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The emergence of the flexoelectric effect (i.e., the linear electromechanical coupling between strain
gradient and charge polarization) in a wide range of materials suggests a new catalytic mechanism in
mechanocatalysis for activating chemical bonds and reactions. This review comprehensively summarizes
the recent developments of flexoelectric catalysis, including its theoretical foundations, experimental
breakthroughs, and advanced materials. It commences with the brief history and underlying mechanisms

of flexoelectricity and flexoelectric catalysis. Then, the recent strategies for improving the performance
Received 15th November 2025 . . L . .
Accepted 10th February 2026 of flexoelectric catalysts are reviewed. Subsequently, multi-field coupling strategies that can be used to
achieve superior performance are discussed. Finally, the prevailing technical challenges together with the

DOI: 10.1039/d55c08929h future directions are outlined, positing that flexoelectric catalysis is poised to bridge fundamental
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1. Introduction

Heterogeneous catalysis now plays a crucial role in diverse
energy and environmental applications, typically involving solid
catalysts that provide high catalytic activity, good selectivity,
and long-term stability due to their large surface area and rich
active sites.™® However, it is notable that state-of-the-art cata-
lysts usually showcase relatively low energy efficiency and
always include precious metals (Pt, Pd, etc.) as essential
constituents; driven by these issues, scientists are striving to
pursue new catalytic mechanisms as well as novel catalysts.?
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materials science with scalable clean energy solutions.

Photocatalysis, for instance, leverages light to generate elec-
tron-hole pairs from photocatalysts, yet its efficiency is often
constrained by their rapid recombination.*® In recent years,
apart from photocatalysis, the attractive ability of materials for
using abundant and ubiquitous mechanical energy to catalyze
chemical reactions (i.e., mechanocatalysis) has emerged as
a compelling alternative.*” Piezocatalysis, a representative form
of mechanocatalysis, promotes redox reactions directly via the
polarization charges generated by the well-known piezoelectric
effect (the electromechanical coupling between strain and
polarization) in non-centrosymmetric materials under external
stress.®® However, due to the limited number of piezoelectric
catalysts that possess high piezoelectric coefficients and sustain
large strains, the development of piezocatalysis is far from
satisfying, which has thereby initiated the research interest for
other possible pathways in mechanocatalysis.'>**
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The flexoelectric effect is another kind of electromechanical
coupling observed in materials under nonuniform deforma-
tions, entailing a coupling between electric polarization and
strain gradients to induce piezoelectric-like polarization
charges."” And in particular, compared to the piezoelectric effect
that is exclusively available in non-centrosymmetric dielectrics,
this phenomenon even widely exists in centrosymmetric mate-
rials, amorphous materials, and polymers (including insulators,
semiconductors, liquid crystals, biological samples, etc.)."**¢
More critically, the strength of this effect is governed by the
strain gradient in materials, which can be intrinsically ampli-
fied at reduced dimensions, making flexoelectricity a dominant
and scalable mechanism in nanomaterials.”” These funda-
mental characteristics of flexoelectric materials (universality
and size-dependence) impart preferred potential of harvesting
and transforming mechanical energy from environmental
vibrations, such as wind and waves, into polarization charges to
catalyze chemical reactions." Therefore, flexoelectricity intro-
duces a new dimension to the design of mechanocatalysis (i.e.,
flexoelectric catalysis): the catalytic activity can be engineered
not only through chemical compositions as those in other
catalysis mechanisms but also by physical structures that
maximize strain gradients. Clearly, this paradigm shift expands
the material range of flexoelectric catalysts and enables the
efficient engineering of high mechano-responsive catalysts."®

Currently, the most important thing for the development of
this new catalysis mechanism is the search for high-
performance catalysts. In this context, a wide range of mate-
rials have been explored by recent studies, including oxides and
their derivatives (TiO,, SrTiO;, ZnAl,O,, etc.),**?* two-
dimensional (2D) materials (MoS,, MoSe,, etc.),* and halides
(MAPDI;, etc.),** and most of them have shown considerable
potential in flexoelectric catalysis. Furthermore, it is demon-
strated that the proper engineering of materials dimensions,
metastructures, and defects can even improve the flexoelectric
catalytic performance.”® These advancements have led to the
deployment of flexoelectric catalysis in a series of scenarios; for
instance, scientists have  successfully  substantiated
flexoelectric-driven hydrogen evolution reaction (HER),?® oxygen
evolution reaction (OER),*” hydrogen peroxide (H,O,) produc-
tion,” dye degradation and biomedical applications.”*"*
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Moreover, the synergies of flexoelectric catalysis with other
catalysis mechanisms (photocatalysis, piezocatalysis, etc.)
unlock its significance in complex catalytic environments.*>**
Despite the rapid progresses, to date, no comprehensive review
regarding the material designs and synergistic strategies for
flexoelectric catalysis is available. To the best of our knowledge,
there are only relevant papers that focus on either fundamentals
of flexoelectricity or broader topics such as mechanocatal-
ysis.'? In this context, we provide the first systematic review for
flexoelectric catalysis concerning the structure-property—
mechanism frameworks, which may thereby benefit its devel-
opment toward the common goals of decarbonize energy
systems and carbon neutrality.

In this review, a comprehensive overview of this rising field is
provided. First, the brief history and the fundamentals of flex-
oelectricity and flexoelectric catalysis are summarized. Subse-
quently, the advanced strategies for enhancing the flexoelectric
response and catalytic efficiency through structure, interface,
and strain gradient engineering of flexoelectric catalysts are
reviewed. Notably, the coupling mechanisms of flexoelectric
catalysis with other catalysis technologies (photo/piezocatalysis)
are also discussed, showing the potential of synergistic appli-
cations. Finally, the technical challenges and future trends in
flexoelectric catalysis are suggested, aiming to guide the devel-
opment of flexoelectric catalysis from laboratories toward
practical industrial implementations.

2. Brief history and fundamentals of
flexoelectricity and flexoelectric
catalysis

Flexoelectricity, as a universal electromechanical coupling
effect existing in a wide range of materials, has gradually
developed into a multifaceted community integrating funda-
mental theory, property regulation and practical applications,
with flexoelectric catalysis emerging as one of its most prom-
ising applications in recent years.*** To systematically clarify
the theoretical basis and development context of this field, this
section first reviews the evolutionary process of flexoelectricity
and flexoelectric catalysis from theoretical speculation to
experimental verification and application exploration, and then
elaborates on the intrinsic mechanism of flexoelectric catalysis
based on the flexoelectric effect.

