resulting piezoelectric properties. For
example, the crystal form of Nb,Os was demonstrated to affect the sintering behavior and electrical
properties of (K,Na)NbOs3 (KNN)-based ceramics[77].

Thin-film deposition techniques, such as chemical vapor deposition (CVD), magnetron
sputtering, and pulsed laser deposition (PLD), represent another important category of doping
methods[5, 78]. Unlike diffusion-controlled approaches, these techniques incorporate dopant
species simultaneously with film growth under non-equilibrium conditions, allowing precise
regulation of dopant concentration, crystallographic orientation, interface structure, and defect
distribution[5]. Such characteristics make them particularly suitable for piezoelectric thin films
and integrated devices[78].

Other specialized approaches, including ion implantation, in-situ polymerization, co-
precipitation[79], impregnation-calcination[80], microwave-assisted synthesis[81], and plasma-
induced doping[82], further expand the available doping strategies for specific material systems[83,
84]. Ton implantation enables localized dopant incorporation, potentially beyond equilibrium
solubility limits, while in situ polymerization facilitates the regulation of molecular interactions,
dipole orientation, and phase composition in polymer-based piezoelectric materials [83-85]. Co-
precipitation promotes the simultaneous precipitation of host and dopant species, whereas
impregnation-calcination involves the introduction of dopant precursors followed by thermal
treatment. Microwave-assisted synthesis enables rapid and relatively uniform heating, while
plasma-induced doping facilitates dopant incorporation through interactions with energetic plasma
species. A comparison of representative doping methods, together with their characteristics,

advantages, limitations, and typical applications, is summarized in Table 1.



Regardless of the synthesis route, the essential objective of doping is to achieve stable
incorporation of foreign atoms into the host material while simultaneously regulating the local
crystal environment and defect chemistry[27, 38, 67]. The resulting differences in dopant
distribution, lattice evolution, and defect formation provide the structural basis for the modulation
of electronic structure and piezoelectric polarization, which will be discussed in the following

sections[27, 51].
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Figure 3 Representative doping methods for piezoelectric materials. (a) Hydrothermal synthesis,
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Table 1 Comparison of representative preparation methods for doped piezoelectric materials, including their processing

characteristics, dopant-introduction mechanisms, advantages, limitations, critical parameters, and reported piezoelectric responses.
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2.2 Doping type

Beyond synthesis routes, the regulatory effect of doping is largely determined by intrinsic
dopant descriptors, including valence state, ionic radius, electronegativity, preferred lattice
occupation[27], and concentration. Among these factors, doping type is a primary
descriptor because it defines the initial defect-compensation pathway, carrier polarity[51],
electronic transport behavior, and piezocatalytic response. According to the valence
relationship between dopants and host ions, doping can generally be divided into
heterovalent and isovalent substitution[50]. Heterovalent doping directly introduces charge
imbalance and compensating defects, thereby regulating free-carrier concentration and
enabling n-type or p-type conduction. Isovalent doping does not nominally change the
charge state, but it can still modulate carrier polarity and defect formation through
differences in ionic radius[94, 95], electronegativity, bonding configuration, or defect
formation energy[96]. For mechanistic clarity, these strategies are discussed separately
according to their valence relationships, dopant combinations, defect interactions, and
spatial distributions.

2.2.1 Heterovalent doping

Heterovalent doping involves substituting host ions with dopants of different valence states,
thereby modifying charge balance, defect chemistry, and electronic structure. Charge
compensation may occur through ionic vacancies, changes in carrier concentrations, or
adjustments in neighboring ionic oxidation states. These changes can influence defect
energy levels, carrier transport, and local electric fields. Meanwhile, differences in ionic
radius and site occupation may induce lattice distortion and modify polarization behavior.
For example, Wang et al. demonstrated that AlI*" doping in (Ba,Ca)(Zr,Ti)Os (BCZT)
ceramics induced concentration-dependent site occupation and lattice distortion, resulting
in an enhanced piezoelectric coefficient of 638 pC N![34]. Similarly, investigations of
Dy-doped BaTiOs ceramics have revealed that concentration-dependent dopant-site
occupation can modify charge-compensation pathways, grain-boundary defects, and
potential barriers, emphasizing the importance of dopant-site selection in regulating the
electrical properties of functional oxides[97]. Nevertheless, excessive free carriers or
charged defects may increase leakage conductivity and screen polarization-induced electric

fields, highlighting the importance of optimizing dopant concentrations.
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2.2.2 Isovalent doping
Isovalent doping introduces dopants with the same nominal valence as the substituted host
ions, primarily modifying local coordination, chemical bonding, and structural symmetry
without necessarily requiring charge-compensating defects. Changes in ionic radius and
electronegativity can regulate orbital hybridization, band-edge characteristics, and
polarization configurations. For instance, Cui et al. demonstrated that Ca** substitution in
Sro:Nb20O7 induced rotational distortion of Nb-O octahedra, enhancing the piezoelectric
response and carrier dynamics. The optimized catalyst achieved an H>O; production rate
of 168 umol g' h'!, more than four times that of pristine Sro2Nb,O7 [98]. Isovalent
substitution can improve piezocatalytic performance through coordinated structural and
electromechanical regulation rather than direct carrier introduction through formal valence
imbalance.

2.2.3 Co-doping
Co-doping introduces two or more dopant species to achieve coordinated regulation of
defect chemistry, electronic structure, and polarization. Appropriate dopant combinations
may alter charge-compensation pathways, stabilize favorable structural configurations, and
improve carrier transport. Gao et al. demonstrated that multi-element doping in KNN-based
ceramics promoted tetragonal-phase formation and high-density nanoscale heterostructures
with low-angle polar vectors, yielding an enhanced piezoelectric coefficient of 520 pC N!
[99]. Furthermore, co-doping combined with phase-boundary and defect engineering in
BaTiOs-based ceramics was reported to improve carrier separation and piezocatalytic
degradation kinetics[100]. These findings illustrate the potential of co-doping to
simultaneously optimize polarization behavior and charge-transfer processes. However,
competing dopant interactions, defect clustering, and secondary-phase formation may limit
the synergistic benefits.

2.2.4 Defect-mediated doping
Defect-mediated doping emphasizes the interactions between dopants and intrinsic defects,
particularly oxygen vacancies, cation vacancies, and dopant—defect complexes. These
interactions can modify defect energy levels, carrier trapping, charge separation, and
interfacial reaction pathways. In addition, charged defect complexes may form local

dipoles and influence polarization stability. Wei et al. reported that Ce-regulated defect
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engineering in hollow BaTiO3; nanoparticles promoted oxygen-vacancy formation,
enhanced polarization, and improved electron—hole separation, thereby strengthening
piezocatalytic tumor therapy [101]. Nevertheless, excessive defects may introduce deep-
level trapping and recombination centers or cause electric-field screening. Therefore,
controlling defect concentration and configuration is essential for balancing carrier
transport and effective polarization.

2.2.5 Spatially selective doping
Spatially selective doping focuses on controlling dopant distributions within specific
regions, including surfaces, interfaces, grain boundaries, and compositionally graded
structures. Unlike homogeneous doping, spatially nonuniform dopant incorporation may
create local variations in electronic potential, band bending, carrier concentration, and
strain distribution. Such variations can potentially facilitate directional carrier transport,
interfacial charge extraction, and local polarization redistribution. Spatially graded oxygen-
vacancy engineering in NiTiO3/TiO2 heterostructures has recently demonstrated the
significance of defect spatial distribution in regulating piezoelectric polarization and
catalytic reaction dynamics [102]. Although this study concerns spatial defect engineering
rather than direct substitutional dopant-gradient engineering, it provides relevant
mechanistic support for spatially resolved regulation. Direct experimental verification of
dopant location, local electronic structure, and polarization remains necessary to establish
the effectiveness of spatially selective doping in piezocatalysis.

Overall, these strategies are complementary rather than mutually exclusive.
Heterovalent and isovalent doping describe the valence relationship between dopants and
host ions, whereas co-doping, defect-mediated doping, and spatially selective doping
emphasize dopant combinations, defect interactions, and spatial distributions, respectively.
Their effects on piezocatalytic performance are governed by the coupled regulation of

electronic structure, carrier transport, polarization, and interfacial reaction kinetics.

3 Doping influence factors
Doping-regulated piezocatalysis is governed by multiple interconnected factors rather than
a single material parameter. To clarify the underlying mechanisms, this section is organized

into five aspects: crystal-structure regulation, defect chemistry and charge-carrier behavior,
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piezoelectric properties, potential adverse effects of excessive doping, and doping-
regulated catalytic pathways. Sections 3.1-3.3 discuss the effects of dopant incorporation
on lattice distortion, bond-length variations, symmetry breaking, defect evolution,
electronic structure, and polarization behavior. Section 3.4 examines the detrimental effects
of excessive doping, whereas Section 3.5 connects these material-level modifications with
reactant adsorption, interfacial charge transfer, reaction energetics, and rate-determining
steps. Together, these discussions establish the relationships among dopant characteristics,
structural and electronic regulation, and piezocatalytic performance.

3.1 Crystal structure

3.1.1 Lattice distortion

Lattice distortion describes the overall structural response of a host lattice to dopant
incorporation, including changes in lattice parameters, local strain, and coordination-
polyhedron geometry[51, 103]. At this scale, the focus is on the spatial extent and
magnitude of structural deformation rather than individual bond-length changes or the
resulting symmetry state. Dopant-induced distortion originates from factors such as ionic-
radius mismatch, charge compensation, and local structural relaxation, and its effects on
piezoelectric response depend on the host lattice and doping concentration. It converts
ionic-size mismatch, charge imbalance, and defect compensation into crystallographic
asymmetry and local strain, thereby modifying polarization behavior and enhancing the
piezoelectric response. Therefore, lattice distortion can be regarded as an intermediate link
between dopant-induced defect chemistry and macroscopic piezoelectric or piezocatalytic
performance[51]. Cheng et al. reported that AI** doping in BCZT ceramics induces a non-
monotonic evolution of lattice distortion, with the most pronounced structural distortion
observed at an optimal doping concentration of 0.25 mol% (Figure 4a) [34]. Synchrotron
X-ray diffraction (XRD) patterns exhibited significant peak broadening, indicating
enhanced lattice distortion and structural heterogeneity (Figure 4b). Furthermore,
quantitative phase analysis reveals the coexistence of rhombohedral (R3m), orthorhombic
(Amm?2), and tetragonal (P4mm) phases, with the tetragonal-phase fraction increasing from
38.1% to 46.0% at x = 0.25 before decreasing at higher compositions (Figure 4c),
indicating composition-dependent phase redistribution and structural evolution. However,

further increasing the Al content resulted in excessive lattice distortion and structural
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disorder, suggesting that dopant-induced lattice distortion should be maintained within an
appropriate range to achieve favorable structural regulation. The non-monotonic evolution
of lattice distortion can be understood as a competition between beneficial local structural
modulation and excessive lattice destabilization. At low dopant concentrations, ionic-
radius mismatch and charge-compensation effects generate local strain and asymmetric
atomic displacement, which can enhance polarization-related responses. As the dopant
concentration increases, overlapping local distortions may lead to accumulated internal
stress, structural heterogeneity, and eventually a loss of lattice stability. Therefore, the
optimal concentration corresponds to a balance between sufficient local distortion and
preservation of the host crystal structure, rather than the maximum achievable lattice
distortion. In ZnO-based piezocatalysts, dopant-induced local distortion mainly originates
from ionic-radius mismatch and modified coordination environments. Due to the size and
valence mismatch between Zn*" and Sb**/Sb>*, Sb dopants tend to induce off-center local
coordination and modify Zn-O bond polarity[104]. This local distortion generates
permanent dipoles and ferroelectric-like behavior (Figure 4d), leading to enhanced
piezoelectric output voltage (Figure 4e). Similar lattice-distortion effects have also been
observed in layered SnS»-based systems. Fe doping induces pronounced lattice distortion
in SnS> by introducing local structural strain and lattice deformation, with the most
significant distortion observed for Sno.97Fe0.03S2[105]. These results further demonstrate
that appropriate dopant incorporation can effectively tailor the local crystal structure
through lattice distortion. In Cu- or Ag-doped SnS», ionic-size mismatch and charge
imbalance induce lattice distortion, sulfur-vacancy formation, and increased carrier
concentration [59]. These examples collectively suggest that dopant-induced local strain
can strengthen structural asymmetry, enhance dipole polarization, and promote
piezoelectric charge generation, especially in non-centrosymmetric or low-dimensional
piezocatalysts.

