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Abstract
Piezocatalysis  harnesses  the  electromechanical  coupling  of  non-centrosymmetric  materials  to  convert  mechanical  energy  into
dynamic  interfacial  polarization and redox  driving  forces,  thus  offering  a  distinctive  route  for  small-molecule  activation under
mild  conditions.  This  review  first  examines  the  fundamental  mechanisms  underlying  piezocatalytic  charge  generation,  charge
separation,  charge  transport,  and  interfacial  reaction  The  rapidly  expanding  family  of  piezocatalytic  materials—including
perovskite  and  related  oxides,  layered  bismuth-based  compounds,  ferroelectric  polymers,  wurtzite-type  semiconductors,  two-
dimensional  van  der  Waals  materials,  and  other  inorganic  piezoresponsive  materials—is  then  discussed  along  with  framework,
molecular, and organic–inorganic hybrid systems. Strategies for tuning the piezocatalytic activity are further organized within a
four-dimensional regulation framework encompassing lattice polarization and microstructure, interfacial, and surface properties,
highlighting the relationships among the material structure, electromechanical response, and catalytic performance. The emerg-
ing  application  landscape,  spanning  water  splitting,  CO2 reduction,  N2 fixation,  nitrate  reduction,  O2 reduction  for  H2O2

production,  reactive  oxygen species -mediated degradation of  small  organic  pollutants,  and oxidative  conversion of  methane is
discussed. Particular attention is focused on the mechanistic complexity of piezocatalytic reactions and the challenges associated
with comparing the  piezocatalytic  performance  across  different  materials  and operating conditions.  Finally,  the  key  barriers  to
practical  deployment,  including  mechanistic  decoupling,  performance  standardization,  stability,  and  reactor  engineering,  are
discussed.  By  connecting  fundamental  electromechanical  phenomena  with  materials  design  and  small-molecule  reactivity,  this
review  outlines  the  opportunities  and  principles  for  advancing  piezocatalysis  from  proof-of-concept  demonstrations  toward
robust and scalable chemical conversion technologies.

 
 1 Introduction
The global shift toward low-carbon energy systems and the strict
enforcement of environmental governance standards have high-
lighted prominent  challenges  in  ensuring  energy  security,  miti-
gating  greenhouse  gas  emissions,  and addressing  environmental
degradation  (Figure  1a).  Most  of  the  molecules  that  are  crucial
to energy and the environment have stable structural configura-
tions  and  feature  high  reaction  barriers;  hence,  activation  of
these  molecules  is  considerably  difficult.  Transformation  of
such molecules  requires  the  coordinated  regulation  of  multiple
reaction  steps,  including  adsorption,  charge  transfer,  bond
breaking,  stabilization  of  intermediates,  and  product
desorption.1-4 The  development  of  catalytic  routes  toward  the

conversion  of  abundant  or  low-value  raw  materials  into  high-
value  chemicals  such  as  hydrogen,  ammonia,  and  carbon-based
fuels enables the realization of carbon cycling, clean energy stor-
age,  and  sustainable  industrial  production.5-7 Meanwhile,  the
conversion  of  such  small  molecules  offers  a  valuable  research
paradigm  for  understanding  the  mechanism  underlying  the
transfer  of  external  energy  to  the  reaction  interface.  Therefore,
achieving  efficient  and  high-selectivity  conversion  under  mild
conditions  is  of  fundamental  scientific  importance  and  holds
substantial engineering application potential.

Thermocatalysis,  photocatalysis,  and  electrocatalysis  offer
distinct  advantages  in  terms  of  process  maturity,  solar  energy
utilization efficiency,  and precise  process  control.  Nevertheless,
these  three  technologies  face  inherent  practical  bottlenecks,
including restrictions  imposed  by  the  need  for  high  tempera-
tures  and  high  pressures,  inadequate  spectral  utilization,  high
carrier  recombination  loss,  reliance  on  external  power  supply,
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and challenges in reactor design.8-10 In this context, piezocataly-
sis,  which is  based  on force-electric coupling  in  noncentrosym-
metric materials,  is  an  innovative  supplementary  catalytic  strat-
egy that  has  attracted  widespread  research  attention.  Mechani-
cal vibration, fluid flow, acoustic excitation, and periodic defor-
mation  can  induce  strain  in  piezocatalysts.11-14 The  resulting
polarized  charges  and  piezoelectric  potential  can  modulate  the
degree  of  band  bending,  carrier  migration  behavior,  interfacial
charge compensation processes, and surface redox energy states.
Although  piezocatalysis  requires  external  energy  input,  it  can
convert  ambient mechanical  energy,  which would otherwise be
dissipated,  into  a  localized  electrochemical  driving  force.  This
unique  mechanism  facilitates  the  implementation  of  catalytic
reactions  under  conditions  where  continuous  illumination  is
infeasible,  application  of  a  direct  bias  is  inconvenient,  or  high-
temperature  heating  is  impractical  (Figure  1b).15,16 Hence,
piezocatalysis shows broad application potential across multiple
domains.  A  literature  search  in  the  Web  of  Science  database
using “piezocatalysis” as the keyword revealed a massive number
of  publications,  indicating  sustained  academic  interest  in  this
field (Figure 1c). Bibliometric network analysis further corrobo-
rated  the  prominent  status  and  extensive  influence  of  piezo-
catalysis ‐based  research  across  various  scientific  disciplines
(Figure 1d).

Despite  the  rapid  development  and  expanding  scale  of
research into  piezocatalysis  in  recent  years,  current  investiga-
tions are  still  hindered  by  considerable  limitations.  Most  exist-
ing  studies  are  confined to  specific  material  systems and single-
application  scenarios,  and  few  reviews  have  systematically
summarized piezocatalysis from the dimensions of fundamental

mechanism, material  design,  modification  strategy,  and  practi-
cal application. To fill this gap, the present review first examines
the  crystallographic  origin  of  piezoelectricity,  spontaneous
polarization, piezoelectric tensors,  stress-induced charge genera-
tion, carrier migration, interfacial screening, and redox potential
matching to clarify the intrinsic physicochemical essence of pure
piezocatalysis  and  multifield  coupling  in  catalytic  processes.
Subsequently,  the  design  principles  for  inorganic,  organic,  and
porous  piezocatalysts  are  summarized,  with  a  discussion  on
morphology regulation, dimensional construction, exposed crys-
tal facet  engineering,  ferroelectric  domain modulation,  elemen-
tal  doping,  defect  dipole  design,  heterojunction  fabrication,
cocatalyst  modification,  and  creation  of  atomically  dispersed
active sites, all of which are aimed at catalytic performance opti-
mization.  Typical  applications  encompassing  water  splitting,
CO2 reduction  (CO2RR),  nitrogen  fixation,  O2 reduction  for
H2O2 production,  reactive  oxygen  species  (ROS)-mediated
degradation of  small  organic  pollutants,  and  oxidative  conver-
sion  of  methane  are  comprehensively  reviewed.  Finally,  the
remaining  challenges  in  multifield  coupling  decoupling,  energy
conversion efficiency  enhancement,  performance  standardiza-
tion, long-term stability improvement, selectivity modulation in
multielectron  reactions,  and  reactor  scale-up  are  outlined.
Correspondingly,  the  study  provides  forward-looking  outlooks
for  next-generation  research  avenues  directed  at  mechanism
quantification, intelligent-material discovery, unified evaluation
systems,  domain  engineering,  and  continuous-flow  industrial
systems driven by ambient mechanical energy, thereby establish-
ing a closed-loop framework that bridges fundamental research,
material innovation, and practical implementation.