2.1 The development of flexoelectricity and flexoelectric
catalysis

The important milestones in the development of flexoelectricity
from theoretical explorations to functional applications are
highlighted in Fig. 1. The flexoelectric effect in solids was first
theoretically identified by Mashkevich and Tolpygo based on
their studies of lattice dynamics in crystals.®® In 1964,
a phenomenological framework for the description of the effect
was further proposed by Kogan et al.*” Subsequently, Mindlin
developed a continuum theory that provided a unified
description of electro-mechanical interaction in both piezo-
electric and non-piezoelectric materials.*® The first microscopic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Historical timeline of the major developments in the field of flexoelectricity and flexoelectric catalysis. Main stages, including theoretical
proposal (1957-1981, initial theoretical identification and modeling), experimental validation (1974-2008, experimental verification of flexo-
electric effects and coupling behaviors), nanoscale scaling (2006-2020, exploration of nanoscale flexoelectric phenomena), and catalytic
application (2022-2024, demonstration of catalytic scenarios such as dye degradation, hydrogen evolution and tumor therapy), are outlined.

calculation of flexoelectric coefficients was performed by Askar
et al. in 1974 in a number of simple crystals.*” A decade later,
Indenbom et al. first referred to the term “flexoelectricity” from
liquid crystals, where an analogous phenomenon was thor-
oughly investigated.*>** Tagantsev et al. then indicated that
flexoelectricity —constitutes a fourth-order electro-elastic
coupling that is more pronounced in materials with high
dielectric constants.**

The development of this field underwent a shift in the early
21st century, moving from theoretical studies to experimental
investigations of flexoelectric effects. Ma et al revealed
surprisingly high flexoelectric responses in soft lead zirconate
titanate (PZT) perovskite ceramics.** In 2006, Fu et al. precisely
measured the flexoelectric modulus in Bag ¢,Srt 353TiO3, estab-
lishing a quantitative description of the flexo-dielectric
coupling.** In theory, Majdoub et al. predicted the size depen-
dence of the nanoscale flexoelectric effect in 2008: at a thickness
of approximately 10 nm, the apparent piezoelectric coefficient
induced by bending can reach 500% of that in the bulk phase,
indicating that flexoelectricity is amplified in micro- and
nanostructures.*

Over the past decade, relevant studies have focused on
actively enhancing and coupling the flexoelectric effect in
diverse materials. For instance, Narvaez et al. increased the
effective flexoelectric coefficient of wide-bandgap oxide single
crystals by orders of magnitude through doping to enhance
their conductivity in 2016.*® Subsequently, the coupling
between flexoelectricity and photo/piezoelectirc effects was
discovered.*” For example, the photo-flexoelectric -effect

© 2026 The Author(s). Published by the Royal Society of Chemistry

indicated that illumination can enhance or regulate the flexo-
electric polarization charges.*”** In 2020, Wang et al. reported
a flexoelectronic mechanism in centrosymmetric semi-
conductors (Si, Ge, GaAs, etc.) and suggested that the local
flexoelectric polarization can regulate the metal-semiconductor
contact barrier.*

Founded on these fundamental breakthroughs, it is there-
fore suggested that the ubiquitous nature of the flexoelectric
effect renders it exceptionally appealing for mechanically driven
catalysis. Recent years have witnessed the rapid advances of
flexoelectric catalysis: Liu et al. reported the first case on dye
degradation driven by flexoelectricity, wherein SrTiO; nano-
particles (NPs) degrade dyes under mechanical stimuli.*® In
2023, Wu et al investigated the highly efficient hydrogen
generation by centrosymmetric high-entropy oxide through
flexoelectric catalysis.®* Furthermore, Wu et al. systematically
investigated the key factors governing flexocatalytic efficiency,
including material morphology, adsorption capacity, mechan-
ical vibration intensity, and temperature.”* In the same year,
Tan et al. reported a strategy for flexoelectric-photocatalytic
coupling, wherein the introduction of flexoelectricity remark-
ably enhanced photocatalytic efficiency.** Li et al then
employed flexoelectric catalytic technology to decompose tumor
interstitial fluid, generating oxygen and reactive oxygen species,
thereby effectively mitigating interstitial fluid pressure.”® In
2025, Pan et al. demonstrated that the enhancement of flexo-
electric catalysis efficiency can be achieved by tuning the
intrinsic magnetism of the catalyst.® In short, over the past few
decades, flexoelectricity and its derived fields have achieved

Chem. Sci., 2026, 17, 5331-5350 | 5333
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considerable progress, from fundamental theory to application
fields. In particular, its integration with catalytic applications
provides extensive research opportunities.* These fundamental
principles and catalytic applications thus form the core of this
review.

2.2 Mechanism of flexoelectric catalysis

The fundamental driving force underlying flexoelectric catalysis
is flexoelectricity, the microscopic origin of which lies in the
strain gradient that can disrupt local inversion symmetry,
generating an electrical polarization field, as described by
eqn (1).*°

aé‘k]

P = Mgt 5=
]

(1)

where P; stands for the flexoelectric polarization, w; is the
fourth-order flexoelectric tensor (flexoelectric coefficient), dey; is
the elastic strain, and dx; is the coordinate satisfying w;x; =
Mijtk-

The flexoelectric effect is a higher-order electromechanical
coupling phenomenon that can occur in dielectric materials,
semiconductors, etc.>*®* When the materials undergo inhomoge-
neous deformation (from external stress, lattice mismatch,
dynamic strain, etc.), the consequent strain gradient displaces
ionic positions and redistributes electron densities, inducing
a macroscopic polarization (Fig. 2).°” The catalytic mechanism
unfolds through the concerted action of this polarization: (1)
Energy band bending and charge separation. The flexoelectric
polarization field acts as an internal bias across the catalysts,
which causes band tilting in the materials, drives the separation
of free charge carriers (electron-hole pairs) and effectively
suppresses their recombination.**® (2) Surface reaction activa-
tion. The charge accumulation and altered surface potential
driven by the internal electric field directly modulate catalytic
activity. The electric field lowers the energy barriers for key
steps, while the separated charges provide the driving force for

T‘\|/‘\|/‘\|:y\|’

¢
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Fig. 2 Mechanism of flexoelectric catalysis.
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the adsorption, activation, and subsequent dissociation of
reaction intermediates.’*® (3) Redox reaction. The charge
carriers are transported through the bulk structure to the
catalyst surface to participate in redox reactions such as oxygen
reduction and hydroxyl oxidation, and thus to generate reactive
hydrogen free radicals and hydroxy radicals for various catalytic
applications.*

Consequently, the strain gradient governs the catalytic
processes not only by inducing bulk polarization but also by
controlling the spatial distribution of charge carriers and the
energetics at the surface. This fundamental mechanism, which
unifies mechanical deformation with electronic control, estab-
lishes flexoelectric catalysis as a distinct paradigm.

3. Structural modifications of
flexoelectric catalysts

Flexoelectric catalysis has rapidly evolved from theoretical
predictions to experimental demonstrations and materials
engineering.®® Actually, the intrinsic flexoelectric response in
many materials is often weak, limiting their catalytic perfor-
mance. Consequently, the amplification of flexoelectric polari-
zation emerges as a significant strategy for improving the
performance of flexoelectric catalysis.®"** This is generally ach-
ieved by engineering the material's structure across multiscales
to generate and amplify the fundamental driving force (i.e., the
internal strain gradient) for charge production.*®** The magni-
tude of this gradient is inversely proportional to the character-
istic dimensions of flexoelectric catalysts, making nanoscale
design a foundational imperative.*>** This section thereby
reviews the principal structural modification strategies, which
are categorized into three interconnected approaches across
different scales: (1) geometric structure design at the nano- and
micro-scale, which leverages the shape of catalysts to concen-
trate strain under mechanical load (Fig. 3a); (2) interface engi-
neering, which creates internal strain gradients through
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Fig. 3 Schematic diagram for structural modifications of flexoelectric catalysts. (a) Geometric structural designs, (b) interface engineering, and

(c) strain engineering.

heterojunctions and boundaries (Fig. 3b); and (3) strain engi-
neering at the atomic scale, which introduces localized lattice
distortion through doping and defects (Fig. 3c). In short, these
modifications enhance the strain gradient to significantly
improve the flexoelectric response, thereby boosting catalytic
efficiency for flexoelectric catalysts.