Notably, doping does not always enhance piezoelectricity by simply increasing lattice
distortion[106]. In some systems, performance improvement may instead arise from the
redistribution or relaxation of local structural distortion and the optimization of phase
coexistence. For example, multi-element doping in KNN-based ceramics induces

composition-dependent structural evolution, as evidenced by changes in the XRD
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diffraction patterns (Figure 4f)[99]. Quantitative phase analysis further reveals variations
in the relative fractions of rhombohedral (R3m), orthorhombic (Amm?2), and tetragonal
(P4mm) phases with increasing dopant concentration (Figure 4g), indicating doping-
induced phase redistribution and structural regulation. Such phase evolution may facilitate
polarization reorientation by modifying the relative stability of competing ferroelectric
phases, thereby contributing to improved piezoelectric performance. These findings
suggest that the role of doping extends beyond increasing local lattice distortion to
optimizing phase stability, structural symmetry, and polarization responsiveness. Therefore,
an appropriately regulated structural state may be more beneficial than excessive static
lattice distortion.

Overall, lattice distortion should be regarded as a tunable structural descriptor rather
than a quantity to be maximized. Appropriate distortion can modify local coordination
environments while preserving structural integrity, whereas excessive distortion may
introduce disorder or destabilize the host lattice. The associated atomic-scale changes are
further examined through bond-length redistribution in Section 3.1.2, while their potential

effects on crystallographic symmetry are discussed in Section 3.1.3.

% /: Enlargement —A A O Observed
- 7 : A - Calculated
Z J\\ ¥ 3 —— Difference
P et A: jt S | Tetragonal
z A | Orthorhombic
Z
g e ] | Rhombohedral
S S
= A _J\_ A B
g JCPDS No.05-0626 ,'§ Pdmm g ) 1 i \ |
2 | | JCPDS No.81-2200 'Iv Amm2 I|T | o I O T
= iRA8 JCPDSNo85-0368 | [ Rim [ e
¢ ) Y 10 15 20 25 30 35
25 146 147 168 170
20 (°) d 20(°)
c B B 1.0060 F ° 90.08
9 7 @ Pimm 1.00s5 | / \
<
g 1.0050 |- o ) 19006 ~
) Amm2 3 °/ 2
= -
8 ., O S oast @ \0 3
g 4 90.04
5 B r3m 1.0040 | \O\
A ; 1.0035 | W
0 L L L L1 90.02
e 0.00 0.25 0.50 0.75 1.00 0.00 025 0.50 0.75 1.00
X
< o3 o owm]| & 2101
Z o —o 3
= 03 T il @ — o 0\
Z o030 \ £ o—
E o * ] 1+ z * ]
028 B oone
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.54 0.06 0.08 0.10
X x
- [}
i
A ol LN o
3 A i #
8 A A _/L g
H -
z A ], o
Z | ] S N
& v -
E L " A 0, Ny 8
AMM?2 PDF#81-2199 g X 2
e |8 =
LL 4mmm PDF#79-2264 F : I
[ R3m PDF#86-1570 T,
10 20 30 40 50 60 70 80 44 45 46




178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208

Figure 4 Doping-induced lattice distortion and phase evolution in piezoelectric materials.
(a) Synchrotron XRD patterns of Al-doped BCZT ceramics. (b) Rietveld refinement and
phase composition. (¢) Evolution of rhombohedral, orthorhombic, and tetragonal phase
fractions. (d) Changes in lattice parameters (c/a and a) with Al doping concentration.
Copyright 2022 Elsevier[34]. (¢) Doping-dependent XRD peak broadening of Sm-doped
BCZT ceramics. (f) XRD patterns showing structural evolution and secondary-phase
formation. (g) Evolution of phase fractions with Sm doping concentration. Copyright

2026 American Chemical Society[107].

3.1.2 Chemical bond length change
At the atomic scale, bond-length redistribution provides a more localized descriptor of the
lattice distortion discussed in Section 3.1.1. Dopant ions with different ionic radii, valence
states, and bonding preferences can elongate or shorten neighboring metal-oxygen or
metal-sulfur bonds, producing changes in bond-length distributions, coordination geometry,
and orbital overlap[27, 51, 69]. Unlike the overall lattice distortion described in Section
3.1.1, bond-length analysis focuses on the magnitude and anisotropy of individual
interatomic distances and their consequences for local bonding and electronic structure.
These changes can influence orbital hybridization, charge localization, and defect
energetics, thereby providing an atomic-scale link between dopant incorporation and
material properties[27, 51, 69].

In oxide-based catalytic systems, bond-length modulation strongly influences local
bonding interactions and charge-transfer properties. For example, Ru incorporation in
Bi4OsBr; shortens the Bi-O bond from 2.219 to 2.192 A and the Ru-O bond from 2.404 to
1.956 A, indicating enhanced orbital overlap and strengthened local bonding interactions
[108]. Such bond contraction can facilitate charge transfer and improve polarization
response. In perovskite-related Nb-O frameworks, oxygen-vacancy regulation induces
gradual structural reconstruction of the BOs octahedra, accompanied by variations in local
bond lengths and coordination environments (Figure Sbh-f)[42]. These structural changes
reduce local symmetry and increase polarization flexibility. Similarly, Y doping in CeO2
causes local bond contraction because of the smaller ionic radius of Y compared with Ce**,

which contributes to particle-size reduction, nanorod formation, increased surface area, and
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enhanced oxygen-vacancy concentration[43]. These examples indicate that bond-length
modulation is not merely a local structural change, but a key factor governing coordination
distortion, polarization response, and catalytic activity.

Bond-length variation is closely coupled with defect formation and local coordination
reconstruction. As illustrated in Figure 5a, Mn substitution in ZnO modifies the local
metal-oxygen coordination environment and induces distortion of the ZnOa tetrahedra,
while the introduction of oxygen vacancies further promotes neighboring atomic relaxation
and bond-length redistribution [38]. Similarly, oxygen-vacancy engineering in BNT
modifies the local coordination of TiOs octahedra (Figure 5g)[109]. These examples
demonstrate that dopant—defect interactions can induce local bond reconstruction. The
resulting defect chemistry and its implications for electronic structure and carrier behavior
are discussed in Section 3.2.2.

Beyond modifying local bonding, bond-length redistribution can alter orbital
hybridization, the density of states, charge localization, and band-edge positions, thereby
influencing carrier migration and interfacial reaction kinetics. At catalytic interfaces, these
changes may also affect the adsorption of reactants and intermediates and the associated
reaction energy barriers. Importantly, bond-length variation does not necessarily imply
symmetry breaking: uniform or symmetry-equivalent bond changes may preserve the
original crystallographic symmetry. As discussed in Section 3.1.3, symmetry breaking
requires a symmetry-inequivalent arrangement of atomic displacements or local structural
units. This distinction separates bond-level structural modification from the emergence of

a non-centrosymmetric configuration capable of supporting piezoelectric polarization.
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Figure S Representative examples of dopant-vacancy coupling and oxygen-vacancy
engineering in piezoelectric materials. (a) Atomic structure models of pristine ZnO, Mn-
doped ZnO, and Mn-ZnOy. Copyright 2023 Wiley[38]. (b) Pristine SBN. (¢c) SBN-1 OV.
(d) SBN-2 OV. (e) SBN-3 OV. (f) SBN-4 OV. O3 adsorption models calculated by DFT.

Copyright 2024 Wiley[42]. (g) Crystal structures of pristine BNT and oxygen-deficient
BNT (BNT-OV-20%). Copyright 2022 Elsevier[109].

3.1.3 Symmetry breaking
Symmetry breaking refers to a reduction or loss of crystallographic symmetry caused by a
symmetry-inequivalent arrangement of atomic displacements, bond distortions, or defect
configurations. As discussed in Sections 3.1.1 and 3.1.2, dopant incorporation can induce
overall lattice distortion and local bond-length redistribution; however, these structural
changes do not necessarily break the original symmetry. Symmetry breaking occurs only
when the resulting atomic arrangement no longer preserves the relevant symmetry

operations. As illustrated in Figure 7a, the absence of inversion symmetry is a necessary
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condition for piezoelectricity. When doping induces or modifies a non-centrosymmetric
configuration, the resulting asymmetric charge distribution and atomic displacements can
alter local dipole moments and polarization behavior[110]. Accordingly, symmetry
breaking provides a structural basis for modifying piezoelectric coupling and mechanically
induced charge separation, rather than an inevitable final stage of lattice evolution.

At the atomic scale, anisotropic bond-length changes and spatially heterogeneous
strain can contribute to symmetry breaking when they produce symmetry-inequivalent
atomic displacements[111]. As schematically illustrated in Figure 6a, non-
centrosymmetric structures can generate a net polarization under mechanical stress,
whereas centrosymmetric structures exhibit no conventional piezoelectric polarization
under the same conditions (P = 0). The schematic further illustrates that an applied electric
field can couple with mechanical deformation through electrostriction, enabling a
polarization response in centrosymmetric lattices. Atomic-scale polar-vector mapping
further reveals pronounced spatial variations in local polarization in Sb-doped KNN
(Figure 6b, c¢), with distinct compositional regions exhibiting different polar-vector
orientations and distributions. These results demonstrate that multi-element doping can
generate local polarization heterogeneity and modify the distribution of polar domains.
Meanwhile, strain mapping reveals spatially non-uniform lattice deformation (Figure 6d),
providing further evidence of local structural heterogeneity. The XRD patterns and
corresponding crystal structure illustrate the structural characteristics of different Ba-based
perovskite compositions (Figure 6e), while the amplitude and phase hysteresis loops
demonstrate their electromechanical switching behavior (Figure 6f). Collectively, these
results highlight the important role of crystallographic symmetry, local structural distortion,
and dopant-induced heterogeneity in regulating polarization and piezoelectric responses
[112].

When symmetry breaking produces or modifies a non-centrosymmetric structure, it
can change polarization behavior, piezoelectric coupling, and the internal electric field
under mechanical stimulation. These changes may facilitate charge separation and
influence piezocatalytic activity, although the magnitude and direction of the effect depend
on the host structure, domain configuration, and defect distribution. Together, Sections

3.1.1-3.1.3 establish a causal but non-universal relationship: dopant incorporation can
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induce lattice distortion; bond-length redistribution describes the associated changes at the
atomic scale; and symmetry breaking may emerge when these changes produce a
symmetry-inequivalent structural arrangement. This framework distinguishes the three
structural descriptors while clarifying how they can collectively influence piezoelectric

polarization.
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Figure 6 Doping-induced symmetry evolution and its effects on local polarization, lattice
strain, and piezoelectric response. (a) Schematic illustration of stress-induced
electromechanical responses in non-centrosymmetric and centrosymmetric
semiconductors. Copyright 2025 Elsevier[110]. (b, c) Atomic-scale compositional
heterogeneity and local polar vector evolution in doped KNN-based ceramics. Copyright
2021 the Author(s)[99]. (d) Nanoscale lattice strain distribution associated with local
structural symmetry breaking in multicomponent alloys. Copyright 2026 Wiley[112]. (e)
XRD patterns and crystal structure of Fe-doped Ba-based double perovskite oxides,
illustrating doping-induced structural evolution. Copyright 2024 Elsevier[113]. (f) PFM
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amplitude and phase responses demonstrating the piezoelectric behavior of Fe-doped

double perovskite oxides. Copyright 2024 Elsevier[113].

Beyond atomic-scale crystal-structure regulation, changes in crystal structure and
growth behavior can also manifest at larger scales as variations in particle morphology and
size. Dopant incorporation may alter local coordination environments, surface energies,
and crystal growth kinetics, thereby influencing nucleation, particle aggregation, and
morphological evolution. These morphological changes can further affect mechanical
stress distribution, polarization behavior, specific surface area, and the availability of
catalytic active sites, ultimately influencing piezocatalytic performance. For example,
cetyltrimethylammonium bromide (CTAB)-assisted thickness regulation of BixWOg
nanosheets simultaneously increased the specific surface area and interfacial polarization,
demonstrating that morphology optimization can enhance piezocatalytic activity through
coupled structural, polarization, and surface effects [30].

For example, Meng et al. reported that La doping slightly increased the average
particle size of BaTiO3 from 79.51 to 81.31 nm, accompanied by enhanced piezocatalytic
degradation performance (Figure 7a, b). This improvement was associated with the
combined effects of structural distortion, surface properties, and defect regulation rather
than particle-size variation alone [114]. Similarly, Ce doping induced morphological
evolution in ZnO from plate-like aggregates to flower-like structures, accompanied by
enhanced H20: production (Figure 7¢, d). The morphological changes may provide more
accessible surface-active sites and modify the electromechanical response, contributing to
improved catalytic activity [115]. Furthermore, La doping in BiFeO3 induces composition-
dependent morphological and structural evolution, as illustrated by the TEM images and
corresponding structural features of Bij.xLa;FeOs nanoparticles (Figure 7e-h). The
piezocatalytic degradation rate constant exhibits a non-monotonic dependence on La
concentration, reaching its maximum at x = 0.01 before decreasing at higher doping levels
(Figure 7i) [97]. These results suggest that the improvement in piezocatalytic performance
cannot be attributed solely to morphological changes, but rather reflects the combined

influence of crystal structure, defect chemistry, and polarization behavior.
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The influence of particle size on piezocatalysis is further supported by size-dependent
studies of BaTiOs. Kalhori et al. demonstrated that decreasing particle size from 2 pm to
50 nm reduces tetragonal distortion and modifies the temperature-dependent piezoelectric
response, consequently affecting methyl orange degradation[116]. Furthermore, nanoscale
BaTiOs exhibits size-dependent ferroelectric domain configurations and polarization
behavior, indicating that particle-size reduction may alter the effective piezoelectric
respons. Therefore, particle size and morphology should be considered alongside lattice
distortion, defect chemistry, and polarization when evaluating doping-induced changes in

piezocatalytic performance.