 

Figure 1  a, Imperative demand and feasibility for transition to clean energy. b, Unique properties of piezocatalysis. c, Visual representation of the bibliometric network related to piezo-
catalysis. d, Number of publications including “piezoelectric” as a topic published using the Web of Science database, the period 2012–2026, date of search: August 2026.
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 2 Physicochemical Fundamentals and Mechanisms
of Piezocatalysis
Piezocatalysis  is  a  force-electric-chemical  coupled  technology
that converts mechanical energy into the driving force for chem-
ical  reactions  via  the  piezoelectric  effect.  Thus,  piezocatalysis  is
distinct from thermocatalysis,  photocatalysis,  and electrocataly-
sis, which  are  driven  by  a  single  energy  source.  In  a  piezocat-
alytic  process,  mechanical  stress  induces  lattice  distortion  and
polarization  reorganization,  generating  a  dynamic  built-in elec-
tric  field  and  a  surface  piezoelectric  potential.  These,  in  turn
drive carrier  separation  and  directed  migration,  ultimately  trig-
gering redox reactions  at  the solid–liquid interface.  This  multi-
scale  process  encompasses  microscopic  lattice  polarization,
mesoscopic carrier  transport,  and  macroscopic  interfacial  reac-
tions. The present chapter systematically elucidates the stepwise
reaction mechanisms underlying piezocatalysis, analyzes the core
regulatory  principles  and  multifield  synergistic  effects,  and
thereby  establishes  a  comprehensive  theoretical  foundation  for
the rational design and practical application of piezocatalysts.

 2.1 Crystallographic and  physical  fundamentals  of  piezo-
catalysis
The  generation  of  piezoelectric  responses  requires  non-
centrosymmetric  crystals,  intrinsic  spontaneous  polarization,
and  ferroelectric  domains.  Structural  effects  and  mechanical
properties at  the  nanoscale  can further  amplify  these  piezoelec-
tric  responses  (Figure  2a).  Consequently,  the  abovementioned
factors together  lay  the  physical  foundation  for  the  highly  effi-
cient energy conversion in piezocatalysis.

 2.1.1 Symmetry and spontaneous polarization
The crystallographic origin of the piezoelectric effect lies  in the
absence  of  inversion  symmetry  in  a  crystal.  In  an  ideal  crystal
with a center of inversion, the positive and negative ion displace-
ments caused by an external force cancel out each other in space,
and  the  macroscopic  dipole  moment  typically  remains  zero.  In
contrast,  in  most  crystals  lacking  center  symmetry,  mechanical
stress  can  alter  the  unit  cell  dipole  moment,  thus  generating
measurable  polarized  charges.17 However,  non-centrosymmetry
alone  cannot  ensure  an  excellent  macroscopic  piezoelectric
response, because crystal orientation and practical testing condi-
tions also critically regulate the actual piezoelectric performance.
More  precisely,  the  piezoelectric  tensor  is  a  third-order  tensor
that enables linear coupling between stress and polarization, and
electric  displacement  is  derived  from  this  linear  coupling
through  a  contracted  product  rather  than  through  a  tensor
product.  Consequently,  the  overall  piezoelectric  performance
depends  not  only  on  the  crystal  symmetry  but  also  on  the
refined  atomic  arrangement  and  orientation  of  the  applied
stress.18 Spontaneous  polarization  is  an  inherent  steady-state
characteristic  of  polar  piezocatalysts,  and  it  originates  from  the
permanent  relative  displacement  between  the  cation  and  anion
sublattices in  the  crystal  lattice  under  thermodynamic  equilib-
rium.19 This  displacement  occurs  in  the  absence  of  an  external
electric  field  or  mechanical  stress,  further  generating  stable
intrinsic  electric  dipole  moments  and  macroscopic  polarization
vectors  in  polar  piezoelectric  systems.  The  magnitude  of  the
polarization vector is jointly determined by the lattice distortion
degree,  atomic  coordination  structure,  and  crystal  symmetry.

 

Figure 2  Physical foundation and reaction mechanisms of piezocatalysis. a, Piezocatalytic crystallography and physical foundations. b, Core reaction mechanisms of piezo-
catalysis. c, Multifield coupled catalytic systems.
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Furthermore,  the  polarization  vector  of  ferroelectric  materials
can  be  reversed  under  an  external  field;  however,  not  all  polar
piezocatalysts  exhibit  such  reversible  behavior.  On  the  basis  of
polarization  tunability,  piezocatalysts  can  be  categorized  into
two  major  types:  ferroelectric  and  non-ferroelectric. Ferro-
electrics  show  reversible  spontaneous  polarization,  and  their
comprehensive  functional  performance  can  be  optimized  via
poling  treatment,  domain  engineering,  and  defect  modifica-
tion.20 In  non-ferroelectric piezocatalysts,  however,  the  piezo-
electric  tensor  parameters  are  determined  by  intrinsic  crystal
configuration, and no polarization reversal occurs.21 This struc-
tural  feature  endows  them  with  a  stable  piezoelectric  response
but restricts the feasibility of artificial performance modulation.
This  categorization  offers  valuable  guidance  for  fundamental
material research as well as targeted material selection and design
in piezocatalysis.