3.1 Geometric structural designs

Geometric structural design serves as the most direct method to
amplify strain gradients by engineering the catalyst's
morphology. The fundamental objective is to engineer struc-
tures that effectively amplify the intrinsic strain gradient under
mechanical load.®**® Reducing the size of flexoelectric catalysts
to the nanoscale is a fundamental strategy, as the strain
gradient scales inversely with the characteristic dimension,
significantly amplifying flexoelectric polarization.*-*

Du et al. systematically compared the catalytic performance
of TiO, (rutile) NPs and reported that reducing the particle size
from 300 nm to 50 nm increases the H, production rate from
1390 to 2380 pumol g~* h™'. This enhancement is clarified by
a two-dimensional model illustrating the dependence of
oriented strain gradients on particle size (Fig. 4a).>° A similar
result regarding the size-dependent effect is reflected in the
work of Mondal et al.*!

On the basis of size effects, geometry structural designs can
further optimize the flexoelectric response.” " Both theoretical
and simulation studies have demonstrated that nanostructures
such as NPs, one-dimensional (1D) nanorods (NRs)/nanowires
(NWs), 2D nanosheets (NSs), and nanoflowers can exhibit
high flexoelectric responses under similar mechanical
stimuli.®*”*7® This provides crucial mechanistic support for
achieving efficient energy conversion and catalytic performance
via structural engineering.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Han et al. construct hydroxyapatite@fluorapatite (HAP@-
FAP) core-shell NRs to enhance the flexoelectric response via
structural design of flexoelectric catalysts (Fig. 4b).” The
induced lattice strain at the core-shell interface creates an
internal strain gradient, which triggers a robust flexoelectric
polarization. Under ultrasonic excitation, the coupling effect
between the flexoelectric field and the piezoelectric effect of
HAP generates charge separation and enhances catalytic
activity.

In the authors' previous study, the catalytic performance of
1D MAPbI; NWs is compared with that of NPs under equivalent
mechanical stress. The reduction in dimensional scale grants
nanostructures exceptional flexibility, enabling the NWs to
sustain a larger strain gradient of 4 x 10° m™" (Fig. 4c).**
Consequently, the NWs deliver a stronger flexoelectric response
and achieve a higher H, production rate (756.5 umol g~ * h™").
In addition, Sai et al. synthesize CeO, NRs that enable simul-
taneous dye degradation without compromising the H, evolu-
tion rate.”” The flexoelectric polarization in a bending NR
creates an internal electric field that promoted the separation of
the thermal-excited electrons and holes.

In addition, hierarchical and layered structures provide
further advantages for flexoelectric catalysis. Du et al. synthe-
sized layered barium dititanate (BaTi,Os) nanocrystals, where
alternating odd and even layers create internal polarization,
resulting from strain gradient-induced symmetry disruption
(Fig. 4d).>® This inherent layered structure, which combines
ferroelectric-flexoelectric responses, facilitates high H, evolu-
tion (1160 pmol g~* h™') and dye degradation under ultra-
sound. In this case, the acoustic power from bubble cavitation
generates a strain gradient that disrupts local symmetry,
resulting in a non-equivalent flexoelectric polarization.

Wu et al. demonstrate that the dynamic flexoelectric polari-
zation of ultrasonically stimulated nanoflower structures in

Chem. Sci., 2026, 17, 5331-5350 | 5335
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downwards.2° Copyright 2024 Elsevier. (b) Schematic illustration of the proposed mechanism for flexo-piezocatalytic degradation by FAP@HAP

core—shell NRs.”® Copyright 2023 Royal Society of Chemistry. (c) Finite

element method (FEM) results for bending-induced stress distribution

within a single MAPbls NW; time-dependent H, evolution profiles for MAPbls NWs and NPs via photo-mechanical coupling; the test of stability
for photo-mechanocatalytic H, evolution using MAPbls NWs over three cycles.?* Copyright 2024 Royal Society of Chemistry. (d) Theoretical
calculation and structural illustration of polarization in single-layer BaTi,Os.26 Copyright 2024 Wiley-VCH. (e) Schematic showing the nano-
flower-like structure integrated with 2D NSs under strain-free conditions and ultrasonic irradiation.>? Copyright 2023 Wiley-VCH.

centrosymmetric semiconductors (MnO, NSs) can sustainably
promote redox reactions (Fig. 4e), effectively degrading organic
pollutants with high efficiency, stability, and reproducibility.*
Analytical calculations of the spatial strain distribution in
individual NSs under uniform pressure reveal a strain gradient
as large as 10 m ™', which induces a pronounced out-of-plane
flexoelectric polarization throughout the entire NS. These
results demonstrate that a large strain gradient can be gener-
ated in the nanoflower integrated with NSs under ultrasonic
irradiation, leading to effective internal flexoelectric
polarization.

Therefore, the size effect and structural design have shown
their potential for enhancing flexoelectric catalytic perfor-
mance. The former amplifies strain gradients by reducing
dimensions, while the latter optimizes local strain distribution
via heterojunctions, wrinkled structures, or high-aspect-ratio
structures. This combination expands the range of usable

5336 | Chem. Sci., 2026, 17, 5331-5350

materials and provides new approaches to develop efficient,
low-cost, and sustainable mechanically driven catalytic systems.

3.2 Interface engineering

Interface engineering represents a potent strategy to create
built-in strain gradients that persist even in the absence of
external stress.®® Interfaces such as epitaxial films, hetero-
junctions and grain boundaries (GBs) can generate substantial,
localized strain gradients due to local lattice mismatch and
interfacial stress.”®® The strain gradients thus drives a static
flexoelectric polarization, effectively creating a permanent
internal electric field.** This field not only promotes the sepa-
ration of charge carriers but also can be coupled with other
interfacial features (such as heterojunction band alignments) to
synergistically direct these charges toward catalytically active
sites.

Recently, extensive studies have been conducted on inter-
faces and heterostructures for flexoelectric catalysis. For

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Interface engineering. (a) Schematic illustration of phase discontinuity between Ag(CuZn)(AlCr),O4 and CuO phases and flexoelectricity

occurring at the structural interface.® (b) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the
LFO/LNO/LAO structure; in-plane lattice constants of the atom lines in the red box; in-plane strain e,, images of the LFO layers by GPA analysis;
distributions of electric polarizations in the LFO layers; mappings of Fe ion displacement vectors of the LFO layers.?” Copyright 2024 AIP
Publishing. (c) Simulation model for g-C3N,4 and SA-Pt/CN NS; the corresponding simulation results of piezopotential.®* Copyright 2024 Wiley-
VCH. (d) Comparison of HER performance for the hybrid 1T- and 2H-phase and 2H-phase MoSe, nanoflowers; comparison of the intensity of
photoluminescence for the corresponding catalysts.?* Copyright 2020 Wiley-VCH. (e) Comparison of H, adsorption free energies AGy after
water dissociation for three catalysts; 2D projections of partial charge densities of the energy bands in the energy range from —0.15 to 0.15 eV for

GB-containing MoTe, and MoS,.8* Copyright 2022 Springer Nature Link.

instance, Wu et al. constructed a hierarchically wrinkled
Ag(CuZn)(AICr),0,/CuO high-entropy oxide nanocomposite
(Fig. 5a).** The Ag(CuZn)(AlCr),0, and CuO phases exhibit
centrosymmetric structures. At the structural boundaries,
strain-induced lattice distortion causes a redistribution of
mobile ions to generate deviation charges and produces flexo-
electric polarization along the corresponding direction to
balance the charges.** Therefore, a non-uniform flexoelectric
field distribution across the spinel structure is established that
suppresses electron-hole recombination. Under ultrasonic
vibration (in the absence of light irradiation), this nano-
composite structure enables a high H, production rate of 2116
pmol g~" h™".