1 L5
Catalysis dosage (g/L)

100 200 300 400
t (min)

0 0.01 0.03 0.05
x in BiyLa,FeO,

Figure 7 Effects of particle size and doping on piezocatalytic performance. (a) SEM
images and corresponding particle-size distributions of pristine and La-doped BaTiOs,
respectively. (b) Effect of catalyst dosage on the apparent reaction rate constants

Copyright 2024 the Author(s)[114]. (c) SEM images of pristine ZnO and Ce-doped ZnO
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(CZ»). (d) Time-dependent H>O» production over ZnO and Ce-doped ZnO catalysts.
Copyright 2025 Elsevier[115]. () XRD patterns of Bai.\LaFeO3 nanoparticles. (f) TEM
image of Bio.g9oLao.01FeOs nanoparticles. (g) Composition-dependent piezocatalytic

degradation rate constants. Copyright 2024 the Author(s)[35].

3.2 Defect chemistry and charge-carrier behavior

3.2.1 Band-structure modulation
Following defect formation and lattice-structure evolution, doping-induced electronic
band-structure modulation becomes a critical factor in determining piezocatalytic activity.
Dopant incorporation can introduce impurity levels, shift the valence-band maximum
(VBM) and conduction-band minimum (CBM), tune the band-gap width, and regulate the
thermodynamic driving force for surface redox reactions. In general, donor-type dopants
tend to generate electronic states close to the conduction band, whereas acceptor-type
dopants may introduce states near the valence band. These electronic perturbations directly
influence charge redistribution, carrier separation, and the oxidation/reduction capability
of piezo-induced electrons and holes. Under mechanical stimulation, piezoelectric
polarization generates an internal electric field and induces band bending, which
facilitates charge-carrier separation and directional migration toward reactive
surface sites. Doping-induced changes in band-edge positions, defect states, and
carrier concentration can further regulate charge transport, interfacial charge-
transfer kinetics, and the thermodynamic feasibility of surface redox reactions.
Importantly, unlike photocatalysis, pure piezocatalysis does not require photon-
induced electron excitation across the band gap. Instead, its catalytic performance is
governed by the coupled effects of mechanically induced piezoelectric polarization,
electronic structure, carrier behavior, and interfacial reaction kinetics. Therefore,
band-structure engineering provides an essential connection between atomic-scale
doping regulation and macroscopic piezocatalytic performance.

Band-gap modulation is one of the most direct manifestations of doping-induced
electronic reconstruction. Pb-doped SnS films provide a representative example of
composition-dependent band-gap regulation. As shown in Figure 8a, the optical

absorption edge of SniPbiS films changes progressively with increasing Pb content,
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indicating that Pb substitution effectively modifies the electronic transition behavior of SnS.
The corresponding experimental and calculated band gaps also exhibit a clear Pb-content-
dependent variation, as summarized in Figure 8b[117]. This band-gap modulation can be
attributed to dopant-induced changes in orbital hybridization, lattice distortion, and
electronic-state distribution. Such electronic reconstruction not only affects charge
excitation but also determines whether mechanically generated carriers possess sufficient
redox potential to participate in surface catalytic reactions.

Beyond band-gap regulation, doping can alter interfacial energy alignment and
charge-transfer barriers. For example, Co incorporation into BiFeOs; modifies the
electronic structure relevant to its contact with Pt. As illustrated in Figure 8c, the band
alignment of pristine BiFeO3 (BFO) and Co-doped BiFeO3; (BCFO) changes upon Fermi-
level equilibration with Pt, leading to distinct Schottky barrier configurations [118, 119].
Under mechanical excitation, the piezoelectric polarization field may further influence
local band bending and interfacial carrier migration. This illustration concerns interfacial
band alignment under piezoelectric modulation and should not be conflated with light-
driven generation and separation of photocarriers.

Dopant identity and occupation environment can also influence band-edge positions
and reaction energetics. Ce-doped BaTi0s provides an example of dopant-associated band-
structure modulation, as illustrated in Figure 8d. In this context, band-edge shifts and
defect-related states should be considered alongside polarization-induced band bending
when discussing charge transport and accessible interfacial redox pathways. Additional
band-structure examples are presented in Figure 8e-h, including sulfur-vacancy-
engineered ZnlnyS4, Sm>xO3-modified BCZT, oxygen-doped CdS, and a MoS:-based
Schottky junction [107, 120-122]. These systems involve different modification
mechanisms, and vacancy engineering or heterojunction formation should not be described
as substitutional doping without direct evidence. Their interpretation also requires
distinguishing pure piezocatalytic processes from light-assisted processes where applicable.

These findings demonstrate that doping-induced band-structure modulation governs
piezocatalysis through multiple interconnected mechanisms, including band-edge
alignment, carrier migration, interfacial charge transfer, and reaction-pathway regulation.

Under mechanical stimulation, the electronic structure of doped piezocatalysts is further
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modulated by the piezoelectric polarization field, resulting in band bending or band tilting

that promotes directional charge separation. Consequently, an optimized band structure

should simultaneously possess appropriate band-edge positions and electronic states for

target redox reactions, effective coupling with the mechanically induced piezoelectric

polarization field, and favorable interfacial reaction pathways, thereby maximizing both

catalytic activity and reaction selectivity.

a lo(y

~12}
—_

=10

g I
A T08
3

=10 PGS

& . >ipa
% /
50

Exp.  .-H
-EGGA

.--q
Q-

PYER [T T |

0.4 L

2
hv (eV)

Band structure e

00
HO+/HO

Potential (V vs. NHE)

0 05 10
x;in Snl_\,Pb“’S

ZIS-2

NHE/eV(pH=7)

Ecy=-0.88 eV

[+1.99 eV
Eyg=2.02 eV
x=0.02

o)

electrons

0340,

H05/40,
H0/ Hy05

Ol +OH

holes

W

Ecg=-125V Ecg=-131V
— ol 1
H'H, (0 V) 2 =
- ——— ‘i ___________ ;_-_
Eys =090V Evs =079V
.................. %.-.. 0.35V (-0, H*/H,0,)
2 j=
------------------ SX.-.- 1,49V (H,0,,H'/-OH) us
ZIS-8
-1
| -0,1‘5 Vv -0.243 \'4
11 239eV 237 eV
2‘ et B ——
34

(o)

Potential (V vs NHE)

ZIS4

o

Potential (V vs. NHE)

Before contact

........................ 033V (0,/-0;)

------------------------ 2.37V (H,0/-0H)

‘J& After contact  H,0
A
Ece & e ¢/ s
+ = e'e;: barrier H,
_______ E ¥
e
Pt o pE
E‘/M_J
Sacrificed " h* h
MeOH
i 0, "o,
2 |l N\ o3/
w 0 (s.
T
E R S - H,0,
(Ii L o @
¢+ 2 3 8 )
= o o o
I X -OH
c 24
R (‘“20
[
3 -OH
212 ZIs4  ZIS-8
Ultrasound
—
B S
E \e—»
e o
O ¢ &
Eez -
* + o oCo
Ey \+ o :H(EO_, =5
W Z + _ HO45 ROS
-
Co-T MoS,
2H MoS,

Figure 8 Doping-induced band-structure modulation and charge-transfer mechanisms in

piezocatalytic materials. (a, b) Optical absorption spectra and band-gap evolution of Pb-

doped SnS films. Copyright 2015 the Author(s)[117]. (c) Band alignment of pristine

BiFeO3 and Co-doped BiFeOs; before and after Pt contact, illustrating Fermi-level

equilibration and Schottky barrier formation. Copyright 2026 the Author(s)[118]. (d)
Band-structure modulation of Ce-doped BaTiOs. Copyright 2024 Elsevier[113]. (e)

Band-edge alignment of sulfur-vacancy-engineered Znln>S4 nanosheets under

piezoelectric-field modulation. Copyright 2025 Wiley[120]. (f) Energy-band structure of
Sm>0Os3-doped BCZT. Copyright 2026 American Chemical Society[107]. (g) Conduction-
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and valence-band edge positions of pristine and oxygen-doped CdS. Copyright 2025
American Chemical Society[121]. (h) Ultrasound-induced charge separation and
interfacial electron transfer across the 2H-MoS,/Co-T/H-MoS> Schottky junction.

Copyright 2025 American Chemical Society[122].

3.2.2 Dopant-induced defect chemistry
Defects in piezoelectric and piezocatalytic materials can originate from multiple sources

and should not be exclusively attributed to doping. Intrinsic defects, including oxygen
vacancies, cation vacancies, and interstitial defects, can spontaneously form in undoped
materials due to nonstoichiometry and thermodynamic defect equilibria. In bulk ceramics,
defect formation is influenced by sintering temperature, oxygen partial pressure, and
subsequent thermal treatments, whereas in thin films, deposition conditions, substrate-
induced strain, and interfacial interactions can further affect defect formation and
redistribution. For example, oxygen-deficient processing conditions may favor oxygen-
vacancy formation, while annealing in oxygen-rich atmospheres can reduce their
concentration. Therefore, defect formation in piezocatalytic materials is governed by both
chemical composition and synthesis conditions. In this context, doping engineering can
further regulate defect equilibria and charge-compensation mechanisms by modifying local
coordination environments and electronic structures rather than simply introducing
additional defects.

Dopant incorporation can disturb the local charge balance and lattice stability of the
host material, thereby promoting defect formation or redistribution. Depending on the
dopant valence, ionic radius, and host crystal structure, charge compensation may involve
cation vacancies, anion vacancies, interstitial defects, or defect complexes[50, 67, 69]. The
type and concentration of these defects collectively influence the crystal structure,
electronic properties, and ultimately the piezocatalytic performance of the material.
Therefore, defects should be regarded not merely as charge-compensation defects but as
multifunctional regulators connecting atomic structure with catalytic performance. Recent
studies on two-dimensional piezocatalysts have further highlighted the multifunctional
roles of defects in modulating piezoelectric polarization, regulating charge-carrier

dynamics, and optimizing surface active sites and reaction energetics[123]. Defect
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chemistry is one of the earliest responses of a host lattice to dopant incorporation. In oxide
piezocatalysts, aliovalent dopants with mismatched valence states, as well as isovalent
dopants with different ionic radii or electronegativities, can induce local charge imbalance
and lattice perturbation. These perturbations are frequently compensated by oxygen
vacancies, which may function as shallow donor states, defect dipoles, charge-trapping
centers, and active sites for molecular adsorption and activation[4, 124, 125]. In Kroger—
Vink notation, the main symbol identifies the defect species, the subscript indicates the
crystallographic site, and the superscript denotes the effective charge relative to the perfect
lattice, where X, ¢, and ' represent neutral, positive, and negative effective charges,
respectively. According to Kroger—Vink notation (Equation 1), the formation of an oxygen
vacancy VO is accompanied by the release of two electrons[126],

0b —V6 + 0,42¢ (1)
where Of, represents an oxygen ion occupying its regular lattice site, V denotes an
oxygen vacancy with two positive effective charges, and e represents an electron. The
equation describes oxygen-vacancy formation accompanied by the release of electrons and
molecular oxygen[126]. These excess electrons can participate in charge compensation,
modify carrier density, and influence the electronic structure and polarization behavior of
piezocatalysts.