 2.1.2 Piezoelectric effect and ferroelectric domain structure
A  positive  piezoelectric  effect  governs  energy  conversion  since
the mechanical load induces a reversible lattice strain that alters
the  unit  cell  dipole  moment  and  generates  bound  polarization
charges on the material surface.22 These charges create a dynamic
internal electric  field  within  the  piezocatalyst.  When  the  exter-
nal  force  is  removed,  the  lattice  returns  to  its  unstrained  state,
and  the  induced  charges  disappear.  Nevertheless,  alternating
mechanical stress enables the cyclic generation and dissipation of
polarized  charges;  this  cyclic  behavior  sustains  continuous
catalytic  reactions  throughout  the  process.  Non-ferroelectric
piezoelectric semiconductors  do  not  show  intrinsic  sponta-
neous  polarization.  Hence,  the  piezoelectric  response  of  these
materials  originates  from  the  asymmetric  lattice  deformation
triggered  by  external  mechanical  stimuli.23 Polarization  of  such
materials  appears/disappears  in  synchrony  with  the  applied
stress, without kinetic hysteresis during the stress cycle. Because
of  this  property,  non-ferroelectric  piezoelectrics  feature
reversible interfacial charge exchange and thus adapt well to high-
frequency  dynamic  mechanical  excitation  conditions.  The
response intensity of non-ferroelectric piezoelectric semiconduc-
tors depends on the intrinsic piezoelectric coefficient and stress
transfer  efficiency.  In  contrast,  ferroelectric  materials  possess
stable spontaneous polarization characteristics and feature abun-
dant  multidomain  structures  below  the  Curie  temperature.24

Each  domain  shows  uniform  polarization,  while  randomly
oriented  domains  in  polycrystalline  samples  nullify  the  overall
macroscopic polarization.  Appropriate  electrical  poling  treat-
ment  can  effectively  regulate  the  domain  orientations  and
thereby  strengthen  the  macroscopic  piezoelectric  response.
Ferroelectric  materials  possess  higher  polarization  intensity  and
show  a  more  stable  piezoelectric  potential  output  compared
with  their  non-ferroelectric  counterparts.  However,  domain
wall  migration  causes  dynamic  hysteresis,  which  degrades  the
catalytic performance under high-frequency mechanical stress.25

Meanwhile,  the domain walls  create localized electric fields and
induce band bending,  providing  abundant  active  sites  and effi-
cient  transport  channels  for  charge  carriers.26 Furthermore,
oxygen vacancies exert a pinning effect on the domain walls and
prevent domain flipping.27 The pinning effect leads to a typical

trade-off  between  the  defect-derived active  sites  and  polariza-
tion shielding, and this trade-off in turn acts as the key parame-
ter for the performance optimization of piezoelectric catalysts.

 2.1.3 Nanoscale deformation and surface piezoelectric potential
Nanoscale  piezocatalysts  possess  a  large  specific  surface  area,
excellent  mechanical  flexibility,  a  low  deformation  threshold,
and a short charge migration distance, all of which enable them
to  respond  efficiently  even  to  weak  mechanical  stimuli  such  as
water  waves,  acoustic  vibrations,  and  microfluidic  shear.28

Consequently,  under  non-uniform  strain,  these  materials  show
prominent  size  effects  and  strain-gradient effects  Elastic  defor-
mation  can  produce  a  continuous  polarization  gradient;  such
gradients  further  promote  directional  charge  accumulation  on
the  material  surface.29 The accumulated  surface  charges  gener-
ate a surface piezoelectric potential. Two-dimensional piezocata-
lysts  such  as  monolayer  MoS2 and  WS2 show  layer-dependent
piezoelectric activity, which originates from the broken in-plane
inversion  symmetry  in  odd-layer  configurations.30 By  contrast,
in  even-layer  structures,  the  central  symmetry  is  recovered  and
the  piezoelectric  performance  is  significantly  degraded;  hence,
the  piezoelectric  coefficients  increase  with  a  decrease  in  the
number of layers.31 Surface defects, dangling bonds, and interfa-
cial  stress  relaxation  can  tune  the  charge  distribution  and  sup-
press carrier recombination;32,33 moreover, the flexoelectric effect
originating  from  strain  gradients  contributes  to  the  overall
polarization.34 The tunable polarization and charge behavior lay
physical  foundation  for  subsequent  piezocatalytic  conversions.

 2.2 Mechanisms underlying piezocatalysis
Piezocatalysis  relies  on  three  hierarchical,  closely  interrelated
physicochemical  steps:  1)  force-induced generation  of  polariza-
tion charges; 2) bulk carrier separation and migration; 3) interfa-
cial  redox  potential  matching  (Figure  2b).  These  cascaded
processes mutually constrain and synergistically coordinate with
one  another,  thus  determining  the  overall  catalytic  efficiency
and small-molecule conversion selectivity.

 2.2.1 Polarization and interfacial screening
Mechanical stress induces surface polarization and lattice-bound
charges,  which  attract  solution  counterions,  polar  molecules,
and  free  carriers  for  interfacial  charge  compensation.  Under
static  conditions,  electrolyte  ions  accumulate  on  polarized
surfaces  to  form  compact  and  diffuse  electric  double  layers,
which  shield  the  intrinsic  piezoelectric  potential  and  suppress
continuous  interfacial  charge  exchange  and  long-term  catalytic
turnover.35 In  contrast,  periodic  mechanical  stress  dynamically
modulates the magnitude and direction of polarization, enabling
cyclic polarization, screening, depolarization, and rescreening to
sustain  stable  redox  reactions.36 During mechanical  compres-
sion, the rapid accumulation of surface-bound charges outpaces
the slow  ionic  rearrangement  in  electrolytes,  generating  a  tran-
sient unscreened piezopotential to drive spontaneous interfacial
electron  transfer  and  subsequent  redox  reactions.  Stress  release
or reverse deformation reorganizes the electric double layer and
revives  interfacial  charge  states  for  successive  catalytic  cycles.
From an  electrochemical  perspective,  piezoelectric  nanoparti-
cles act as  mechanically regulated micro-electrochemical capaci-
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tors,  inducing  cyclic  charge‒discharge  processes  under  periodic
deformation  and  converting  mechanical  energy  into  chemical
energy  via  interfacial  catalytic  reactions.37 Moderate  interfacial
charge screening prevents excessive surface charge accumulation
and  carrier  recombination  to  prolong  carrier  lifetime;  periodic
descreening  continuously  renews  the  material  surface  active
sites,  ensuring  stable  adsorption,  activation,  and  conversion  of
small molecules.38