In the field of thin-film heterostructures, Wang et al. re-
ported remarkably enhanced OER activity in LaFeO; (LFO) thin-
films via strain gradient-induced flexoelectric effects.”” In the
architecture, high-quality LFO catalyst layers and LaNiO; (LNO)
electrode layers are epitaxially grown on a LaAlO; (LAO)
substrate (Fig. 5b). Geometric phase analysis (GPA) quantifies
gradual strain relaxation, revealing a massive strain gradient of

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.0 x 10° m " throughout the entire LFO layer, which produces
a flexoelectric polarization field. In the catalytic situation,
hydroxyl ion adsorption is strengthened on the polar LFO
surface, and the electron transfer from the reactants and key
intermediates to the catalyst across the band-tilted LFO layer is
accelerated. These findings highlight the importance of the
flexoelectric effect in OER kinetics.

The introduction of single-atom Pt into g-C3N, (SA-Pt/CN)
induces local lattice distortion and enhances strain gradi-
ents.** FEM simulations demonstrate that loaded Pt single
atoms exhibit pinning effects under stress, generating signifi-
cant strain gradients in the surrounding region (Fig. 5c). This
effectively disrupts the symmetric structure, increases flexo-
electric polarization, and thus improves the photo-mechanical
coupled catalytic performance.

MoSe, NSs with mixed 1T/2H phase boundaries also exhibit
strain-induced flexoelectric and piezoelectric polarization at
their phase boundaries, producing a barrier-regulating effect.>
This coupled polarization arises because the strain gradient,
induced by bending the NSs, displaces Mo ions by
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approximately o, along the z-axis, disrupting inversion
symmetry. This significantly reduces electron-hole recombina-
tion and enhances H, production, achieving a rate of 4858.2
umol g~* h™* (Fig. 5d).

Recent studies have further revealed the unique role of
atomic-scale geometric configurations at GBs in the flexo-
electric effect. Through first-principles calculations, in-plane
tensile loading of single-layer transition metal di-
chalcogenides (TMDs) induces nonuniform deformation and
strain gradients at GBs.* The enhanced local flexoelectric effect
reduces the energy barriers associated with water splitting and
hydrogen adsorption free energy at the GBs, significantly
boosting the HER rate (Fig. 5e).

In all, interface engineering significantly enhances the
flexoelectric effect by tailoring local symmetry disruption at
various interfaces, including phase boundaries and GBs. The
strain gradients introduced at these interfaces effectively retard
electron/hole recombination and promote the generation of
surface-active species while also promoting band restructuring.
Besides, introducing flexoelectric polarization at GBs can
substantially lower the energy barriers of key reaction steps.

3.3 Strain engineering

Strain engineering at the atomic scale aims to introduce local-
ized strain gradients through lattice mismatch such as chemical
doping and the controlled introduction of vacancy defects,
which disrupt the local crystal field symmetry.*>*” When these
perturbations are non-uniform (the concentration gradient of
doping/non-homogeneous distribution of defects), they can
generate internal strain gradients that induce a localized
flexoelectric polarization.®®®** These methods can effectively
tune the surface electronic structure, accelerate charge carrier
transport, and create highly active sites, thus enhancing the
flexoelectric catalytic performance.****

Narvaez et al. discovered that semiconductor doping can
significantly enhance the flexoelectric response by orders of
magnitude (Fig. 6a).* For instance, oxygen-depleted BaTiO;
(BaTiO;3_;) exhibits an effective flexoelectricity two orders of
magnitude higher than that of insulating BaTiO;, and Nb-
doped TiO, yields a flexoelectric coefficient as high as
107°~10"° C m . Ma et al. observed that the effective flexo-
electric response in Nb-doped SrTiO; (NSTO) single crystals
increases with Nb-doping concentration and exhibits a linear
relationship with the reciprocal of the depletion layer width.*>
Due to Nb doping, the sign of the flexoelectric-like effect is
reversed, emphasizing the distinction from intrinsic flexoelec-
tricity and providing a strategy for applying flexoelectricity at
the macroscale (Fig. 6b).

Also building on this point, in the authors' previous work,
high aspect-ratio F-doped hydroxyapatite NWs (F-HAP NWs)
capable of generating significant nanoscale strain gradients
under mechanical stimulation are synthesized for catalytic
applications.® In addition, gradient doping with F ions induces
lattice mismatch and localized strain, as shown in Fig. 6¢. The
coupling of nanoscale (i.e., NW structure) and atomic-scale (i.e.,
F doping) strain gradients induces a markedly enhanced
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flexoelectric response in F-HAP NWs, resulting in a H, genera-
tion rate of 322.7 umol g~ " h™" in pure water.

Oxygen vacancies (O,) are among the most common and
significant defect forms in oxide systems, with their concen-
tration generally exerting a noteworthy influence on flexo-
electric properties. Chen et al. employed defect engineering of
O, to enhance the flexoelectric effect in 2D TiO, NSs, effectively
suppressing electron-hole recombination.”® Density functional
theory (DFT) calculation reveals stress-induced O, formation,
enabling spontaneously dissociation of water molecules on the
surface of TiO, under dark conditions (Fig. 6d). Tu et al. opti-
mized the flexoelectric catalytic performance of wide-bandgap
spinel oxide ZnAl,0, (ZAO) by tuning the O, concentration.?
The ZAO-200 sample (annealed at 200 °C) achieves an ultra-long
carrier lifetime of 4.65 ns and an H, evolution rate of 3736.6
pumol g ' h™" (Fig. 6e).

The combination of defect engineering and wrinkle-induced
strain presents a powerful synergistic strategy. Through first-
principles calculations, Pu et al. identified that the catalytic
activities of vacancy-defected TMD MX, monolayers for the HER
can be significantly improved by wrinkle engineering (Fig. 6f
and g).** The enhanced catalytic activity of TMDs is mainly
attributed to the charge transfer and polarization enhancement
of Mo atoms around the vacancy sites, which are caused by the
wrinkling deformation and vacancy defect induced
flexoelectricity.

As shown above, strain gradient engineering via doping and
defects represents the most fundamental approach to
implanting strain gradients directly at the atomic scale. Unlike
geometric or interfacial strategies that often rely on external
forces, this method creates internal, localized flexoelectric
polarization fields that persistently modulate the surface elec-
tronic structure. This direct manipulation of the catalytic
interface through lattice control not only enhances charge
dynamics but also optimizes the adsorption behavior of inter-
mediates, establishing a powerful design for high-performance
flexoelectric catalysts.