Among the intrinsic defects in oxide piezocatalysts, oxygen vacancies are particularly
important because their formation can be driven by both synthesis conditions and doping-
related charge compensation. In undoped materials, oxygen vacancies may arise from
oxygen-deficient environments, nonstoichiometry, or thermal treatments. Meanwhile,
aliovalent substitution can further promote or suppress oxygen-vacancy formation
depending on the charge-compensation mechanism and defect formation energy.
Consequently, oxygen-vacancy concentrations should be understood as the result of
coupled compositional and processing effects rather than being attributed exclusively to
dopant incorporation. High-resolution O 1s X-ray photoelectron spectroscopy (XPS)
spectra can provide evidence of oxygen-vacancy-related chemical environments and their
evolution following doping or processing treatments. XPS is widely used to investigate
dopant-induced changes in oxygen chemical environments and oxygen stoichiometry. As

schematically illustrated in Figure 9a, XPS provides complementary information on cation
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valence states, oxygen stoichiometry, and electronic chemical potential. For example, O 1s
spectra reveal dopant-dependent variations in oxygen-related components in Nd-Ba
(Ti0.2Zr02Sno2Nbo2Ndo2) O3 (BTZSN) and Yb-BTZSN ceramics (Figure 9b)[35, 127,
128]. Similar changes in oxygen chemical environments are observed in BNT-based
ceramics, as evidenced by the O 1s spectra of (Bio.sNao5)TiO3 (BNT) and BNT-Er (Figure
9¢) [129]. In La-doped BiFeOs, electron paramagnetic resonance (EPR) spectra exhibit
concentration-dependent signals, including characteristic features at g = 2.0021 and g =
2.0159, indicating changes in paramagnetic defect environments (Figure 10d) [35]. A
characteristic EPR signal at g = 2.003 is also observed in Ba (Zr,Tiix) Oz (BZT) ceramics
(Figure 9e¢) and BNT-based ceramics (Figure 9f) [130, 131], providing complementary
evidence of defect-related paramagnetic centers. Raman spectroscopy further reveals
dopant-dependent changes in lattice vibrational modes and structural disorder in La-doped
BiFeOs (Figure 9g) and BZT ceramics (Figure 9h) [35, 130]. Collectively, these
spectroscopic results indicate that doping can alter oxygen-related chemical environments,
local lattice structures, and paramagnetic defect states, potentially influencing polarization
behavior, carrier dynamics, and piezocatalytic performance.

Beyond oxygen and sulfur vacancies, other defects, including cation vacancies,
halogen vacancies, interstitial defects, and defect complexes, can also influence the
structural and electronic properties of piezocatalytic materials[132, 133]. For example, Zn
vacancies in ZnO, Ti vacancies in BaTiOs3, and iodine vacancies in halide piezoelectric
materials have been reported to modify local coordination environments, electronic states,
and polarization behavior[132-134] Although these defects have received comparatively
less attention than oxygen and sulfur vacancies in piezocatalysis, they offer additional
possibilities for regulating defect chemistry and charge-carrier behavior.

Overall, defect chemistry provides an important link between dopant incorporation,
crystal structure, electronic properties, and piezocatalytic performance. Both intrinsic and
doping-modulated defects can influence carrier trapping, charge transport, polarization
screening, and interfacial reaction kinetics. Therefore, future studies should move beyond
oxygen-vacancy-centered interpretations toward defect-specific design strategies that
consider defect type, concentration, spatial distribution, and interactions with piezoelectric

polarization.
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Figure 9 Spectroscopic identification of oxygen-vacancy defects in representative doped
piezoelectric and piezocatalytic materials. (a) Schematic illustration of XPS-based
oxygen-vacancy analysis. Copyright 2024 the author[135]. (b) Nd-BTZSN and Yb-
BTZSN. Copyright 2025, Elsevier[128]. (¢) BNT-based systems. Copyright 2024,

Elsevier[129]. (d) EPR and (g) Raman spectra of Bii.xLaFeO3; nanoparticles. Copyright

2024 the Author(s)[35]. (h) Raman and (e) EPR spectra of BZT particles. Copyright

2023, Elsevier [130]. (f) EPR spectra of BNT-based ceramics. Copyright 2025, Elsevier

[131].

3.2.3 Carrier concentration
As a direct consequence of electronic-structure reconstruction, dopant incorporation can
significantly regulate carrier concentration by introducing donor or acceptor states, altering
defect chemistry, and modifying the position of the Fermi level[51, 67, 69]. In aliovalently
doped systems, charge compensation often generates free carriers or defect-related
electronic states, whereas isovalent doping can indirectly influence carrier concentration
through lattice distortion and defect formation[69]. Consequently, the carrier concentration

can be effectively tuned by controlling the dopant species, valence state, and concentration.
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Appropriate carrier regulation provides the basis for optimizing charge transport and
piezocatalytic performance[4, 28].

Cui et al. systematically investigated Ca*>"-doped SraNb,O7 and demonstrated that
doping not only introduces lattice distortion but also significantly increases carrier density
[136]. As evidenced by Mott-Schottky plots, the carrier concentration of CaggSri2Nb2O7
reaches 1.59 x 10'® cm™, approximately 56% higher than that of the undoped sample
(Figure 10a). Raman spectra further confirm that Ca doping induces local lattice distortion
and structural modulation, which are closely associated with defect formation and carrier
generation (Figure 10b). As a result, the electrochemical impedance spectroscopy (EIS)
response exhibits a reduced Nyquist arc radius, indicating lower charge-transfer resistance
and more efficient interfacial electron migration [98]. This carrier-regulation effect is also
observed in layered materials. In palladium metallene (Pd-ene)/MoS, composites, the in-
situ introduction of conductive Pd metallene markedly enhances interlayer charge transfer.
As shown in Figure 10c, the EIS Nyquist plots display a pronounced reduction in arc radius
after Pd-ene incorporation, while the transient current response shows a substantial increase
in current density (Figure 10d) [136]. These results indicate that (Pd-ene) improves
conductivity, carrier separation, and interfacial charge transport. Similarly, Er** doping in
BaTiOs significantly modulates carrier concentration through oxygen-vacancy and defect-
dipole formation. The piezo-current response reaches its maximum at an optimal Er**
concentration of 1 mol%, indicating efficient charge generation and transport under
mechanical excitation (Figure 10e)[137]. Carrier concentration can be quantitatively

evaluated using methods such as the Hall effect[34],

c=1/(ex %) )
where B, I, e, and d represent magnetic field, applied current, electronic charge, and sample
thickness, respectively. Mott-Schottky analysis is also widely used to estimate carrier
density. Overall, rational tuning of carrier concentration provides a crucial pathway for
synchronizing bulk electronic transport with surface catalytic processes, ultimately

improving piezocatalytic performance[138].
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Figure 10 Representative characterization of charge transport and piezoelectric response
in doped and interface-modified piezocatalysts. (a) Mott-Schottky plots and (b) Raman
spectra of Ca-modified Sro2Nb,O7-based materials. Copyright 2025, Elsevier[98]. (c)
Electrochemical impedance spectra and (d) transient current responses of MoS: and Pd-
ene/MoS,-X piezocatalysts. Copyright 2024, Elsevier[136]. (e) Piezo-current curves of
undoped and Er-doped BTO samples. Copyright 2025, Elsevier[137].

3.2.4 Density of states modulation
The electronic density of states (DOS) describes the number of available electronic states
at a given energy and provides an important descriptor for understanding doping-induced
electronic-structure reconstruction[139]. When dopant atoms are incorporated into a host
lattice, the local crystal potential is perturbed, giving rise to orbital rehybridization,
impurity-state formation, and redistribution of electronic states, particularly near the Fermi
level (EF). These changes modify the electronic configuration of the host material and
determine the availability of electronic states for carrier excitation. The DOS can be

expressed as,

D(E) =22 (3)
where D(E) is the density of electronic states at energy E, and N(E) is the cumulative
number of electronic states below E. Consequently, dopant-induced DOS reconstruction
provides a direct electronic-structure descriptor for evaluating the influence of doping on

piezocatalytic materials.
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Ca-doped SroNb>O7 provides a representative example of dopant-induced DOS
modulation. As shown in Figure 11a, Ca incorporation reconstructs the total DOS and
redistributes the orbital contributions near the band edges[98]. This electronic
reconstruction originates from the distortion of NbOs octahedra induced by Ca substitution,
which alters the hybridization between Nb 4d and O 2p orbitals. Similar DOS evolution is
observed in oxygen-modified MoS,. As illustrated in Figure 11b,c, oxygen incorporation
introduces O 2p states and strengthens their hybridization with Mo d and S p orbitals,
resulting in a more continuous DOS distribution near Er[140]. These results indicate that
dopant incorporation can regulate the electronic structure not only through impurity-state
formation but also by modifying the interactions among host-lattice orbitals. A comparable
DOS reconstruction has also been reported in doped ZnO systems. As shown in Figure
11d,e, N doping redistributes both the total and projected DOS around Ef, reflecting
enhanced electronic coupling among dopant states, ZnO host orbitals, and adsorbed
species[141]. In Mn-doped ZnO, additional electronic states associated with Mn 3d
orbitals and oxygen vacancies emerge near the Fermi level (Figure 11f), further modifying
the DOS distribution[38]. These observations demonstrate that impurity states, orbital
hybridization, and defect-related electronic states collectively contribute to DOS
reconstruction in doped piezocatalysts.

The influence of DOS modulation on carrier excitation can be understood from
semiconductor statistics. The carrier concentration is determined by the product of the

density of available electronic states and their occupation probability,

n= . DAEVE)E 4)
where Dc(E) represents the conduction-band density of states, f(E) is the Fermi-Dirac
distribution function, and E. is the conduction-band minimum. Consequently, changes in
the DOS near the Fermi level directly affect the number of carriers that can be thermally
excited. These studies demonstrate that dopant incorporation reconstructs the density of
states through orbital hybridization, impurity-state formation, and defect-induced
electronic redistribution, providing the electronic basis for subsequent carrier regulation

and piezocatalytic enhancement.
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Figure 11 Density of states (DOS) modulation in representative doped piezocatalytic
materials. (a) Pristine and Ca-doped Sr2Nb2O7. Copyright 2025 Elsevier [98]. (b) MoS:
and (c¢) O-MoS,. Copyright 2023 Springer Nature [140]. (d) Total density of states
(TDOS) and (e) Partial density of states (PDOS) of HCHO adsorbed on N-doped ZnO.
Copyright 2025 Elsevier [141]. (f) Mn-doped ZnO with oxygen vacancies. Copyright
2023 Wiley [38].

3.2.5. Experimental verification of dopant incorporation and defect distribution
Reliable verification of dopant incorporation, crystallographic site occupancy, oxidation
state, and spatial distribution remains a critical challenge in doping-engineered
piezocatalysts. Although doping-induced changes in lattice parameters, electronic
structures, defect concentrations, and piezoelectric responses are frequently reported, these
macroscopic or ensemble-averaged observations do not necessarily establish the actual
atomic configuration of the dopants. For example, a shift in XRD peaks may arise from
lattice strain, crystallite-size effects, residual stress, or compositional changes, whereas
variations in XPS spectra may reflect changes in surface chemistry rather than bulk
substitution. Therefore, establishing reliable doping, structure, property relationships
require complementary characterization techniques that probe different length scales and
chemical environments.

XRD combined with Rietveld refinement is a useful starting point for evaluating phase

purity, lattice parameters, average crystallographic structure, and candidate dopant-site

38



629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

occupancies. By refining the experimental diffraction patterns against structural models,
this approach can identify systematic structural changes and detect sufficiently abundant
crystalline secondary phases. Figure 12g illustrates Rietveld refinement of XRD patterns
for Bii..LaFeOs nanoparticles with different La contents, including the observed patterns,
calculated profiles, difference curves, and Bragg reflection positions [35]. However, the
absence of detectable secondary phases does not by itself prove that all dopants occupy the
intended lattice sites. In particular, the reliability of occupancy refinement may be limited
by low dopant concentrations, weak scattering contrast between host and dopant atoms,
parameter correlations, and instrumental resolution. Accordingly, refined occupancies
should be interpreted together with compositional analysis and element-specific local-
structure measurements.

X-ray absorption spectroscopy (XAS), including X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS), provides
complementary information on the oxidation state and local coordination environment of
selected elements. As illustrated in Figure 12¢, d, XANES spectra and EXAFS analyses
can reveal changes in the absorption-edge region, local chemical environment, and
neighboring-atom distances, respectively [142]. Comparison with appropriate reference
compounds and structural models can help evaluate whether a dopant adopts the expected
valence state and local coordination. Nevertheless, XAS generally provides an ensemble-
averaged signal and requires careful spectral interpretation and model-dependent fitting; it
may not independently distinguish multiple spatially separated dopant populations with
similar local environments.

Atomic-resolution scanning transmission electron microscopy combined with energy-
dispersive X-ray spectroscopy or electron energy-loss spectroscopy (STEM-EDS/EELS)
can further investigate dopant distributions at the nanoscale and, when spatial resolution
and signal quality are sufficient, at the atomic-column level. Figure 12a, b illustrates
atomic-resolution imaging, elemental mapping, and an EELS line scan used to examine
spatially resolved compositional and spectroscopic variations in complex oxides [143].
These methods can help identify dopant segregation, compositional inhomogeneity, and
local changes in electronic structure or coordination. However, interpretation must account

for specimen thickness, projection effects, signal-to-noise ratio, spectral overlap,
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quantification uncertainty, and possible electron-beam-induced damage. Consequently,
apparent atomic-scale contrast or elemental enrichment should not be regarded as definitive
evidence of substitutional occupancy without corroborating structural or spectroscopic
information.