 2.2.2 Band bending and carrier migration
Strain-triggered dynamic band bending is the core characteristic
that  distinguishes  piezocatalysts  from  conventional  catalytic
systems.  Stress-free semiconductors  maintain  flat  band  struc-
tures,  accompanied  by  spontaneous  carrier  recombination  that
limits  the  intrinsic  catalytic  activity.  Mechanical  polarization
creates  internal  built-in  electric  fields  and  modulates  electronic
band bending, thus providing a stable and efficient driving force
for spatial  carrier  separation  and  directional  interfacial  migra-
tion.39 The  direction  and  intensity  of  band  bending  are  jointly
determined  by  the  polarization  orientation,  strain  magnitude,
semiconductor  type,  and  Fermi  level.  Positively  polarized
surfaces induce upward band bending with hole enrichment to
boost  oxidation  reactions,  while  negative  polarization  charges
trigger downward band bending with electron accumulation to
facilitate  reduction  reactions.  A  larger  strain  intensity  amplifies
the  degree  of  band  bending,  improves  the  efficiency  of  carrier
separation  and  inhibits  carrier  recombination  loss.40 Unlike
photocatalysis,  which  relies  on  band-to-band  photoexcitation,
piezocatalysis  utilizes  strain  fields  to  regulate  the  transport  of
intrinsic carriers, defect-state charges, and interfacial compensa-
tion  charges  without  external  optical  excitation.  The  carrier
transport behavior differs notably among various piezocatalysts.
Semiconducting  piezoelectric  materials  can  effectively  suppress
bulk  carrier  recombination  and  promote  directional  charge
migration.  Insulating  ferroelectrics  show  negligible  carrier
recombination but suffer from sluggish charge migration kinet-
ics.  Conductive  composite  piezoelectrics  feature  high-speed
charge  transport  channels  to  optimize  the  mechano-electric
conversion efficiency;  however,  excessive  conductive  compo-
nents shield the polarization electric field and weaken the band-
bending effect.  Therefore,  the optimal compositional ratio that
balances  the  abovementioned  effects  must  be  identified.15

Consequently,  a  delicate  trade-off  between  the  electrical
conductivity  and  the  dielectric  constant  is  required:  moderate
conductivity and  high  electromechanical  coupling  synergisti-
cally balance  carrier  supply  and  piezopotential  retention,  opti-
mizing  the  overall  catalytic  kinetics  via  dynamic  space-charge
layer modulation.41

 2.2.3 Surface redox reactions
The thermodynamic feasibility and product selectivity of piezo-
catalytic  reactions  are  governed  by  precise  interfacial  potential
matching.  Effective  interfacial  redox  reactions  can  proceed
spontaneously  when  the  surface  hole  potential  is  sufficiently
positive  to  drive  molecular  oxidation,  and  the  surface  electron
potential is sufficiently negative to support reactant reduction.42

Periodic  polarization  reversal  alternately  switches  the  oxidative
and  reductive  capacities  of  the  catalyst  surface;  thus,  a  single

piezocatalyst  can  sequentially  drive  multistep  coupled  redox
reactions  and  show  unique  advantages  for  complex  small-
molecule conversion processes.43 Polarization modulation effec-
tively tunes  the  surface  work  function,  electronic  band  struc-
ture,  and  interfacial  dipoles,  imparting  distinct  redox  activities
to  different  particle  domains.  Reverse  polarization  swaps  the
dominant  reactive  regions  of  the  catalyst  and  facilitates  spatial
separation  of  oxidation  and  reduction  reactions,  thereby
precisely  regulating  the  product  selectivity  of  the  catalytic.38

Nevertheless, randomly oriented grains in conventional powder
catalysts  lead  to  mutual  polarization  cancellation  and  hinder
macroscopic  directional  charge  flow.  Fabrication  of  oriented
nanoarrays, membrane  polarization,  and  rectification  of  inter-
face composite structures can help overcome this limitation.44 In
real electrolyte  environments,  a  reliable  piezocatalytic  mecha-
nism must be implemented so that  the interfacial  potential  can
be  duly  modulated  by  adjusting  the  pH,  ionic  strength,  and
dielectric properties  of  the  electrolyte.  Strict  control  experi-
ments  are  indispensable  to  eliminate  non-piezoelectric interfer-
ences,  including  ultrasonic  cavitation  and  thermal  effects,
thereby  verifying  the  authenticity  of  the  mechanical-energy-
driven piezocatalytic behavior.

 2.3 Piezo-photocatalytic systems
Piezocatalysis is inherently hampered by the poor mechanical-to-
chemical  energy  conversion  efficiency,  which  severely  restricts
the  kinetic  accessibility  to  small  molecules  with  high  activation
energy barriers. External physical fields such as light fields can be
introduced to construct multifield coupled systems (Figure 2c).
These  systems  can  achieve  synergy  among  multiple  energy-
source,  thus  overcoming  the  limitations  of  single-energy-input
modes while  expanding  the  applicable  scope  of  catalytic  reac-
tions.  Piezo-photo-coupled catalysis  is  the  most  widely  investi-
gated  multi-field  synergy  system  that  helps  achieve  remarkable
performance improvement. The core advantage of this catalytic
system  lies  in  the  bidirectional  complementary  promotion  of
carrier  generation  and  spatial  separation.  Light  irradiation
excites  the  semiconductor  to  produce  electron‒hole  pairs,  and
the piezoelectric field originating from mechanical deformation
drives  these  carriers  to  migrate  toward  different  spatial
positions.45 This process reduces the probability of bulk recom-
bination and  prolongs  the  lifetime  of  available  carriers.  Addi-
tionally,  band  bending  induced  by  the  piezoelectric  potential
modulates  interfacial  potential  barriers;  hence,  electrons  can be
injected  into  the  reduction  sites  more  easily,  while  holes  can
smoothly  migrate  toward  the  oxidation  sites.46 In heterojunc-
tion  systems  with  type-II,  Z-scheme,  or  S-scheme configura-
tions,  piezo-polarization  can  strengthen  or  weaken  the  built-in
electric  field,  thereby  regulating  charge-transfer  pathways  This
synergy  mechanism  involves  three  major  coupling  effects:  1)
strain engineering  modulates  the  band  structures;  2)  polariza-
tion electric fields drive the spatial separation of charges 3) alter-
nating electric fields suppress the accumulation and recombina-
tion  of  interfacial  carriers.47 Notably,  the  piezo-photo  synergy
spans  multiple  mechanisms  such  as  electrostatic-field modula-
tion, strain engineering, mass-transfer enhancement, and cavita-
tion-based effects.  Therefore,  a  rigorous  quantitative  compari-
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son  is  required  to  verify  the  validity  of  this  synergy.  Reaction
rates  under  single-field  conditions  should  be  compared  with
those  under  dual-field  coupling  conditions,  and in  situ poten-
tial  measurements,  transient  spectroscopy,  and  carrier-lifetime
characterization  should  be  combined  to  establish  complete
mechanistic evidence chains. Furthermore, the apparent perfor-
mance  improvement  caused  by  rapid  mass  transfer  should  be
excluded.