3.4 Design principles of flexoelectric catalysts

Through above cases, one can be noted that the core design
principle of flexoelectric catalysts is maximizing strain gradi-
ents via multiscale structural engineering to strengthen flexo-
electric polarization and thereby catalytic efficiency. Geometric
structure design leverages size effects and morphologies (e.g.,
NPs, NWs, or nanoflowers) to enhance deformation capability
of catalysts under mechanical stimuli. Interface engineering at
the interfacial regions of heterojunctions, GBs, or phase
boundaries facilitates a built-in strain gradient. The interfacial
lattice mismatch may not only induce stable flexoelectric
polarization and synergistically regulate charge separation, but
also serve as active sites. Strain engineering introduces localized
strain gradients through doping or defect engineering to
modulate surface electronic structures and active sites. The
optimization of a single factor cannot yield flexoelectric cata-
lysts with exceptional performance, and thus the development
of such catalysts requires the adoption of a multiscale design

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Strain engineering. (a) Polar contributions from bulk flexoelectricity and surface piezoelectricity are present in its electromechanical
response to bending; a semiconductor can form depletion layers at the interfaces with the electrodes; the conducting bulk acts as an inter-
calated electrode (blue layer) between interfacial barrier layers that respond as thin capacitors.*®¢ Copyright 2016 Springer Nature (b) Relationship
between polarization and strain gradients in SrTiOz and NSTO single crystals with doping concentrations of 0.05, 0.1, 0.4, 0.5, and 0.7 wt%; the
relationship between the effective flexoelectric coefficient and the Nb-doped concentration; the Fourier filtered first-harmonic displacement
(the cyan curve) and charge (the red curve) for SrTiOs and 0.05 wt% NSTO.°2 Copyright 2023 AIP Publishing. (c) HAADF-STEM images and GPA
analysis of F-HAP NWs, showing the strain gradients at the atomic level due to gradient F doping.®® Copyright 2025 Royal Society of Chemistry. (d)
Potential energy surface of H,O adsorption on a defective TiO, surface with Oyy; strain-induced Oy, (defects are highlighted in yellow); Oys
endows water molecules with the ability to self-dissociate (the dashed circle indicates the product of the dissociation).®* Copyright 2024 Wiley-
VCH. (e) Electron paramagnetic resonance spectra of ZAO samples with various O, concentrations; overlay of the piezoelectric force
microscopy butterfly curve patterns of ZAO samples.?? Copyright 2025 Wiley-VCH. (f) Side and top views of the relaxed structure of a wrinkled
MoS, monolayer, the vacancy locations of the wrinkled MoS, monolayers, and the adsorption sites of the H atoms (the purple, yellow and white
balls are Mo, S and H atoms, respectively; the dashed circles denote the vacancies where the S atoms are removed).®* Copyright 2021 Royal
Society of Chemistry. (g) Hydrogen adsorption Gibbs free energies (AGy) of flat and wrinkled TMDs (MoS, and MoSe,) with or without vacancies
at different wrinkle lengths.®* Copyright 2021 Royal Society of Chemistry.

approach to achieve the synergistic regulation and engineering
optimization of multiple factors.

4 Hybrid coupling strategies of
flexoelectric catalysis

The strategies outlined above focus on maximizing the intrinsic
flexoelectric response of catalysts. However, the ultimate cata-
lytic efficiency may still be constrained by fundamental

© 2026 The Author(s). Published by the Royal Society of Chemistry

limitations, such as finite charge carrier density or recombina-
tion losses.” It should therefore be noted that the inherent
nature of flexoelectric polarization provides a unique opportu-
nity to overcome these limits by coupling with other catalytic
mechanisms. In such hybrid systems, the flexoelectric field does
not merely add to other effects; it can directly modulate and
synergize with the fundamental processes of other catalysis
mechanisms (e.g., photocatalysis and piezocatalysis), which
lead to performance gains greater than the sum of the
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individual ones.** In this section, the recent advances in such
coupling approaches are reviewed, with an emphasis on their
core synergistic mechanisms.

4.1 Coupling with photocatalysis

The rapid recombination of photogenerated charge carriers and
low quantum efficiency often plague photocatalytic
processes.®®®” The coupling of flexoelectricity with photo-
catalysis provides a new approach, termed “photo-mechanical”
coupling, to drive catalytic reactions.*”*® Under illumination,
photogenerated electron-hole pairs undergo rapid separation.
In this case, under mechanical stimuli, the induced flexoelectric
polarization field superimposes on the intrinsic band structure
of the semiconductor photocatalysts.®® This not only provides
an additional driving force for the separation of photogenerated
electron-hole pairs but can also effectively guide their separa-
tion along a specific pathway, inhibit their rapid recombination,
and achieve more efficient spatial charge separation.”*
Furthermore, this electric field can dynamically modulate the
band tilting, thereby optimizing the process of catalytic reac-
tions (Fig. 7a)."® Meanwhile, flexoelectric polarization influ-
ences the adsorption and activation of key intermediates by
altering the potential distribution on the surface of
catalysts.>”***

Shao et al. discovered a ferroelastic twin texture in a centro-
symmetric epitaxial BivO, (BVO) film, where substantial strain
gradients confined to the domain walls generate in-plane
flexoelectric fields.'® These fields at the boundaries spatially
separate photogenerated charge carriers, driving electrons and
holes toward opposite domains and thus facilitating the pho-
tocarrier transport. This flexo—phototronic mechanism is

5340 | Chem. Sci., 2026, 17, 5331-5350

further corroborated by enhanced dye degradation and reactive
radical generation (Fig. 8a).

Tan et al. introduced wrinkled structures of varying degrees
into 2D carbon nitride (CN) via ultrasonication. They estab-
lished a positive correlation between wrinkle density, the
resulting strain gradient, and the intensity of flexoelectric
polarization. As shown in Fig. 8b, 700 W ultrasonication treat-
ment of CN (CN700) with large strain gradients induced exhibits
enhanced HER performance with a reduced exciton binding
energy (from 52 to 34 meV).** This indicates that the flexo-
electric field significantly lowers the energy barrier for exciton
dissociation into free charge carriers (electrons/holes), which
directly enhances the population of charges available for the
HER.

Liu et al. demonstrated that in centrosymmetric semi-
conductors (8-MnO, and TiO, nanoflowers), strain gradient-
induced flexoelectric polarization can also enhance photo-
catalysis.'” Under ultrasonic stimulation, the dynamic bending
of NSs generates a flexoelectric polarization. This polarization
drives the photogenerated electron-hole pairs to move in
opposite directions, thereby achieving efficient separation of
free carriers and causing the energy band to be completely tilted
(Fig. 8c). Consequently, the photocatalytic efficiency is largely
improved across a broad spectral range from ultraviolet to
visible light.