XPS is valuable for examining the chemical states of dopants and host elements,
particularly near the material surface. When combined with depth profiling, it can provide
information on the variation of chemical composition and chemical states with depth,
thereby helping distinguish surface enrichment from more uniform dopant distributions.
Nevertheless, conventional XPS is surface-sensitive, and ion sputtering during depth
profiling may preferentially remove elements, modify oxidation states, or generate defects.
XPS depth profiles should therefore be interpreted cautiously and, where possible, cross-
validated using bulk-sensitive elemental analysis and complementary structural
characterization. In addition, inductively coupled plasma mass spectrometry (ICP-MS) or
related bulk elemental techniques can quantify the actual dopant content, but they cannot
independently establish the dopant's crystallographic site or atomic-scale distribution.

Positron annihilation spectroscopy (PAS) offers another complementary approach for
investigating vacancy-type defects and open-volume defects. As illustrated in Figure 12e,
f, Doppler-broadening spectra and the S parameter as a function of positron implantation
energy can provide information about electron-momentum distributions, positron trapping,
and depth-dependent defect variations [144]. Because positrons can be preferentially
trapped at certain open-volume defects, PAS is particularly useful for assessing vacancy-
related changes that may not be readily resolved by conventional diffraction methods.
However, the S parameter is not a unique fingerprint of a particular vacancy species, and
its value can depend on defect concentration, defect configuration, chemical environment,
and positron-trapping behavior. PAS should therefore be combined with techniques such
as XPS, EPR, XAS, or first-principles calculations when assigning specific defect
structures or charge states.

Overall, no single characterization technique is sufficient to establish all aspects of
dopant incorporation and defect chemistry. A robust verification strategy should integrate
bulk compositional analysis, average crystallographic refinement, element-specific

spectroscopy, atomic-scale spatial characterization, and defect-sensitive measurements.
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Whenever feasible, experimental characterization should be conducted using undoped
controls, suitable reference materials, and samples synthesized under consistent conditions.
Regardless of the synthesis routes is essential for distinguishing genuine Ilattice
incorporation from surface enrichment, grain-boundary segregation, secondary-phase
formation, and dopant-induced defect compensation. Establishing this evidence chain
provides a more reliable foundation for correlating dopant configuration with lattice
distortion, charge-carrier behavior, piezoelectric polarization, and the resulting
piezocatalytic performance. Nevertheless, theoretical reaction-energy profiles alone do not
establish the experimentally rate-determining step under dynamic mechanical excitation;
corroborating kinetic measurements and operando characterization are required to
distinguish thermodynamic preferences from kinetic limitations.
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Figure 12 Complementary characterization techniques for verifying dopant
incorporation, local chemical environments, and vacancy-type defects in functional
oxides. (a) Atomic-resolution HAADF-STEM images and elemental maps illustrating
spatially resolved compositional analysis. (b) An EELS line scan illustrating spatially
resolved spectroscopic analysis of complex oxides. Copyright 2017 Elsevier[143]. (c) Ti
K-edge XANES spectra of PbTiO3 under different conditions, illustrating changes in the

41



709
710
711
712
713
714
715
716
17
718
719
720
721
722
123
124
725
726
27
728
729
730
731
132
733
734
735
736
737
738
739

element-specific X-ray absorption near-edge structure. (d) Pt L3-edge XAS/EXAFS
analysis, including Fourier-transformed radial distribution profiles. Copyright 2021 the
Author(s)[142]. (e) Simulated positron-annihilation Doppler-broadening spectra for
defect-free Si and Si containing a divacancy, with the corresponding S and W integration
regions. (f) S parameter as a function of positron implantation energy for as-implanted
and annealed Mg-implanted GaN, illustrating the use of PAS to investigate depth-
dependent vacancy-type defects. Copyright 2025 the Author(s) [144]. (g) Rietveld
refinement of XRD patterns of Bii..LaFeO; nanoparticles with x = 0.05. Copyright 2024
the Author(s)[35].

3.3 Piezoelectric properties

3.3.1 Polarization regulation
Building upon the structural and electronic mechanisms discussed in Sections 3.1 and 3.2,
this section focuses on how doping regulates intrinsic, interfacial, and spin-dependent
polarization in piezoelectric materials[51, 69]. These polarization mechanisms determine
the magnitude, distribution, and dynamic response of the internal electric field generated
under mechanical stimulation. Their effects on piezocatalysis depend on the resulting
electromechanical response and its coupling with carrier transport and interfacial
reactions[145-148].

Intrinsic polarization enhancement represents one of the most direct approaches for
strengthening piezoelectric polarization through doping. As shown in Figure 13a, Fe**
substitution at the B site of hexagonal YMnOs; significantly enlarges the polarization-
electric field (P-E) hysteresis loop, increasing the spontaneous polarization from 0.41 to
8.84 uC cm™[111]. This enhancement originates from dopant-induced local structural
distortion and chemical-bond reconstruction, which promote asymmetric atomic
displacement, increase dipole density, and stabilize long-range ferroelectric ordering.
Consequently, the enhanced intrinsic polarization generates a stronger piezoelectric
potential under mechanical excitation, facilitating efficient charge separation.

Beyond modifying bulk polarization, doping combined with heterostructure
construction can further enhance polarization through interfacial charge redistribution. As

illustrated in Figure 13b, iodine doping in Bi4Ti3012 improves the bulk polarization, while
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the incorporation of two-dimensional transition-metal carbides, nitrides, and carbonitrides
(MXene) establishes a strongly coupled heterointerface[ 149]. The difference in electronic
structures between BisTi3012 and MXene induces interfacial charge transfer and local
electric-field redistribution, generating additional interfacial polarization. The coupling
between bulk polarization and interface-induced polarization strengthens the internal
electric field, accelerates carrier extraction, and improves piezocatalytic activity[150].

In addition to conventional polarization regulation, doping can introduce spin-
polarized electronic states to provide an alternative pathway for improving charge
separation. As shown in Figure 13c, d, Fe doping in Bi3TiNbOy induces spin-polarized
states that suppress electron-hole recombination through spin-selection effects [35]. In
pristine Bi3TiNbOy, randomly oriented spin states facilitate carrier recombination during
ultrasonic excitation[151]. In contrast, Fe incorporation generates spin-dependent
electronic configurations that increase the energy barrier for spin flipping, prolong carrier
lifetime, and enhance charge separation efficiency. Meanwhile, the spin-polarized carriers
coupled with the strengthened polarization field exhibit improved directional migration
behavior, simultaneously optimizing charge-transfer kinetics and reaction efficiency.

Doping-induced polarization enhancement arises from the synergistic regulation of
crystal distortion, electronic redistribution, and defect-mediated structural evolution. These
modifications collectively strengthen the internal electric field, promote directional carrier
migration, and accelerate surface redox reactions. However, enhanced polarization alone
does not necessarily translate into superior piezocatalytic performance, as excessive
polarization may induce charge screening, while insufficient carrier mobility, unfavorable
defect states, or sluggish surface kinetics can limit catalytic efficiency. Therefore,
polarization regulation should be integrated with electronic-structure optimization, defect
engineering, and interfacial reaction control to achieve a balanced enhancement of

piezocatalytic performance.
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Figure 13 Polarization regulation and spin-polarization-assisted charge separation in
representative doped piezocatalysts. (a) Polarization-electric field hysteresis loops of
YMnOs3 and Fe-doped YMnOs3. Copyright 2025 American Chemical Society[111] (b)
Material design strategy for MBTO-I. Copyright 2026 the Author(s)[149]. Spin-
polarization-assisted charge separation in (¢) BTNO and (d) Fe-BTNO. Copyright 2025
Elsevier [152].

3.3.2 Piezoelectric response enhancement
Besides regulating polarization behavior, doping can directly enhance the piezoelectric
coefficient by modifying lattice distortion, local symmetry, domain-switching behavior,
and electromechanical coupling. As summarized in Figure 14, representative doped
piezoelectric materials consistently exhibit enhanced piezoelectric responses after
appropriate dopant incorporation. An appropriate doping concentration is essential for
maximizing the piezoelectric coefficient. As shown in Figure 14a, the d33 value of Sm-
doped PZT films reaches a maximum of approximately 280 pm V! at 1.5 mol% Sm, after
which it gradually decreases with further doping[[71]. This behavior indicates that
moderate lattice distortion optimizes electromechanical coupling, whereas excessive
dopant incorporation introduces structural disorder that deteriorates the piezoelectric

response. Similar concentration-dependent behavior has also been reported for Al-doped
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BCZT ceramics, where an optimized doping level maximizes the piezoelectric coefficient
by balancing lattice distortion and structural stability[34]. The enhancement of the
piezoelectric coefficient is further verified by piezoresponse force microscopy (PFM).
Compared with pristine materials, Mn-doped NiFe-LDH and Cu;.0-BTO@Gua exhibit
significantly enlarged amplitude-voltage (butterfly) hysteresis loops (Figure 14b-e),
indicating enhanced local piezoresponse, improved domain-switching behavior, and
stronger electromechanical coupling[153-155]. In addition, the PFM-measured d33
response of Cu@SnSz-x remains consistently higher than that of pristine SnS; throughout
the applied driving-voltage range (Figure 14f), further confirming that Cu doping
effectively strengthens the intrinsic piezoelectric response[154].

The improvement of the piezoelectric coefficient is closely associated with dopant-
induced structural evolution and the balance between lattice distortion and structural
stability. Appropriate dopant incorporation optimizes local strain distribution and
electromechanical coupling, enabling stronger piezoelectric polarization under mechanical
excitation. However, excessive doping may introduce structural disorder, secondary
phases, and charge-screening effects, which disrupt long-range polarization ordering and
reduce the piezoelectric response. Therefore, enhancing piezoelectric coefficients requires
precise regulation of dopant concentration, defect chemistry, and lattice stability rather than
simply increasing dopant content. Such mechanism-guided optimization is essential for
maintaining efficient polarization generation and promoting piezoelectric-driven charge
separation in piezocatalytic systems. In addition, the critical role of piezoelectric properties
of a material in determining its piezocatalytic performance is well established. Previous
experimental studies have demonstrated a strong positive correlation between piezoelectric
response and piezocatalytic activity within compositionally controlled material systems

[28, 156-158].
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Figure 14 Doping-induced enhancement of piezoelectric properties in representative
piezoelectric materials. (a) Dependence of the piezoelectric coefficient (d33) of Sm-doped
PZT films on Sm concentration. Copyright 2024 the Author(s)[71]. PFM amplitude-
voltage (butterfly) hysteresis loops of (b) pristine NiFe-LDH and (c) Mn-doped NiFe-
LDH. Copyright 2024 Wiley[155] and (d) pristine BaTiO3 and (e) Cu1.0-BTO@Gua.
Copyright 2024 the Author(s)[153].(f) PFM-measured d33 responses of pristine SnS; and
Cu@SnS;-x as a function of the driving amplitude, demonstrating the enhanced
piezoelectric response induced by Cu doping. Copyright 2024 American Chemical
Society[154].

3.4 Potential negative effects

Although doping is an effective strategy for enhancing piezocatalytic performance, its
beneficial effects and optimal concentration depend on the interplay among dopant
solubility, lattice-site occupancy, lattice distortion, defect chemistry, carrier density, phase
stability, and polarization response. At relatively low concentrations, dopant incorporation
can introduce beneficial lattice distortion and appropriately regulate defect populations,
thereby facilitating polarization-assisted charge separation and interfacial charge transfer.
When the dopant concentration exceeds the optimal level or the lattice solubility limit,
excessive doping may induce structural instability, unfavorable defect evolution, phase
transformation, and deterioration of piezoelectric properties, ultimately reducing the

piezocatalytic performance[27, 159, 160].
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One of the most common adverse effects of excessive doping is the deterioration of
the crystal structure. Excessive dopant incorporation can induce severe lattice distortion,
internal stress accumulation, dopant segregation, and secondary-phase formation, thereby
disrupting the long-range crystallographic order of the host material. In ferroelectric and
piezoelectric oxides, excessive dopant incorporation may also alter phase stability. For
example, increasing Fe’" doping in BaTiOs promotes the formation of the hexagonal phase
at the expense of the ferroelectric tetragonal phase, accompanied by a significant reduction
in remanent polarization[161]. Excessive doping can also induce unfavorable defect
evolution. In piezoelectric oxides, aliovalent doping is frequently accompanied by the
formation of charge-compensating oxygen vacancies. While a moderate concentration of
oxygen vacancies can facilitate charge transport and surface activation, excessive
vacancies may introduce deep-level defect states, increase leakage conductivity, screen the
piezoelectric field, and act as recombination centers for piezo-induced charge carriers. In
addition, oxygen vacancies may migrate toward ferroelectric domain walls and pin their
motion, leading to polarization aging, fatigue, and reduced electromechanical response in
BaTiO; and PbTiOs-based materials [162]. Meanwhile, excessive defect concentrations
can increase leakage conductivity and carrier recombination, while the associated charge
accumulation may screen the piezoelectric polarization field. These effects can collectively
weaken the effective polarization response and offset the benefits of increased carrier
concentration. With further doping, however, the solubility limit may be approached or
exceeded, promoting dopant segregation and secondary-phase formation. Li-added BaTiO;
exhibits variations in piezocatalytic activity with the amount of LiCl introduced[163]. In
Co-doped BiFeOs, the degradation efficiency reaches a maximum at 5 mol% Co, whereas
further doping promotes secondary-phase formation and reduces catalytic performance
[164]. Similarly, Sb-doped ZnO thin films exhibit the highest piezocatalytic efficiency at
1 at.% Sb under ultrasonic excitation, while higher Sb concentrations do not provide further
improvement[165]. The long-term stability of doped piezocatalysts under repeated
mechanical stimulation also deserves attention. Continuous ultrasonic vibration or cyclic
loading may induce dopant migration, defect redistribution, surface reconstruction, or

dopant leaching, particularly in nanomaterials with abundant surface defects and high
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surface energy. These structural changes can alter the distribution of active sites, weaken
the internal piezoelectric field, and gradually reduce catalytic durability[160, 166].
Overall, the adverse effects of excessive doping arise from the coupled deterioration
of crystal structure, defect chemistry, polarization behavior, and electromechanical
stability. Future doping strategies should therefore focus on optimizing dopant
concentration and lattice occupation, controlling defect populations, and maintaining phase
stability to achieve effective polarization-assisted charge separation while preserving long-

term piezoelectric and piezocatalytic performance.