In  summary,  piezocatalysis  originates  from  the  dynamic
coupling among stress, polarization, charge transport, and inter-
facial  chemistry.  From a structural  perspective,  non-centrosym-
metric  crystal  structures  are  the  fundamental  prerequisite  for
piezoelectric  responses,  and  piezoelectric  tensors  quantitatively
characterize  the  magnitude  of  the  electromechanical  coupling
capacity. Ferroelectric  domain structures  and artificial  polariza-
tion treatments  are  critical  approaches  to  maximize  the  macro-
scopic  piezoelectric  response.  Nanoscale  effects  optimize  the
deformation capacity  and  specific  surface  area,  thereby  provid-
ing  the  structural  foundation  for  high-efficiency  piezocatalysis.
From  a  mechanistic  perspective,  piezocatalysis  involves  key
processes  such  as  stress-induced  polarization  reconstruction,
dynamic  interfacial  screening  and  descreening,  band  bending,
carrier  transport,  and  interfacial  potential  matching.  Multifield
coupled  catalysis  achieves  complementary  synergy  between
external  light  fields  and  piezoelectric  effects,  thus  effectively
circumventing  performance  bottlenecks  originating  from
mechanical-only energy input. Such improvements are reflected
in  the  higher  carrier  generation  efficiency,  enhanced  charge-
separation capability,  improved  interfacial  kinetics,  and  opti-
mized  reaction  selectivity.  Overall,  the  theoretical  mechanisms
illustrated  in  this  chapter  clarify  the  core  merits  and  regulatory
keys  that  distinguish  piezocatalysis  from  conventional  catalysis.
These  mechanisms  also  provide  solid  theoretical  support  for
subsequent  structural  design,  modification-strategy optimiza-
tion,  and  targeted  small-molecule  conversion  applications  of
piezocatalytic materials.

 3 Classification, Characteristics, and Design Strate-
gies of Piezocatalysts
Single-component piezocatalysts  suffer  from  critical  bottle-
necks, including a mismatch between the piezoelectric response
and  the  electrical  conductivity,  rapid  carrier  recombination,
scarcity of  active  sites,  poor  selectivity  for  multielectron  reac-
tions,  and  insufficient  structural  stability.  To  address  these
issues, the field has developed a comprehensive design paradigm
centered on  the  expansion  of  material  systems  and  the  applica-
tion of multiscale structural modification. This chapter system-
atically classifies and summarizes the structural characteristics as
well as  the  performance  advantages  and  limitations  of  main-
stream piezocatalysts. Furthermore, it provides an in-depth anal-
ysis  of  the  intrinsic  mechanisms  and  structure‒property rela-
tionships for  three  core  modification  strategies,  namely  micro-
scopic  morphology  control,  electronic  band  structure  control,
and  heterointerface  control.  The  ultimate  aim  is  to  provide  a
theoretical  foundation  for  the  precise  design  and  performance
optimization of efficient, selective, and stable piezocatalysts.

 3.1 Classification and characteristics of piezocatalysts
To  enable  a  systematic  comparison  of  the  crystal  chemistry,
polarization  behavior,  charge-transport  properties,  mechanical
characteristics,  structural  stability,  and  modification  strategies,
piezocatalysts  are  classified  herein  according  to  their  material
families and  structural  motifs.  Accordingly,  mainstream  piezo-
catalytic  materials  are  divided  into  seven  major  groups:
perovskite  and  related  oxides,  layered  bismuth-based  materials,
ferroelectric  polymers,  wurtzite-type  semiconductors,  two-
dimensional van  der  Waals  materials,  other  inorganic  piezore-
sponsive  materials,  and  framework/molecular/organic-inor-
ganic hybrid materials. This classification is based on the domi-
nant structural framework and is not intended to define strictly
mutually exclusive material categories.

 3.1.1 Perovskite and related oxides
Three-dimensional  perovskite  and  the  structurally  related  non-
layered oxides represent one of the most extensively investigated
piezocatalyst  families  (Figure  3a).  Typical  representatives
include  BaTiO3,48 BiFeO3,49 and  PbTiO3,50 as  well  as  lead-free
perovskite  derivatives.51 In  polar  ABO3 perovskites, sponta-
neous  polarization  originates  from  the  collective  relative
displacements of  the  cationic  and  anionic  sublattices.  Depend-
ing  on  the  specific  composition  and  crystalline  phase,  polar
distortion  arises  from  B-site  cation  off-centering,  lone-pair-
driven  A-site  displacement,  octahedral  tilting,  or  coupling
among  multiple  symmetry-adapted  lattice  modes.  Such  lattice
polarization  can  be  modulated  by  A-site  ionic-size  mismatch,
tolerance-factor-induced  lattice  instability,  epitaxial  or  intrinsic
strain,  and  the  electronic  configurations  of  the  constituent
ions.52 Notably,  octahedral  tilting does  not  universally  enhance
macroscopic polarization, as it can either compete with or rein-
force polar  distortion  depending  on  the  specific  crystal  chem-
istry. In the case of ferroelectric perovskites, external mechanical
loading induces elastic unit-cell deformation and may addition-
ally  promote  polarization  rotation  and  reversible  or  hysteretic
domain-wall  motion.  These  structural  responses  dynamically
modulate the magnitude and direction of macroscopic polariza-
tion,  leading  to  time-dependent  changes  in  the  bound-charge
density  at  strained  surfaces  and  interfaces.53 Perovskite  oxides
offer several advantages, including robust spontaneous polariza-
tion in ferroelectric phases, chemically stable oxide frameworks,
diverse  polymorphs,  and  highly  tunable  domain  architectures.
Their polarization  output  can  be  precisely  regulated  via  aliova-
lent  doping,  isovalent  substitution,  electrical  pre-poling,  strain
engineering,  particle-size  modulation,  phase-boundary  design,
and  domain  engineering.54,55 These  structural  and  polarizable
features  make  perovskite  oxides  valuable  model  systems  for
elucidating the  relationships  among  lattice  distortion,  polariza-
tion-charge  generation,  interfacial  redox  kinetics,  and  catalytic
selectivity.  Perovskite  oxides  also  serve  as  versatile  mechanically
active  building  blocks  for  multifunctional  semiconductor
heterojunction  catalysts.  Nevertheless,  many  perovskite  oxides
suffer  from  wide  bandgaps,  high  electrical  resistivity,  and  low
mobile-carrier  densities.  Mechanically  generated  polarization
charges  are  readily  trapped  and  electrostatically  screened  by
surface states, adsorbed intermediates, and lattice defects as well
as  by  interfacial  charge  accumulation,  thus  severely  restricting
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charge  delivery  to  catalytic  active  sites.  Moreover,  at  a  given
polarization-charge density and under specific electrical  bound-
ary conditions, high dielectric permittivity can reduce the result-
ing  open-circuit  piezopotential.  Moderate  defect  engineering
can  optimize  the  carrier  concentration,  surface  adsorption
behavior,  and  interfacial  electronic  structure.  On  the  other
hand,  excessive  oxygen  vacancies  or  aliovalent  doping  can
induce  leakage  currents  and domain-wall  pinning,  suppress  the
ferroelectric  long-range  order,  and  create  deep  charge-recombi-
nation centers.  Accordingly,  optimization  of  perovskite  piezo-
catalysts  requires  a  coordinated  balance  among  polarization
strength,  electrical  conductivity,  dielectric  screening,  domain-
wall mobility, carrier lifetime, interfacial charge-transfer kinetics,
mechanical  durability,  and  structural  stability,  rather  than  the
unilateral maximization of any single parameter.