In brief, the coupling of flexoelectricity with photocatalysis is
not a single mechanism but a versatile platform. It can be
activated via intrinsic material properties, engineered through
nano-/micro-structuring, or external dynamical excitation,
providing multiple avenues to break through the efficiency
limits of conventional photocatalysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Hybrid coupling strategies. (a) Schematic illustration of flexo-degradation and photo-degradation processes on BVO; DFT calculations of
ferroelastic BVO structures (red arrows represent the net polarization with respect to the center of their surrounding oxygen cages); photo-
degradation, flexo-degradation, and flexo—photo-degradation of rhodamine B (RhB) by a BVO film; the flexoelectric potential drives the effective
separation of photogenerated carriers, thereby screening surface charges.’*? Copyright 2022 Elsevier. (b) Schematic diagram of exciton transfer
in planar and curved CN; H, production efficiency via flexo—photocatalysis using CN with different curvature degrees; integrated photo-
luminescence emission intensity as a function of temperature.3® Copyright 2023 American Chemical Society. (c) Schematic showing the flexo—
photocatalysis mechanism of 3-MnO, and TiO, nanoflowers for organic pollutant degradation; the process of separation and transportation of
electrons and holes and the generation of reactive species that participate in the degradation process of organic pollutants under mechanical
stimuli.*®> Copyright 2024 Springer Nature Link. (d) H, yields and production rates of bulk g-C3N4 and UT-g-CzN,4 under light, ultrasound, and
combined light-ultrasound irradiation in pure water; FEM simulation for the stress distribution around a triangular pore in tri-s-triazine sheets of
g-C3N4.12 Copyright 2021 Wiley-VCH. (e) Spatial diagram of a wrinkled ZnO monolayer; variation patterns of the piezoelectric and flexoelectric
coefficient usy; with increasing wrinkle amplitude for the ZnO monolayers.**® Copyright 2024 Wiley-VCH. (f) Schematic illustrations comparing
the piezoelectric potential difference that can be generated inside the lattice of the pure BaTiOz NP and core—shell NP under pristine and
stressed states; output open-circuit voltage signals and charge density measured from nanocomposites made of pure BaTiOsz and BaTiOz@-
SrTiOsz NPs under mechanical bending and unbending motions.** Copyright 2021 Elsevier.

4.2 Coupling with piezocatalysis suppressing electron-hole recombination, prolonging carrier
lifetimes, and significantly enhancing catalytic efficiency."'**"*
Meanwhile, this coupling effect also contributes to the
adsorption, activation, and dissociation of active intermediates,
thus optimizing the catalytic kinetics.>

Experimental studies have validated this concept. Hu et al.

Flexoelectricity can be also coupled with the piezoelectric effect
to provide a new approach for mechanical energy harvesting
and conversion.'**'* The core mechanism of this coupling is
the simultaneous generation of flexoelectric and piezoelectric
polarizations in materials under external mechanical excita-
tions, thus forming superimposed or synergistic internal
polarization fields (Fig. 7b).*°***” This additive effect not only
enhances local electric field intensity but also boosts catalytic

synthesized atomically thin ultrathin graphitic carbon nitride
(UT-g-C3N,) NSs that show exceptional piezocatalytic H,
production.”” They attribute the strong piezoelectric response
to in-plane polarization from stacked polar triazine units.
Besides, the triangular cavities in g-C;N, NSs may generate
strain gradients in the vicinity, which allows a nonzero net
average polarization under mechanical vibration owing to the
flexoelectric effect. The superposition of piezoelectric and

activity by regulating the energy band structure and carrier
distribution, facilitating electron-hole separation and migra-
tion to catalytically active sites.'*®'*® Furthermore, dynamic
excitation causes periodic changes in the polarization fields,
driving the directional migration and accumulation of carriers,
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flexoelectric electric fields forms a combined polarization,
which provides a significant electrochemical force to promote
water reduction. The UT-g-C;N, NSs achieve an exceptional
flexo-piezo-photocatalytic H, evolution rate of 12.16 mmol g *
h™* (Fig. 8d).

Yin et al explored the coupling effect of piezo/
flexoelectricity, separated the piezoelectric and flexoelectric
coefficients, and distinguished the respective contributions to
the total polarization by constructing a series of ZnO mono-
layers with varying wrinkle amplitudes.’® Piezoelectric and
flexoelectric coefficients depend on the wrinkle amplitude. Both
coefficients (absolute value) exhibit an escalation with height-
ened wrinkling, indicating a gradual enhancement in the
piezoelectric or flexoelectric effect (Fig. 8e). Polarization P,(y)
results from the synergistic effect of piezoelectric and flexo-
electric polarization. Wrinkles in ZnO alter the local electric
field, inducing charge and dipole moment changes by piezo/
flexoelectric coupling that lead to polarization.

Beyond low-dimensional materials, this coupling strategy
also applies to complex nanostructures. Kim et al. engineered
BaTiO;@SrTiO; core-shell NPs with a compositional
gradient." The lattice mismatch between core and shell creates
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a substantial strain gradient, which acts to amplify the effective
piezoelectric response of the entire NP via the flexoelectric
effect, leading to enhanced performance (Fig. 8f).

Hence, the coupling of the flexoelectric and piezoelectric
effects moves beyond a simple additive model. It establishes
a multi-functional materials design paradigm where mechan-
ical energy can be harvested and converted with high efficiency.
The growing ability to understand its intrinsic coupling and
precisely engineer this coupling in diverse material systems is
paving the way for a new generation of high-performance,
mechanically driven catalysts.

5. Applications of flexoelectric
catalysis

Building on the structural modification strategies and hybrid
coupling mechanisms that have significantly enhanced the
flexoelectric response and catalytic efficiency of flexoelectric
catalysts, they are thus promising in many scenarios. This
green, environmentally friendly, and efficient catalytic tech-
nology can collect various forms of mechanical energy in nature
(e.g., wind and tidal energy) and promote chemical reactions.
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Fig. 9 Applications of flexoelectric catalysis. (a) The extent of discoloration of RhB solutions at evenly spaced intervals by low-crystallinity and
high-crystallinity SrTiOs NPs.5° Copyright 2022 Wiley-VCH. (b) Degradation under different water—soil ratio conditions (V,,/Ms, mL g™ by
HAP@FAP.” Copyright 2023 Royal Society of Chemistry. (c) Comparison of Cu-EDTA removal efficiencies by different catalysts.**¢ Copyright
2019 American Chemical Society. (d) H, production in pure water (W) and a 0.05 M Na,SOs3 (SA) sacrificial agent solution under different energy
source irradiation conditions.2° Copyright 2024 Elsevier. (e) H,O, production rates of SrTiOs, BaTiOs, and LaFeOz NPs at 283 K, 298 K, and 308
K.28 Copyright 2025 Wiley-VCH. (f) H,O, production efficiency via flexo—photocatalysis using CN with different curvature degrees.** Copyright
2023 American Chemical Society. (g) Growth curves and photographs of tumors in primary tumors after different treatments.*** Copyright 2025

Wiley-VCH.
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Table 1 Comparison of flexoelectric catalytic performance in degradation of dyes

Catalysts Detected ROS Substrate Reaction rate [min ] Catalytic conditions Ref.
Ag,Mo00, 'OH and h* MB [20 mg L] 0.08098 Ultrasound [180 W 40 kHz] 2021 (ref. 31)
300 W xenon lamp