3.5 Doping-regulated catalytic pathways and rate-determining steps
Doping engineering influences piezocatalysis not only by modifying crystal structures,
defect chemistry, carrier behavior, and piezoelectric polarization, but also by regulating the
elementary steps of surface catalytic reactions. Under mechanical stimulation, the
piezoelectric polarization field promotes directional carrier separation and migration, while
dopant-induced electronic states and defects can modify reactant adsorption, interfacial
charge transfer, and the activation of chemical bonds. Consequently, the overall catalytic
process involves several coupled stages: reactant adsorption, polarization-driven charge
separation, interfacial electron or hole transfer, intermediate formation, and product
desorption. The relative importance of these stages depends on the catalyst composition,
surface structure, reaction environment, and applied mechanical stimulus.

For environmental remediation, doping can regulate oxygen adsorption and activation,
thereby influencing the formation and conversion of reactive oxygen species (ROS). Under
mechanical stimulation, electrons can reduce dissolved oxygen to superoxide radicals
(*O27), which may subsequently participate in H2O> formation and further ROS conversion,
whereas holes can oxidize adsorbed water or hydroxyl species to generate *OH radicals.
These species contribute to pollutant degradation through radical and non-radical pathways
[141, 167]. Dopant-induced changes in defect states, surface adsorption properties, and
interfacial charge-transfer kinetics can therefore influence not only the overall degradation
rate but also the relative contributions of different oxidation pathways. A representative
theoretical study further illustrates how piezoelectric polarization regulates the adsorption

and oxidation pathways of reactants. Zhao et al. investigated the catalytic oxidation of
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formaldehyde (HCHO) on ZnO(100) surfaces under different strain conditions. DFT
calculations revealed that compressive strain of 12% substantially enhanced the adsorption
of HCHO and O, with their adsorption free energies changing from -0.37 to -1.49 eV and
from 0.37 to -0.57 eV, respectively (Figure 16 ¢, d) [168]. The reaction proceeds through
a Langmuir—Hinshelwood mechanism involving the formation of *CHO, *OOH, *O, and
*OH intermediates, ultimately yielding CO; and H>O. Notably, the energy barrier for O-O
bond cleavage in the OOH intermediate decreases from 1.29 to 0.14 eV under compressive
strain. Meanwhile, the rate-determining step shifts to the subsequent dehydrogenation of
HCO,, with a barrier of 0.79 eV, indicating that piezoelectric polarization can substantially
alter both reaction kinetics and the rate-determining step [168]. For energy-conversion
reactions, such as hydrogen evolution and H2O; production, doping may modify the
adsorption and activation of reaction intermediates and facilitate multistep electron-transfer
processes[169, 170]. The influence of chemical modification on intermediate adsorption
has also been demonstrated in piezocatalytic hydrogen evolution. Fluorinated-ligand
functionalization of UiO-66 reduced the Gibbs free energy of hydrogen adsorption
(AG_H*) from 0.21 to 0.13 eV (Figure 15 a, b) [171], indicating a more favorable
adsorption—desorption balance for hydrogen intermediates. The optimized H* adsorption
configuration further provides atomic-scale evidence for the modified surface reaction
behavior. This modification, together with the enhanced piezoelectric response and
regulated electronic structure, facilitates hydrogen desorption and promotes interfacial H»
evolution [171]. Thus, the catalytic consequences of doping extend beyond enhanced
charge separation to the regulation of reaction pathways and intermediate formation.
Importantly, the rate-determining step cannot be universally assigned to a single
elementary process across different piezocatalytic systems. Depending on the catalyst and
target reaction, the rate-limiting process may involve reactant adsorption, interfacial charge
transfer, chemical-bond activation, intermediate conversion, or product desorption.
Density functional theory (DFT) calculations can provide insights into adsorption
configurations, reaction energetics, and competing pathways, whereas reactive-species
trapping, electron paramagnetic resonance, kinetic measurements, and in situ or operando

spectroscopy offer complementary experimental evidence. Their combined application is
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927  Figure 15 (a) Gibbs free-energy diagram and (b) optimized H adsorption configuration of
928 Ui0O-66 and UiO-66-F4. Copyright 2022 The Royal Society of Chemistry[171]. (c)
929 Charge-density distributions of ZnO under unstrained and (d) compressive conditions,
930 illustrating strain-induced charge redistribution. Copyright 2024 Elsevier [168].
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4. Doping in piezocatalytic applications

The preceding sections establish how doping regulates crystal structures, defect chemistry,
electronic states, and piezoelectric polarization. These modifications collectively influence
the generation and separation of charge carriers, reactant adsorption, interfacial charge
transfer, and the energetics of surface reactions. Their catalytic consequences, however,
depend on the specific reaction system and operating conditions. Accordingly, this section
examines how doping-induced structural and electronic changes translate into enhanced
catalytic performance in environmental remediation, energy conversion, and biomedical
applications, with attention to reaction pathways, reactive intermediates, and catalytic
kinetics.

4.1 Environmental remediation

Piezocatalysis has attracted extensive attention in environmental remediation because
mechanically induced polarization charges can drive surface redox reactions for organic
pollutant degradation[52, 172-174], toxic-ion reduction[145, 175-178], and microbial
inactivation[179-183]. Compared with pristine piezocatalysts, doping engineering
provides an effective strategy to simultaneously regulate defect chemistry, electronic
structure, polarization intensity, interfacial charge transfer, and surface adsorption behavior,
thereby enhancing both catalytic efficiency and reaction selectivity[184].

Organic pollutant degradation is currently the most extensively investigated
application of doped piezocatalysts. Dopant-induced defect engineering introduces
localized electronic states that facilitate charge separation while simultaneously promoting
oxygen activation, leading to enhanced generation of ROS, including *O; , *OH, 'O», and
H>0,. Under mechanical stimulation, piezoelectric polarization drives electron—hole
separation. Electrons activate dissolved oxygen to generate superoxide radicals, which can
further transform into hydrogen peroxide and hydroxyl radicals, while holes oxidize water

or hydroxyl groups to produce hydroxyl radicals[185, 186],

e+ 0,02 ®)
20, + 2H+—> H202 + 02 (6)
H202 + e —+OH + OH" (7)
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The relative contributions of these pathways depend on the adsorption and activation of
dissolved oxygen, the availability of surface reaction sites, and the kinetics of intermediate
conversion. Dopant-induced changes in defect states and interfacial electronic structures
may alter these processes. The resulting ROS subsequently participate in pollutant
oxidation through both radical and non-radical pathways. As summarized in Figure 16,
representative doped piezocatalysts exhibit enhanced organic pollutant degradation
through synergistic regulation of charge transport, defect structures, and surface redox
reactions. For example, Zn/N co-doped porous carbon and oxygen-doped MoS:
demonstrate that optimized coordination environments and vacancy structures enhance
ROS generation and accelerate pollutant degradation through improved carrier behavior
and interfacial reaction kinetics (Figure 16a, b)[43, 140]. Transition-metal dopants further
improve catalytic efficiency by introducing effective carrier-trapping centers and
promoting interfacial electron transfer. Representative systems, including Cu-doped
BioWOg and other metal-doped piezocatalysts, couple piezoelectric polarization with
oxidant activation processes, enabling efficient pollutant removal through both radical and
non-radical oxidation pathways (Figure 16c, d)[167, 187, 188]. Moreover, rare-earth
dopants such as Ce regulate local electronic configurations and oxygen-vacancy formation,
thereby enhancing charge migration and surface redox activity under mechanical
stimulation (Figure 16e, f)[189]. Beyond organic pollutant degradation, toxic-ion
reduction represents another important pathway for environmental piezocatalysis. Under
mechanical stimulation, piezoelectric polarization promotes charge separation, and the
resulting electrons can directly participate in the reduction of high-valence metal ions.
BaTiOs-based piezocatalysts and BaCO3;@BaTiO3; microspheres have demonstrated
effective piezocatalytic reduction of Cr(VI), confirming the feasibility of utilizing
mechanically generated electrons for toxic-ion conversion [145, 175]. Within the
framework of doping engineering, regulation of defect states, carrier concentration, band-
edge positions, and interfacial electron-transfer kinetics provides a potential route for
improving electron utilization and reduction efficiency. Compared with organic pollutant
degradation, however, systematic studies focusing specifically on doped piezocatalysts for

toxic-ion reduction remain relatively limited. Further investigations are therefore required
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to establish quantitative relationships among dopant configuration, defect chemistry,
interfacial electron transfer, reduction selectivity, and long-term stability.

Rational doping engineering enhances environmental piezocatalysis by regulating
ROS generation, charge transport, and interfacial reaction kinetics, enabling efficient
organic pollutant degradation, toxic-ion reduction, and microbial inactivation. However,
practical applications remain limited by catalyst stability, dopant migration, defect
evolution, and complex wastewater environments. Future studies should establish
quantitative relationships among dopant chemistry, defect dynamics, polarization behavior,
ROS selectivity, and long-term durability, thereby promoting mechanism-guided design of

robust piezocatalysts for scalable environmental remediation.
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Figure 16 Piezocatalytic degradation performance and mechanisms of representative
doped catalysts. (a) Zn-N,-C and ZIF-8. Copyright 2023 Elsevier[190]. (b) O-MoS»-

based piezocatalytic degradation. Copyright 2023 Springer[140]. (¢) Cu-B1oWOe-assisted

pollutant degradation. Copyright 2025. Elsevier[188]. (d) PMS-assisted NOR degradation
over doped piezocatalysts. Copyright 2023 Elsevier[167]. (e) Degradation mechanism
and (f) catalytic activity of HAP-based catalysts. Copyright 2024 the Author(s)[191].

4.2 Energy conversion

Beyond pollutant degradation, doped piezocatalysts have demonstrated remarkable
potential in mechanical-energy-driven energy conversion and resource recovery, including

U(VI) reduction, H,02 production[170, 192, 193], Hz evolution[140, 194, 195], and NO*-
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to NH*" conversion[51, 196-198]. Compared with environmental remediation, these
reactions generally involve multi-electron transfer processes and therefore impose more
stringent requirements on charge separation efficiency, redox potential matching, surface
reaction selectivity, and adsorption energetics. Consequently, doping engineering has
become an indispensable strategy for simultaneously regulating polarization intensity,
electronic  structure, carrier behavior, surface active sites, and reaction
thermodynamics[199].

Among various resource-recovery reactions, U(VI) reduction has attracted
considerable attention because it converts soluble U(VI) into insoluble U(IV), enabling
simultaneous uranium recovery and environmental protection. As shown in Figure 17a,
pristine BFO exhibited only 32.7% U(VI) removal, whereas Sm/Mn co-doped BSFMO-2
achieved a removal efficiency of 94.8% within 120 min [200]. Notably, the apparent U(VI)
reduction rate constant of BSFMO-2 was 8.28 times that of pristine BiFeO3 under the same
reported conditions, demonstrating that co-doping substantially accelerates the reduction
kinetics[201]. This enhancement is associated with improved piezoelectric polarization,
more effective charge-carrier separation, and accelerated interfacial electron transfer. The
reaction kinetics followed a pseudo-first-order model[35],

In(Cy/C) =kt ¢))
where Co and C represent the initial and remaining U(VI) concentrations, respectively, & is
the apparent reaction rate constant, and ¢ is the reaction time. These results indicate that
appropriate Sm/Mn co-doping enhances electron utilization during U(VI) reduction.
Nevertheless, excessive dopant concentrations may introduce structural disorder or
additional charge-recombination centers, highlighting the importance of optimizing dopant
species and concentration for efficient radioactive-metal recovery[201].