 3.1.2 Layered bismuth-based materials
Layered  bismuth-based  materials  adopt  distinctive  structural
geometries and show charge-transport behaviors that fundamen-
tally  differ  from  those  of  conventional  three-dimensional
perovskite  oxides  (Figure  3b).  Representative  systems  include
Aurivillius-phase  oxides  such  as  Bi2WO6,  Bi4Ti3O12,  and
Bi3TiNbO9;56-58 Sillén-type bismuth oxyhalides (BiOX, X = Cl,
Br,  I);59-61 and  bismuth-rich  derivative  phases  such  as  BiOIO3,
Bi2O2CO3, and bismuth-rich halide oxides.62-65 The stereochem-

ically active 6s2 lone pair of Bi3+ promotes asymmetric coordina-
tion in many bismuth compounds, while the Aurivillius phases
comprise  alternating  (Bi2O2)2+ layers  and  perovskite-like  slabs
that  generate  pronounced  structural  and  charge-transport
anisotropy.66 By  virtue  of  the  layered  architecture,  ultrathin
nanosheets  fabricated  using  these  materials  feature  tunable  in-
plane  and  out-of-plane  charge-transport  pathways,  abundant
exposed  crystal  facets,  and  short  carrier-migration  distances.
Unsaturated  surface  coordination  and  facet-dependent  atomic
arrangements  provide  plentiful  active  sites  for  the  adsorption
and  activation  of  small  molecules.  Layered  ultrathin  materials
can accommodate  bending  deformation  and  large  strain  gradi-
ents  more  efficiently  than  do  their  rigid  bulk  counterparts,
enabling effective piezoelectric and flexoelectric coupling under
vibration,  fluid  fluctuation,  and  ultrasonic  excitation.  Because
some  layered  bismuth  compounds,  particularly  BiOX  phases,
are  centrosymmetric  in  their  ideal  bulk  structures,  the  intrinsic
piezoelectricity  should  be  distinguished  from  flexoelectric,
defect-induced,  surface-induced,  and  interface-induced
responses. However, the macroscopic electromechanical output
is  highly  sensitive  to  the  phase  purity,  layer  thickness,  defect
distribution, crystal orientation, and interlayer stacking configu-
ration.  Undesired  interlayer  slippage  dissipates  the  mechanical
energy  without  generating  the  net  effective  polarization,  while
halogen  depletion,  bismuth-rich  surface  reconstruction,  and

 

Figure 3  Classification  of  piezocatalysts. a,  Three-dimensional  perovskites.  b,  Layered  bismuth-based  piezoelectric  materials.  c,  Wurtzite-type  piezoelectric  semiconductors.
d, Two-dimensional van der Waals materials. e, Other inorganic piezoelectric materials. f, Framework-based, molecular-based, and organic–inorganic hybrid piezoresponsive materials: MOFs,
Reproduced with permission.93 Copyright 2026, Wiley-VCH GmbH; COFs, Reproduced with permission.97 Copyright 2025, Wiley-VCH GmbH; organic‒inorganic hybrid piezoelectric
materials. Reproduced with permission.100 Copyright 2025, Wiley-VCH GmbH.
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excessive  vacancy  defects  in  bismuth  oxyhalides  can  trigger
structural degradation  and  progressive  catalytic  fatigue.  Conse-
quently,  the  development  of  high-efficiency  layered  bismuth-
based  piezocatalysts  requires  simultaneous  regulation  of  the
phase-specific  symmetry,  polarization  or  flexoelectric  response,
anisotropic charge  transport,  facet  chemistry,  defect  concentra-
tion,  interlayer  mechanical  coupling,  and  long-term  chemical
stability.

 3.1.3 Ferroelectric polymers
Ferroelectric  polymers  are  predominantly  represented  by
Polyvinylidene  fluoride  (PVDF)  and  its  copolymers,  including
poly(vinylidene  fluoride-co-hexafluoropropylene)  [P(VDF–
HFP)] and Poly (vinylidene fluoride-trifluoroethylene) [P(VDF-
TrFE)].67,68 Unlike  the  case  of  inorganic  piezoelectrics,  which
rely on lattice ionic displacement, the piezoresponse of ferroelec-
tric polymers  originates  from the ordered alignment and defor-
mation of molecular dipoles within polar crystalline domains. In
PVDF,  the  all-trans  β-phase  typically  provides  the  dominant
piezoelectric  response,  although  the  polar  γ- and  δ-phases  and
copolymer-specific  crystalline  states  can  also  contribute  to
macroscopic polarization.69 Therefore, an effective piezoelectric
response depends  not  only  on  the  nominal  polymer  composi-
tion but also on the crystalline-phase fraction, chain conforma-
tion,  crystallite  orientation,  domain texture,  residual  stress,  and
poling history.  Benefiting  from  the  low  elastic  modulus,  supe-
rior  mechanical  flexibility,  low  density,  and  excellent  solution
processability,  ferroelectric  polymers  facilitate  efficient  energy
coupling  with  weak,  low-frequency  mechanical  stimuli.  The
remarkable  deformability  of  these  polymers  under  water-flow
fluctuations, acoustic  vibrations,  mechanical  bending,  stretch-
ing, and pressure variations makes them suitable for use in flexi-
ble  catalytic  membranes,  porous  films,  functional  fibers,  and
continuous-flow  catalytic  reaction  interfaces.70 In  addition,  the
intrinsic  mechanical  compatibility  of  these  polymers  facilitates
their  integration  with  inorganic  semiconductors,  conductive
fillers,  and multifunctional  cocatalysts  toward the  construction
of composite  catalysts.  The  piezoelectric  performance  of  ferro-
electric  polymers  can  be  enhanced  through  polar-phase regula-
tion, chain  and  crystallite  orientation,  electrical  poling,  interfa-
cial  hydrogen-bond  engineering,  and  textured  microstructures
formation.  Conductive  or  redox-active  cocatalysts  can  improve
the  charge  extraction  efficiency,  whereas  excessive  conductive-
filler loading can increase leakage, mechanically stiffen the poly-
mer matrix, and screen the piezopotential. Long-term optimiza-
tion must also address thermal depolarization, viscoelastic creep,
cyclic fatigue, interfacial aging, and performance stability under
aqueous or chemically reactive conditions.