HC-STO ‘OH and ‘0>~ RhB [10 mg L] 0.008 Ultrasound [240 W 40 kHz] 2022 (ref. 50)
FAP@HAP ‘OH and ‘0>~ PHE [200 mg kg '] 0.01389 Ultrasound [600 W 60 kHz] 2023 (ref. 70)
SA-Pt/CN ‘OH RhB [10 mg L™} 0.00138 Ultrasound [300 W 40 kHz] 2023 (ref. 85)
MnoO, "OH and ‘0%~ MB/RhB/MO [10 mg '] — Ultrasound [320 W 40 kHz] 2023 (ref. 52)
SnO, ‘OH RhB MB MO [10 mg L] 0.008 Ultrasound [500 W] 2024 (ref. 75)
2D TiO, NSs ‘OH and ‘0>~ RhB [10 mg L™ "] 0.015 Ultrasound [—] 2024 (ref. 117)
CeO, NRs h* "OH and "0*~ RhB [10 mg L] 0.065 Ultrasound [180 W 1 MHz] 2024 (ref. 77)
STO-P "OH and "0%~ RhB [5 mg L] 0.01905 Ultrasound [200 W 40 kHz] 2025 (ref. 21)
Sio, 'OH and ‘0>~ RhB [5 mg L] 0.05121 Ultrasound [240 W 20 kHz)] 2025 (ref. 118)

Consequently, it has received increasing attention and been
widely studied in fields such as environmental remediation,*
energy production,” and biomedical therapy.**

5.1 Environmental remediation

Flexoelectric catalysis provides a potent mechanical energy-
driven approach for eliminating organic pollutants in water,
soil, etc. The fundamental mechanism involves generating ROS
(i.e., reactive oxygen species), such as hydroxyl radicals (‘OH)
and superoxide anions ('O, "), via the flexoelectric polarization
field that efficiently separates charge carriers and promotes
redox reactions at the surface of catalysts.”

A study conducted by Liu et al. indicated that the perfor-
mance of flexoelectric catalysis is pronounced in centrosym-
metric SrTiO; NPs for this application.*® Due to flexoelectric
polarization, ‘OH and ‘O,  active radicals are periodically
generated in the solution, effectively degrading dye molecules
such as RhB, methylene blue (MB) and methyl orange (MO)
(Fig. 9a). Sheng et al. combine flexoelectric catalysis with per-
oxymonosulfate (PMS) activation, where a flexoelectric field
drives electron and hole migration to the reaction interface and
activates PMS to degrade organic pollutants rapidly." In soil
remediation, the HAP@FAP core-shell structure designed by

Han et al. achieves a degradation rate of 79% for 200 mg kg™ ' of
phenanthrene (PHE) in soil within 120 minutes (Fig. 9b).”® Pan
et al. reported a multifunctional composite NW composed of
BaTiO;@graphene that overcomes the challenges associated
with Cu and ethylenediaminetetraacetic acid (Cu-EDTA)
complex dissociation.*® The piezoelectric-flexoelectric poten-
tial releases Cu(u), and interactions with graphene groups
enable Cu recovery (Fig. 9¢). Beyond remediation, this work also
demonstrates the potential of flexoelectric catalysis in resource
recovery from wastewater. Table 1 summarizes the available
cases of flexoelectric catalysts for ROS generation and pollutant
degradation, highlighting their broad application potential.

5.2 Clean energy production

Flexoelectric catalysis demonstrates considerable potential in
the clean energy field, particularly in H, and H,O, produc-
tion.?**® Traditional production methods rely on noble metal
catalysts and sacrificial agents. In contrast, flexoelectric cata-
lysts, with their wide material space, easy preparation, and
flexible conditions, provide an efficient and cost-effective
alternative.

Table 2 summarizes the present cases of flexoelectric catal-
ysis for water splitting. For instance, Du et al. demonstrated that

Table 2 Comparison of flexoelectric catalytic performance in water splitting

Catalysts Substrate Products Reaction rate [umol g~* h™'] Catalytic conditions Ref.
1T-2H-MoSe, H,0 H, 4858.2 Ultrasound [120-300 W] 2020 (ref. 23)
[20-60 kHz]
Ag(CuZn)(AlCr),0,/Cu0O H,0 H, 2116 Ultrasound [300 W 40 kHz] 2023 (ref. 51)
CN700 H,0 H,/H,0, 11900 300 W xenon lamp 2023 (ref. 32)
BiVO,/Bi,WO, H,0 H,0, 4860 Ultrasound [300 W 40 kHz] 2023 (ref. 121)
150 W Xe lamp
SA-Pt/CN H,0 H, 1283.8 Ultrasound [300 W 40 kHz] 2023 (ref. 85)
MAPDI; NWs HI/H,0 H, 756.5 Ultrasound [200 W 100 kHz] 2023 (ref. 24)
2D TiO, NSs H,0 H, 137.9 Ultrasound [280 W] 2024 (ref. 117)
CeO, NRs H,0 H, 486.4 Ultrasound [180 W 1 MHz] 2024 (ref. 77)
TiO, H,0 H, 2380 Ultrasound [200 W 40 kHz] 2024 (ref. 20)
BaTi,05 H,0 H, 1160 Ultrasound [200 W, 40 kHz] 2024 (ref. 26)
ZnAl,0, H,0 H, 3737.6 Ultrasound [300 W 40 kHz] 2025 (ref. 22)
F-HAP H,0 H, 322.7 Ultrasound [100 W 100 kHz] 2025 (ref. 89)
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rutile TiO, achieves an H, production rate of 2380 pmol g ' h™*
under flexoelectric catalysis (Fig. 9d). Mondal et al. reported that
centrosymmetric SrTiO; NPs reach a H, production rate of
1289.5 pmol g~* h 2! Pan et al. proposed enhancing flexo-
electric catalytic efficiency by controlling the intrinsic magne-
tism of the catalyst. The paramagnetic-to-antiferromagnetic
transition in LaCrO; significantly boosts the flexoelectric
polarization, increasing H,O, yield by 90% (Fig. 9¢).>® Tan et al.
reported that CN prepared via ultrasonic treatment and
combined with light irradiation achieves rapid H, evolution at
11.9 mmol ¢ ' h™* and efficient H,0O, generation at 1779 pmol
g~ ! (Fig. 9f).* These studies further prove the high efficiency of
flexoelectric catalysis.

5.3 Biomedical applications

Flexoelectric catalysis demonstrates unique advantages in the
field of tumor therapy by disrupting mitochondrial function,
alleviating hypoxia, and generating ROS."** In biomedicine,
flexoelectric catalysis introduces a novel physical mechanism
for tumor therapy, primarily by disrupting cellular energy
metabolism and modulating the tumor microenvironment.

A seminal study by Fu et al. uses SrTiO3/RGD/TPP (SRT) to
disrupt the balance between proton gradient and ionic equi-
librium in mitochondria using ultrasound-induced flexoelectric
catalysis (Fig. 9g)."*° Li et al. proposed WS,/Pt Schottky hetero-
junctions as a “dual-mode” therapy platform that utilizes
flexoelectric catalysis to disrupt the tumor's interstitial fluid
pressure (IFP), generating oxygen and active oxygen species
while relieving IFP, thereby providing an innovative strategy for
comprehensive tumor therapy.*® Building on this, they devel-
oped an advanced biomimetic nanomedicine (MPI@M) based
on MoSe,/Pt Schottky junctions combined with a photosensi-
tizer."*® Under acoustic stimulation, MPI@M decomposes water
in the tumor interstitial liquid, reducing IFP and releasing
oxygen to overcome hypoxia, thereby enhancing photodynamic
therapy efficacy and disrupting mitochondrial function. These
research findings highlight the considerable potential of flexo-
electric catalysis in improving tumor treatment outcomes and
overcoming the limitations of conventional therapies.