Water-related energy conversion provides further quantitative evidence of the benefits
of doping engineering. For V-doped NaNbO; nanocubes containing 10 mol% V, the
reported H> and H>O; production rates reached 346.2 and 102.6 umol g! h'!, respectively,
corresponding to 4.6-fold and 2.2-fold increases over pristine NaNbOs (Figure 17b, ¢)[140,
170]. These improvements were attributed to enhanced piezoelectric response, increased
availability of catalytic active sites, and a reduced energy barriers for water dissociation.

In another representative system, oxygen incorporation into MoS; significantly enhanced
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piezocatalytic H> production (Figure 17d, e). The O-MoS,-180 sample exhibited the
highest H> generation rate of 45.1 umol-g!-h’!, substantially exceeding those of pristine
MoS; (17.3 umol-g'!-h!") and vibration-only controls (0.4 pmol-g!-h'). These results
demonstrate that oxygen incorporation effectively improves the catalytic activity of MoS:
under mechanical stimulation[140]. Beyond water-related energy conversion, doping-
engineered piezocatalysts have also demonstrated considerable potential for CO» reduction.
For example, Nb-doped Pb (Zr,Ti)O3 (PZTN), with an optimized Nb concentration of 2
mol%, achieves a CO production rate of 789 pmol ¢! h™! under pulsed ultrasonic excitation,
with a CO/H; product ratio exceeding 7.6, indicating favorable selectivity toward CO
formation[23]. The bulk ceramic exhibits a piezoelectric coefficient (d33) of approximately
69 pC N!, suggesting that Nb-induced regulation of piezoelectric polarization may
contribute to enhanced charge separation and CO: reduction. Notably, the catalytic
performance also depends on catalyst dosage (Figure 17f). As the PZTN loading increases
from 0 to 0.1 g L', the CO production rate rises from approximately 3.1 to 4.0 umol h™!,
remains nearly constant at 0.1-0.7 g L™, and subsequently decreases to approximately 3.7
umol h'' at 1.0 g L. In comparison, the Al,Os reference exhibits a more gradual increase,
reaching approximately 3.45 umol h™ at 1.0 g L'!. These results highlight the importance
of optimizing both dopant concentration and catalyst loading to improve mechanically
driven CO; reduction, demonstrating the potential of doping engineering for CO resource
utilization and chemical fuel production [23].

In parallel, piezocatalysis has also been extended to nitrogen-resource recovery. For
example, a ZnO nanorod/Shewanella oneidensis metal-reducing strain 1 (MR-1) biohybrid
system achieved NOs-to-NH4" conversion under hydrodynamic stimulation[196]. In this
system, piezoelectrically generated electrons are transferred through bacterial extracellular
electron-transfer pathways to drive dissimilatory nitrate reduction, providing an alternative
approach for coupling mechanical energy harvesting with nitrogen recovery. A comparison
of representative doping-engineered piezocatalysts across environmental remediation,

energy conversion, and biomedical applications is summarized in Table 2.
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Table 2 Doping-enhanced piezoelectric properties and piezocatalytic activity of representative materials.

Catalyst / dopant Piezoelectric Catalytic performance Medium / co-reactant Loading / Ref.
performance activation
BaTiOs/Li ds3: 145-191 pC N'; 30 mL RhB solution 200 mg; 180 W, 10 s RhB degradation: [163]
P 7.5-11.3 pC cm? work, 5 s rest) 90%:; k: 0.021-0.149
min!
(Ba,Ca)(Zr,Ti)Os/  ds3: 540-612 pC N'! 50 mL RhB, MB, or 40 kHz, 500 W RhB degradation: [107]
Sm203 MO dye solution: 10 mg L™! 96.8%; k: 0.115 min™!
(Ba,Ca)(Zr,Ti)Os/  ds3: 520-645 pC N'!  No sacrificial agent - Enhanced organic [34]
. pollutant degradation
BiFeOs/Co ds3: 42-68 pm V7!; 20 mL RhB, MB, O7 dye 10 mg; 120 W, 40 kHz Nearly complete dye [164]
P:: 5.8-9.4uC cm™ solution: 10 mg L-! degradation within 15
min; k: 0.067-0.198
min’!
BaTiOs/Nd ds3: 191-247 pC N, 50 mL RhB solution: 5mg L~ 50 mg; 40 kHz, 100 W RhB degradation: [202]
P:11.3-14.8 uCem ;1.1 g/50 mL NaCl 94%; k: 0.242 min!
2
BiFeO3/Sm/Mn ds3: 48-73 pm V'!; No sacrificial agents 30 mg; 40 kHz, 150 W U(VD) reduction and [203]
P:: 8.6-13.1 uC cm™ H; evolution enhanced
by 2.3- fold increase
BaTiO3/Ca/St/Sn/  ds3: 450 pC N'! 50 mL RhB solution 100 mg; 40 kHz, 100 W Piezocatalytic activity [100]
Hf greatly enhanced
ZnO/Ag - 100 mL MO dye solution: 10 100 mg; 40 kHz, 150 W Dye degradation: [127]
mg L 97%:; k: 0.028-0.072
min!
0.97(NaosBios)TiO  ds3: 73—-110 pC N! 30 mL RhB solution: 5mg L~ 60 mg; 33 £3 kHz, 180 = RhB degradation: [204]
3 : W 100%; MB
0.03Ba(Nio.sNbo.5) degradation: 96%;
Os-xLa MO degradation: 88%
BaTiOs/Ca d33: 145-330 pC N!'; P: 50 mL RhB solution: Smg L~ 50 mg; 40 kHz, 120 W RhB degradation: [205]
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0.18(Bag.7Cao3
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NaNbOs/V (10
mol%)

Baszz_
xFGxOé*S/Fe

Bi3TiNbOy/Fe

Bi4T13012/1

7.5-14.2 uC cm™

ds3: 620-700 pC N'!; Py:
14.8-17.6
pC cm-2

ds3: 110-181 pC N'%; Pr:

8.2-27.6uC cm™
dz3: 7 pm V!

d33: 30 pm V!

ds3: 40 pm V!

d33: 179 pm V!

Pbo.9o(Zro9sTio0s) ds3: 69 pC N

0.03)/Nb (2%)
MoS,/O

TiO,@C/N

50 mL RhB solution: 5 mg L~

1

50 mL RhB solution: 10 mg

L-l

30 mL glucose solution: 0.1

mol L!

Intermediate water-splitting
system; additional reagents NR

50 mL pure water; air or O;

no

30

sacrificial agent

40 mL deionized water and 10

mL ethanol
mL pure water; no

sacrificial agent

10 mL Na2S03:0.1 mol L7;

20

2% COz in Ar
ml pure water or 10%

methanol

30 mL terephthalic acid
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100 mg; 40 kHz, 120 W

100 mg; 40 kHz, 320 W

10 mg; 40 kHz, 200 W

10 mg; 68 kHz, 192 W

25 mg; 40 kHz, 180 W

50 mg: 40 kHz, 300 W
5 mg; 40 kHz, 100 W
1 mg (0.1 gL™"); 40 kHz

10 mg;40 kHz, 150 W

5 mg; 45 kHz, 200 W

99%; TC degradation:
98%:; k: 0.031-0.095
min’!

RhB

degradation: >90%; k:
0.0706 min!

RhB degradation:
98.95%; k: 0.026-
0.082 min’!

Ha: 1520 pmol g' h!
(13-fold)

H: 346.2 umol g h'l;
H>0,: 102.6 umol g!
h! (4.6- and 2.2-fold)
H>0,: 512 pmol g h!
(air) and 690 umol g!
h'! (02)

H,0>: 1421.2 pmol g'!
h! (10.4-fold)

H>02: 5890 umol g-1
h-1

CO: 789 umol g' h'!;
CO/H>> 7.6

Hy: 46.1 umol g h'!
(water) and 921.0
umol g h!
(methanol); MB
degradation: 84.6%; k:
0.003—0.0546 min’!
H>: 6.4 mmol g h'!;

[206]

[206]

[31]

[170]

[113]

[152]
[149]
[23]

[140]

[195]



solution: 5 x 107 mol/L k: 0.0546 min™

BiFeOs/La - RhB solution: 10 mol L™!; 10 mg; 45 kHz, 100 W RhB degradation: [35]
no sacrificial agent 100%; k: 0.2136 min™!
PMN-xPT/Sm ds3: 1150 pC N! NR; 150 mg (1.5 gL"); 120 MO degradation; [156]
W k:0.0453 min™!
ZnAl-LDH/Co - 20 mL of a mixture of Mechanical conditions Norfloxacin [167]
peroxymonosulfate (0.5 mM) NR degradation: 91.5%; &:
and norfloxacin (10 mg/L) 0.1644 min™!
HAP/F ds3: 60 pm V! Contaminated soil; 200 mg 20 mg catalyst/2 g soil; Phenanthrene [191]
kg ! phenanthrene 45 kHz, 50 W degradation: 78.99%;
k: 0.01389 min!
ZnS/Mn d3: 23.3 pm V! MB and RhB aqueous solution 20 mg; 40 kHz MB degradation: [187]
95%; RhB

degradation: 95%; k:
0.1376 min! (MB);
0.1048 (RhB) min!

Zn-Ny-C/Zn,N - 16 mL aqueous methanol 5 mg for H> generation,; Hz: 6.29 mmol g!' h'l;  [190]
solution: 9.4%; 30 mL RhB 30 mg for RhB RhB degradation:
solution: 10 mg/L degradation; 40 kHz, 180 94%
W
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4.3 Tumor therapy and regenerative medicine

Beyond environmental remediation and energy conversion, doped piezocatalytic
materials have recently emerged as a promising platform for biomedical applications,
including tumor therapy[200, 207-210], antibacterial treatment[211, 212], biofilm
eradication[ 101, 153, 213, 214], postoperative infection control [153, 213, 215] , and
tissue regeneration[213]. Compared with conventional catalytic systems, piezocatalytic
therapy utilizes ultrasound as a non-invasive mechanical stimulus owing to its deep
tissue penetration, excellent spatial controllability, and ability to activate piezoelectric
materials in situ. Under ultrasound irradiation, polarization charges generated by
piezoelectric materials react with dissolved Oz, H>0O, and endogenous H>O> to produce
ROS, including *O>, *OH,[2, 216, 217], and 'O> [218], which disrupt intracellular
redox homeostasis and induce tumor-cell death or bacterial inactivation. However,
pristine piezocatalysts generally suffer from limited ROS generation, rapid carrier
recombination, and insufficient catalytic activity under physiological conditions.
Doping engineering therefore provides an effective strategy to simultaneously regulate
lattice distortion, defect chemistry, polarization intensity, electronic structure, catalytic
active sites, and biointerfacial interactions, thereby substantially improving therapeutic
performance.

Tumor therapy represents one of the most extensively investigated biomedical
applications of doped piezocatalysts. Mn-doped ZnO provides a representative example,
where Mn incorporation induces lattice distortion and oxygen-vacancy formation,
strengthening piezoelectric polarization and facilitating ultrasound-triggered charge
separation (Figure 18a-¢)[38]. The enhanced piezoelectric response promotes ROS-
mediated oxidative stress, resulting in glutathione depletion, glutathione peroxidase 4
(GPX4) downregulation, lipid peroxidation, and ultimately ferroptotic tumor-cell death.
This example demonstrates that doping engineering can regulate both piezoelectric
charge dynamics and intracellular therapeutic pathways. Beyond regulating
piezoelectric properties, dopant-induced active centers can further enhance catalytic
reactions involved in tumor therapy. For example, Fe single-atom-doped MoS:
nanosheets contain atomically dispersed Fe sites that accelerate interfacial charge
transfer and exhibit enhanced nanozyme-like catalytic activity (Figure 18d-f)[219].
The isolated Fe centers improve peroxidase-like and Fenton-like activities, promoting

the conversion of endogenous H2O: into highly reactive species and amplifying
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oxidative stress within tumor cells. The synergistic integration of piezocatalytic
activation and nanozyme-mediated catalytic reactions provides an effective strategy for
enhancing tumor therapeutic efficacy. In addition to regulating cellular therapeutic
mechanisms, doping engineering can also improve the in vivo performance of
piezocatalytic materials by modulating their biological interactions and biodistribution.
Fe-doped hexagonal YMnOs; exhibits efficient tumor accumulation and favorable
distribution in major organs, thereby enhancing ultrasound-triggered therapeutic
efficacy while minimizing systemic toxicity (Figure 18g)[111].