 3.1.4 Wurtzite-type semiconductors
Wurtzite-type  piezoelectric  semiconductors  include  ZnO,71

wurtzite-phase  CdS,72 and  compositionally  tunable  CdxZn1-xS
solid  solutions  (Figure  3c).73 Since  CdS,  ZnS,  and  their  alloys
can crystallize  in  multiple  polymorphs,  accurate  phase  identifi-
cation is a prerequisite for confirming the intrinsic piezoelectric
activity.  In  standard  wurtzite  lattices,  the  cationic  and  anionic
sublattices  are  stacked  alternately  along  the  crystallographic  c-
axis. The inherent lack of inversion symmetry and the non-ideal

tetrahedral  coordination  geometry  endow  these  materials  with
intrinsic  linear  piezoelectricity.  Mechanical  deformation  alters
the  relative  displacement  the  of  cation–anion  sublattices  and
generates  a  piezopotential  independent  of  ferroelectric  domain
switching  or  structural  phase  transition.74 Compared  with  the
highly  insulating  ferroelectric  oxides,  wurtzite  semiconductors
possess lower resistivity and more favorable electronic transport
properties.  However,  this  conductivity  advantage  must  be
balanced against the piezopotential screening by mobile carriers.
The  strain -induced  piezopotential  effectively  redistributes  the
mobile  carriers,  modulates  interfacial  band  bending  and  the
Schottky-barrier height, and promotes the separation and inter-
facial  migration  of  photogenerated,  chemically  generated,  or
externally  injected  charge  carriers.  Notably,  the  strain-induced
piezopotential  primarily  redistributes  or  separates  the  available
charge  carriers  and  should  not  be  considered  to  continuous
generate long-lived electron–hole pairs across the bandgap in the
absence of a known carrier source. One-dimensional nanowires,
nanorods, nanobelts, and vertically aligned arrays possess unique
structural  advantages:  the  anisotropic  geometry  amplifies  axial
strain,  maintains  consistent  polar-axis  orientation,  and
suppresses  polarization  cancellation  among  randomly  oriented
grains.75 These features enable wurtzite semiconductors to func-
tion efficiently in ultrasonic-driven, fluid-flow-driven, and piezo-
photocoupled catalytic systems.

 3.1.5 Two-dimensional van der Waals materials
Two-dimensional  van  der  Waals  piezoelectric  and  ferroelectric
materials  include  non-centrosymmetric  or  thickness-dependent
transition-metal  dichalcogenides  such  as  MoS2,76 WS2,77

MoSe2,78 reported strain- or distortion-activated layered systems
such  as  MnPSe3,79 and  emerging  two-dimensional  ferroelectric
materials (Figure 3d).80,81 As opposed to the case of bulk materi-
als, the  electromechanical  properties  of  2D  systems  are  deter-
mined by the actual crystal phase, layer-number parity, stacking
sequence,  lattice  orientation,  substrate  interaction,  and  defect
states, and  not  solely  by  the  chemical  composition.  The  piezo-
electric  behavior  of  layered  transition-metal  dichalcogenides  is
strongly governed by the  layer  number  and stacking configura-
tion.  In  ideal  2H-phase  lattices,  odd-layer  structures  break  the
inversion symmetry to induce in-plane piezoelectricity,  whereas
even-layer  structures  show  complete  interlayer  polarization
cancellation.  Nevertheless,  the  substrate  asymmetry,  lattice
twisting,  stacking  faults,  unequal  surface  termination,  and
intrinsic defects can induce a residual extrinsic piezoresponse in
nominally centrosymmetric even-layer samples. In contrast, non-
centrosymmetric 3R stacking retains stable piezoelectric activity
in  multilayer  structures.82 Two-dimensional  van  der  Waals
materials feature high surface-to-volume ratios, ultrashort carrier-
transport distances, mechanically flexible lattices, and abundant
edge  and  defect  sites.  Notably,  geometrically  accessible  basal
planes  are  not  always  catalytically  dominant,  and  the  edge
defects often  serve  as  major  reactive  centers.  The  band  struc-
tures  and  interfacial  electronic  states  can  be  tuned  via  strain
modulation,  layer-number  engineering,  stacking-angle regula-
tion, phase  transition,  elemental  substitution,  and  heterostruc-
ture  construction.83 Monolayers provide  a  small  total  polariza-
tion charge, whereas layer restacking can simultaneously reduce
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the effective surface area and macroscopic piezoelectric output.
In addition,  some  ultrathin  structures  are  susceptible  to  oxida-
tion, surface  reconstruction,  and  fragmentation  under  cavita-
tion  impact.  Thus,  the  catalytic  performance  may  vary  non-
monotonically  with  the  layer  number  rather  than  following  a
universal  principle  of “thinner  is  better”.  The  atomic  thinness
enables intimate interfacial  contact  with cocatalysts  and photo-
sensitive semiconductors, thus facilitating the coupling of strain-
induced  polarization,  photoexcitation,  and  interfacial  redox
catalysis.

 3.1.6 Other inorganic piezoresponsive materials
Symmetry  engineering  in  nominally  centrosymmetric  materials
can  substantially  broaden  the  range  of  mechanically  responsive
catalytic materials.  Materials such as SrTiO3,  TiO2,  and SrZrO3
can develop localized polar regions via ordered or graded oxygen-
vacancy distributions,  ionic doping, surface or interfacial  asym-
metry, strain gradients,  and structural confinement in ultrathin
layers  (Figure  3e).84-86 Reported  low-dimensional  systems
include  nitrogen-doped  graphene  and  HfO2-based  ultrathin
structures, in which local coordination asymmetry, stabilization
of a polar phase,  and size or interface effects  may contribute to
electromechanical  coupling.87 The  responses  of  these  materials
are often highly localized and strongly dependent on the defect
concentration,  defect  distribution,  actual  crystal  phase,  sample
dimensions,  and  mode  of  mechanical  loading.  Consequently,
the apparent  piezoelectric  output  may  have  limited  repro-
ducibility  and  cycling  stability.  Experimental  investigations  of
these  systems  must  distinguish  the  proposed  electromechanical
contribution  from  ultrasonic-cavitation-induced radical  chem-
istry,  triboelectric  charging,  and  localized  thermal  effects.  By
contrast,  intrinsically  non-centrosymmetric  crystals  such  as
Ca2B3O6Cl and natural  tourmaline possess  genuine bulk piezo-
electricity,  although  their  wide  bandgaps,  high  resistivity,  and
mechanical  rigidity  can  restrict  free-carrier  migration  and
mechanical  energy  transfer.88,89 Therefore,  these  materials  are
often  employed  as  mechanically  active  phases  in  composite
catalytic systems.