In short, flexoelectric catalysis showcases broad application
prospects in key areas (environmental remediation, clean
energy, biomedicine, etc.). Through strain gradient-induced
polarization effects, flexoelectric catalysis can efficiently
degrade organic pollutants, remove heavy metals, and enhance
the efficiency of H, and H,0, production. Furthermore, the
unique advantages of flexoelectric catalysis in tumor therapy
provide new strategies for precision medicine. As research
deepens and technology advances, flexoelectric catalysis is ex-
pected to provide innovative solutions to global environmental,
energy, and health challenges.

We would like to add here that several notable practical
challenges remain to be addressed in flexoelectric catalytic
experiments. For instance, prolonged dynamic strain/stress
may lead to material aging and stress gradient decay. Further-
more, systematic optimization is required to enhance the
overall energy utilization efficiency. Besides, there is currently
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a lack of a universal approach for assessing the actual energy
conversion efficiency, due to the complexity of multiple energy
interacting mechanisms, combined with inconsistent testing
protocols among different research teams. Additionally, there
are currently no established cases of large-scale manufacturing
or implementation of flexoelectric catalysts. Therefore,
advancing this novel catalytic technology requires more
profound investigations into its fundamental principles and
practical deployment.

6 Summary and perspectives

As shown above, flexoelectric catalysis has emerged as a prom-
ising mechanism for promoting diverse reactions by the strain
gradient-induced polarization fields that govern essential
processes such as band bending, charge separation, and surface
activation of catalysts. This capability has been successfully
demonstrated in applications ranging from environmental
remediation and energy production to biomedical therapy. To
harness this potential, scientists have developed strategies
centered on amplifying the intrinsic flexoelectric response,
chiefly via multi-scale strain gradient engineering including
geometric structure design, interface engineering, and atomic-
scale doping/defect introduction. Concurrently, coupling flex-
oelectricity with the fundamental processes of other catalysis
mechanisms (e.g.,, photocatalysis and piezocatalysis) has
unlocked synergistic effects that further improve the catalytic
activity. In the following text, we briefly propose the current
technical challenges as well as the future research highlights for
this emerging field.

6.1 Technical challenges for flexoelectric catalysis

Flexoelectric catalysis has gained considerable attention
because of its potential in enhancing reaction efficiencies and
promoting novel chemical transformations. However, its prac-
tical implementation still requires overcoming several hurdles,
including the accurate theoretical prediction of flexoelectric
properties, the precise engineering of strain gradients, and the
understanding of coupling effects with other catalytic
mechanisms.

6.1.1 Theoretical predictions of flexoelectric properties and
catalytic effects of materials. Theoretical modeling of flex-
oelectricity is inherently difficult for several reasons, including
the presence of higher-order partial differential equations,
nonlocal effects, and electromechanical couplings within the
internal energy. Moreover, the use of various definitions for
deformation metrics, along with the requirement for more
detailed governing equations and boundary conditions, adds to
the difficulty.”” While DFT* is powerful for calculating funda-
mental properties at the atomic scale and FEM can simulate
strain fields at the continuum level,"*>**® seamlessly integrating
these across scales to predict flexoelectric properties and even
catalytic effects of materials can be exceptionally chal-
lenging.'”****>* The recent progress in multi-scale modeling that
combines continuum mechanics with atomistic simulations
may aid in predicting the details of flexoelectric catalysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Machine learning for high-throughput catalyst screening and
advanced microfluidic/nanofluidic technologies can help to
release the practical potential of flexoelectric catalysts.

6.1.2 Precise characterization and engineering of strain
gradients. One of the major challenges in flexoelectric catalysis
is the precise characterization and engineering of strain gradi-
ents in catalysts. At present, high-resolution transmission
electron microscopy images together with GPA analysis enable
the visualization of lattice distortions, while X-ray diffraction
and X-ray absorption fine structure spectra provide indirect
evidence of lattice strain via revealing the microscopic charac-
teristics of lattice spacing and local coordination environments.
However, as flexoelectric catalysis is a highly dynamic process in
multi-phased environments, these conventional characteriza-
tion techniques are insufficient to capture its dynamic nature.

6.1.3 Understanding the synergistic effect of flexoelectric
catalysis with other catalytic mechanisms. As an emerging
subfield of mechanocatalysis, flexoelectric catalysis has ach-
ieved remarkable progress in both fundamental understanding
and practical applications. However, the in-depth under-
standing of its microscopic process and coupling mechanism
with other catalytic technologies remains obscure. Considering
its ubiquity in materials, flexoelectricity can be coupled with
photocatalysis, piezocatalysis, pyrocatalysis, etc. to boost the
overall performance; the coupling involves complex physico-
chemical processes such as charge transfer, energy exchange,
and active site modulation, rendering it challenging to disen-
tangle their contributions.

6.2 Future prospects

In view of the above technical challenges, the future study of
flexoelectric catalysis is full of opportunities. Building on the
current understanding and technological advancements,
several possible directions are proposed for advancing this
emerging field.

6.2.1 Design of novel catalysts. Given the urgent demand
for superior catalytic performance and broad application
scenarios, the search for novel flexoelectric catalysts is definitely
a key direction, just as what happened in other catalytic cases.
In this regard, traditional trial-and-error approaches are ineffi-
cient and time-consuming. Modern computational techniques,
such as high-throughput screening and machine learning-
driven performance prediction, provide a powerful tool for
discovering high-performance catalysts. These methods can
effectively screen potential candidate materials from large
material libraries, guiding experimental efforts toward the most
promising directions.

6.2.2 Implementation of in situ/operando characterization.
In situ/operando characterization techniques are essential for
understanding the dynamic behavior of flexoelectric catalysis.
Future research should consider using advanced in situ/oper-
ando characterization methods, including transmission elec-
tron microscopy, surface-enhanced Raman spectroscopy, shell-
isolated NP-enhanced Raman spectroscopy, and X-ray absorp-
tion spectroscopy. These techniques can quantify the effects of
various distortion sources (such as doping, defects, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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heterojunctions) on electronic states and active site structures
of catalysts, as well as monitor the dynamic evolution of strain
gradients, polarization fields, and surface reaction intermedi-
ates during catalysis. These technologies are also expected to
identify active sites and reaction intermediates during catalysis,
providing valuable information for catalyst design and
optimization.

6.2.3 Expansion of new application scenarios. By reducing
energy barriers and enabling flexible, low-cost catalysts, flexo-
electric catalysis holds transformative potential for clean energy
technologies and carbon neutrality goals. It enhances the effi-
ciency of the HER/OER and promotes advancements toward
global sustainability. However, beyond current applications
(environmental remediation, renewable energy, and biomedi-
cine), flexoelectric catalysis could revolutionize industries by
being applied to emerging scenarios such as nitrogen fixation,
carbon dioxide reduction, and selective organic synthesis, and
its application scope can be further expanded via multi-field
coupling approaches to realize an industrial revolution. Thus,
flexoelectric catalysis is anticipated to bridge fundamental
materials science with scalable clean energy solutions, which
are pivotal in advancing next-generation sustainable
technologies.
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