In addition to tumor therapy, doped piezocatalysts have demonstrated remarkable
potential in antibacterial treatment, infection control, and tissue regeneration.
Guanidine-functionalized Cu-doped BaTiOs integrates piezocatalytic activation with
bacterial targeting, enabling localized ROS generation for efficient bacterial eradication
while simultaneously promoting osteogenic differentiation (Figure 18h)[153].
Likewise, Fe-doped ultrathin BisTi3012 nanosheets combine piezocatalysis with
chemodynamic therapy, where Fe-induced oxygen vacancies, enhanced charge
separation, and Fe?"/Fe** redox cycling synergistically promote antibacterial activity
and accelerate wound healing (Figure 18i)[220].

From the perspective of regenerative medicine, doping engineering can further
regulate biointerfacial interactions and cellular responses in addition to enhancing
piezocatalytic activity. The guanidine-functionalized Cu-doped BaTiO3 (Cu-
BTO@Gua) system promotes osteogenic differentiation while achieving antibacterial
effects, whereas Fe-doped Bi4T13012 simultaneously enhances antibacterial activity and
wound healing. These results demonstrate that rational doping can integrate infection
control with tissue regeneration, providing a promising strategy for multifunctional

biomedical piezocatalytic platforms.
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Figure 18 Representative biomedical applications of doped piezocatalytic materials.
(a) Relative GPX4 levels of control, US, Mn-ZnO, and Mn-ZnO+US groups. (b)
Relative tumor volume changes during Mn-ZnO-mediated ultrasound therapy. (c)
Photographs of tumor tissues collected from different treatment groups. Copyright
2023 Wiley [38]. (d) GSH depletion performance of Fe-MoS; under different
treatment conditions. (¢) Tumor growth inhibition of Fe-MoS: under ultrasound
irradiation. (f) Body-weight changes of mice during Fe-MoS:-mediated therapy.
Copyright 2025 American Chemical Society [219]. (g) Fe-doped hexagonal YMnOs.
Copyright 2025 American Chemical Society [111]. (h) Cu-BTO@Gua for MRSA-
infected osteomyelitis. Copyright 2025 the Author(s)[153]. (1) Fe-doped Bi4Ti3012 for
piezo-chemodynamic therapy. Copyright 2025 Wiley [220].

4.4 Antibacterial disinfection and infection control

Beyond environmental remediation and biomedical therapy, doped piezocatalytic
materials have recently attracted increasing attention for antibacterial disinfection,
biofilm eradication, implant-associated infection control, and self-powered water

sterilization[101, 153, 213, 220, 221]. Compared with conventional sterilization
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technologies, piezocatalytic disinfection utilizes mechanical energy derived from
ultrasound, vibration, fluid flow, or shear stress to continuously generate ROS without
external light irradiation or electrical input. Under mechanical stimulation,
piezoelectric polarization drives electron—hole separation, where electrons reduce
dissolved oxygen to generate superoxide radicals, while holes oxidize surface hydroxyl
groups or water molecules to produce hydroxyl radicals[222],
0,+e—0; 9)
H,O0/OH +h"— «OH (10)
The generated ROS induce oxidative damage to bacterial membranes, proteins, lipids,
and DNA, while disrupting extracellular polymeric substances, thereby inhibiting
bacterial proliferation and promoting biofilm destruction. However, pristine
piezoelectric materials generally suffer from insufficient polarization intensity, rapid
carrier recombination, limited ROS generation, and weak bacteria-material interactions.
Consequently, doping engineering has emerged as an effective strategy for
simultaneously regulating polarization response, defect chemistry, charge-transfer
dynamics, catalytic active sites, and biointerfacial interactions to enhance antibacterial
performance.

One of the major challenges in antibacterial therapy is the eradication of mature
bacterial biofilms, which effectively protect microorganisms from antibiotics and host
immune responses. Guanidine-functionalized Cu-doped BaTiO; (Cu-BTO@Gua)
represents a representative strategy integrating doping engineering with biointerface
regulation (Figure 19a-c)[153]. In this system, Cu doping enhances piezoelectric
polarization, defect-mediated charge separation, and ROS generation, while guanidine
functionalization further strengthens bacteria-material interactions by improving
bacterial adhesion and biofilm affinity. As shown in Figure 19a, Cu-BTO@Gua
exhibits concentration- and time-dependent adhesion to MRSA, facilitating its
interaction with bacteria. Furthermore, Cu-BTO@Gua combined with ultrasound
effectively reduces toxin-induced hemolysis (Figure 19b), demonstrating its toxin-
inactivation capability. In vivo experiments further reveal a substantial reduction in
bacterial burden in MRS A-infected osteomyelitis models, particularly under ultrasound
stimulation (Figure 19¢). These findings highlight the importance of synergistically
regulating piezoelectric activity, bacterial targeting, and biointerfacial interactions for

effective antibacterial therapy.
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Another representative strategy involves Fe-doped BisTi3O12 nanosheets (Fe-
UBTO), in which Fe incorporation induces lattice distortion and oxygen vacancies,
enhancing ultrasound-responsive piezocatalytic activity and promoting synergistic
piezo-chemocatalytic tumor therapy[101]. As shown in Figure 19d, Fe-UBTO
combined with ultrasound and H>O, markedly reduces tumor-cell viability,
demonstrating enhanced antitumor activity through coupled piezocatalytic and
chemical catalytic processes. Furthermore, the representative tumor photographs
(Figure 19e¢) and corresponding tumor growth inhibition curves (Figure 19f)
demonstrate that Fe-UBTO incorporated into a hydrogel (Fe-UBTO@Gel) effectively
suppresses tumor growth under ultrasound stimulation. These findings highlight the
potential of doping engineering to improve piezocatalytic tumor therapy by modulating
material properties and facilitating mechanically activated therapeutic reactions.

Collectively, these studies demonstrate that doping engineering can enhance
biomedical piezocatalysis through coordinated regulation of piezoelectric polarization,
defect chemistry, reactive oxygen species generation, and biointerfacial interactions.
The Cu-BTO@Gua and Fe-UBTO systems illustrate complementary applications in
antibacterial treatment and tumor therapy, respectively, highlighting the potential of

doping-engineered materials for multifunctional biomedical applications.
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Figure 19 Representative biomedical applications of doping-engineered
piezocatalysts. (a) Time- and concentration-dependent adhesion of Cu-BTO@Gua to
MRSA. (b) Hemolysis induced by MRSA-secreted toxins following different Cu-

BTO@Gua treatments, reflecting toxin-inactivation efficacy. (c) Changes in bacterial
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burden in the bone marrow of MRS A-infected osteomyelitis models under different
treatments. Copyright 2025 the Author(s)[153]. (d) Viability of B16-F10 tumor cells
treated with UBTO, Fe-UBTO, and Fe-UBTO/H20: under conditions with or without
ultrasound irradiation. (e) Representative tumor photographs following different Fe-
UBTO@Gel-based treatments. (f) Relative tumor volume changes under different Fe-
UBTO@Gel-based treatments with or without ultrasound irradiation. Copyright 2024
Wiley[220].

5. Conclusions and outlook

Doping engineering has emerged as a powerful strategy for advancing piezocatalytic
materials by enabling simultaneous regulation of crystal structure, defect chemistry,
electronic configuration, and piezoelectric properties. In this review, we systematically
summarized the fundamental roles of dopants in modifying lattice distortion, chemical
bonding, symmetry breaking, defect formation, carrier behavior, and polarization
response. These structural and electronic modifications collectively determine the
generation and utilization of piezoelectric potentials, thereby governing charge
separation, interfacial redox reactions, and catalytic efficiency. Rather than serving as
a simple compositional adjustment, doping engineering provides a multidimensional
platform for establishing structure, property and performance relationships in
piezocatalytic systems. Importantly, this review integrates doping-induced structural
reconstruction, defect regulation, electronic modulation, and piezoelectric polarization
into a unified mechanistic framework, establishing connections between atomic-scale
dopant configurations, macroscopic electromechanical responses, and interfacial
catalytic processes. By systematically examining the beneficial and adverse effects of
doping, as well as the influence of synthesis routes, mechanical excitation conditions,
and material characteristics, this review provides a more comprehensive understanding
of the factors governing piezocatalytic performance. These insights extend beyond
conventional empirical optimization and offer a basis for mechanism-guided dopant
selection and rational materials design. These insights extend beyond conventional
empirical optimization and offer a basis for mechanism-guided dopant selection and
rational materials design. Nevertheless, several critical challenges remain in achieving
precise dopant regulation, understanding coupled electromechanical and catalytic

mechanisms, and ensuring long-term performance. As summarized in Figure 20,
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addressing these challenges requires coordinated advances in dopant characterization,
defect and phase control, polarization—carrier analysis, standardized performance
evaluation, mechanistic investigation, and scalable synthesis.

Appropriate dopant incorporation can induce lattice distortion, optimize local
coordination environments, and regulate defect chemistry, thereby enhancing
piezoelectric polarization, charge transport, and interfacial reaction kinetics. However,
excessive doping may introduce structural disorder, secondary phases, recombination
centers, and charge-screening effects, ultimately deteriorating piezocatalytic
performance [27, 109, 223]. These competing effects highlight the need to move
beyond empirical concentration optimization toward precise control of dopant
incorporation, lattice-site occupancy, defect compensation, and phase stability. Since
nominal dopant concentrations do not necessarily reflect actual lattice incorporation,
quantitative compositional analysis combined with complementary techniques,
including inductively coupled plasma mass spectrometry (ICP-MS), scanning
transmission electron microscopy with energy-dispersive X-ray spectroscopy (STEM-
EDS), and X-ray absorption spectroscopy (XAS), is essential for verifying dopant
configurations and identifying suitable doping windows. Moreover, synthesis routes
and processing conditions influence dopant distribution, defect formation, and phase
stability, meaning that identical nominal compositions may exhibit different
piezoelectric and catalytic responses[50, 53]. Future studies should therefore establish
quantitative correlations among synthesis parameters, actual dopant incorporation,
defect chemistry, polarization behavior, and catalytic kinetics to enable mechanism-
guided materials design.

A key challenge is to clarify the quantitative relationship among piezoelectric
polarization, carrier dynamics, and catalytic performance, as enhanced piezoelectricity
does not necessarily lead to improved catalytic activity. Future studies should combine
PFM, piezocurrent measurements, and EIS to distinguish polarization enhancement
from charge-screening and carrier-transport effects, thereby establishing reliable
correlations between electromechanical properties and catalytic efficiency.
Standardized performance evaluation is essential for establishing reliable structure—
property—activity relationships. Variations in catalyst morphology, dopant
concentration, mechanical excitation conditions, and reaction environments can
significantly affect catalytic performance. Future studies should employ comparable

experimental conditions and appropriate controls to distinguish piezoelectric
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contributions from other mechanically induced effects, including flexocatalysis,
tribocatalysis, and sonocatalysis, which may coexist under mechanical
stimulation[224],while integrating standardized datasets with data-driven modeling to
support predictive dopant design. Understanding dynamic catalytic pathways and rate-
determining steps remains another important challenge. Future investigations should
integrate in situ and operando characterization with density functional theory (DFT)
calculations and kinetic analyses to clarify the evolution of dopant-related defects,
active sites, and reaction intermediates under mechanical stimulation. Such approaches
will provide mechanistic insights into doping-dependent reaction pathways and
catalytic selectivity. Long-term stability, catalytic durability, and scalable fabrication
are essential for practical applications. Repeated mechanical stimulation may induce
dopant migration, defect redistribution, structural degradation, and elemental leaching.
Future studies should establish standardized durability protocols and develop
reproducible synthesis strategies to ensure structural stability, consistent catalytic
performance, and scalable production. Application-oriented research should address the
specific challenges of environmental remediation, energy conversion, and biomedical
technologies. Environmental applications require improved stability and performance
under realistic wastewater conditions [172, 225, 226]. while energy conversion
demands greater attention to product selectivity, energy efficiency, and operational
durability [172]. For biomedical applications, long-term biosafety, biodegradation, and
biological responses remain critical challenges[227]. Addressing these issues through
application-specific evaluation and materials optimization will facilitate the practical
implementation of doping-engineered piezocatalysts.

Overall, the future development of doping-engineered piezocatalysts requires a
transition from empirical optimization toward mechanism-guided and predictive
materials design. Integrating in situ and operando characterization, theoretical
calculations, and data-driven approaches will help establish quantitative structure—
property—activity relationships by linking dopant configurations, defect chemistry,
piezoelectric polarization, and interfacial reaction kinetics. Such advances will
facilitate the development of efficient, selective, stable, and scalable piezocatalytic
systems for environmental remediation, sustainable energy conversion, and biomedical

applications.
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1315 doping-engineered piezocatalysts.
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