 3.1.7 Framework/molecular/organic-inorganic hybrid materials
Framework-based,  molecular-based,  and  organic–inorganic
hybrid  piezoresponsive  materials  include  metal–organic frame-
works (MOFs), covalent organic frameworks (COFs), coordina-
tion  polymers,  metal-organic cages,  molecular  crystals,  conju-
gated  organic  materials,  natural  molecular  assemblies,  and
organic-inorganic  hybrid  crystals  (Figure  3f). The  electrome-
chanical responses  of  these  materials  stem from multiple  syner-
gistic  mechanisms  such  as  metal–ligand  relative  displacement,
polar  functional  group  orientation,  molecular  dipole  rotation,
donor–acceptor charge transfer,  guest molecule ordering, inter-
facial  polarization,  and  defect/mixed-linker-induced  local
symmetry breaking. Not all framework and molecular materials
possess  intrinsic  bulk  piezoelectricity.  A  nonzero  macroscopic
piezoelectric  tensor  requires  a  piezoelectrically  active  non-
centrosymmetric  crystal  class  together  with  a  non-canceling
arrangement of polar structural units. The local dipole moments
of  individual  molecules,  clusters,  or  pores  can  be  completely
offset  by  antiparallel  packing  or  random  particle  orientation,

resulting  in  zero  macroscopic  piezoresponse.  The  principal
advantage  of  this  material  family  lies  in  its  molecular-scale  pro-
grammability,  which  enables  the  coordinated  design  of  pola-
rization generation, reactant adsorption, molecular recognition,
mass transfer, electronic structures, and catalytic active sites.

Reported  piezoresponsive  MOFs  include  NH2-UiO-66,
MIL-125,  and MIL-101(Al).90-92 The high specific  surface area,
tunable pore  microenvironment,  and  coordinatively  unsatu-
rated metal  nodes  of  these  MOFs facilitate  the  enrichment  and
activation  of  CO2,  O2,  and  nitrogen-containing  small
molecules.93 Flexible coordination bonds can enable local struc-
tural  deformation under  mild  mechanical  loading,  while  ligand
functionalization, mixed-metal nodes, linker vacancies, modula-
tor incorporation, and guest encapsulation precisely regulate the
local dipole moments, electronic structures, adsorption energet-
ics,  and  charge-transfer  pathways.94 The  ideal  parent  structures
of  many  widely  studied  MOFs  are  centrosymmetric,  and  their
measurable electromechanical  responses  predominantly  origi-
nate  from  missing-linker  defects,  defect  gradients,  oriented
growth,  asymmetric  surface  termination,  guest-molecule order-
ing,  finite-size  effects,  flexoelectricity,  or  interfacial  symmetry
breaking rather than from the intrinsic bulk piezoelectric tensor
of the ideal framework. This limitation does not apply to delib-
erately designed polar or chiral MOFs with confirmed piezoelec-
trically  active  crystal  symmetry.  MOFs  also  suffer  from  several
inherent  drawbacks,  including  low  electrical  conductivity,
randomly  oriented  polycrystalline  particles,  inefficient  stress
transfer  through  porous  architectures,  solvent-induced frame-
work  softening,  and  coordination-bond  fatigue.  Therefore,  a
high specific surface area does not guarantee high mechanical-to-
chemical energy-conversion efficiency.

Typical  piezoresponsive  COFs  are  TP-BT-0F-COF,95 COF-
TpDb,96 and  COF-DH-Eth.97 The  molecular  dipole  moments
and macroscopic polarization of these COFs can be modulated
by  appropriate  choice  of  polar  linkage,  asymmetric/twisted
monomer design,  structural  engineering of  the donor–acceptor
interface,  and  non-centrosymmetric  stacking  configuration.
Both  building-block  symmetry  and  long-range  stacking  order
determine the  constructive  superposition  or  mutual  cancella-
tion of local molecular dipoles. Extended π-conjugated channels
allow for improved light absorption and better charge transport,
endowing  COFs  with  considerable  potential  for  application  to
piezo-photocatalysis.98 Nevertheless,  a  small  degree  of  extended
conjugation  does  not  guarantee  high  macroscopic  mobility
because stacking  disorder,  grain  boundaries,  incomplete  poly-
merization, structural defects, and poor interdomain connectiv-
ity may disrupt charge-transport pathways.  The design of high-
performance  COF  piezocatalysts  therefore  requires  careful
consideration  of  the  trade-offs  among  multiple  competing
factors.  Increasing the molecular  dipole  moments  and breaking
the  inversion  symmetry  can  strengthen  polarization,  whereas
excessive  structural  torsion  can  disrupt  π-conjugation  and
suppress  carrier  mobility.  Enlarged  pore  channels  accelerate
mass  transfer  but  may  weaken  the  framework  rigidity  and
reduce  the  stress-transfer  efficiency.  Improved  conductivity
promotes  charge  extraction  but  can  accelerate  piezopotential
screening.  Therefore,  coherently  aligned  and  non-canceling
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dipoles,  mechanically  coupled  crystalline  domains,  controlled
flexibility, stable  stacking,  accessible  reactive  sites,  and continu-
ous  charge-transport  pathways  are  central  to  efficient  COF-
based piezocatalysis.99

Within  this  broad  material  family,  representative  organic,
molecular, and organic–inorganic systems include hybrid halide
perovskites,100 ZnS(en)0.5,101 HETP-Ni-GY conjugated  frame-
works,102 donor-acceptor-type  conjugated  polymers,103 and
microcrystalline  cellulose.104 The  piezoresponses  of  this  family
stem from cooperative molecular dipole orientations, asymmet-
ric  coordination,  hydrogen-bond  networks,  interfacial  strain
polarization, and relative displacement between the organic and
inorganic  sublattices.  The  coupling  of  molecular  and  lattice
polarization can enhance the net electromechanical output, but
the  magnitude  and  stability  of  this  enhancement  strongly
depend  on  the  structural  phase  order,  dipole  alignment,  and
interfacial coupling strength.

Overall, the seven piezocatalyst families differ substantially in
the  polarization  mechanism,  charge  transport,  mechanical
response,  surface  chemistry,  and  structural  stability.  Three-
dimensional perovskite  oxides  show  strong  spontaneous  polar-
ization  but  often  suffer  from  limited  carrier  density,  dielectric
screening,  and  inefficient  interfacial  charge  extraction.  Layered
bismuth-based  materials  allow  for  anisotropic  transport  and
effective  strain-gradient  coupling,  but  their  performance  is
strongly  dependent  on  the  phase  symmetry,  thickness,  defect
chemistry,  and  chemical  stability.  Ferroelectric  polymers  are
advantageous  for  harvesting  weak  and  low-frequency mechani-
cal  energy,  although  their  polar-phase  content,  orientation,
conductivity,  and long-term mechanical  reliability  require  care-
ful control.  Wurtzite  semiconductors  combine  intrinsic  piezo-
electricity with favorable electronic transport, but their piezopo-
tentials are readily screened by mobile carriers, and sulfide-based
systems  may  suffer  from  corrosion  and  elemental-release  risks.
Two-dimensional van der Waals materials provide short carrier-
transport paths  and  highly  tunable  symmetry;  however,  polar-
ization cancellation, restacking, limited total polarization charge,
and structural degradation remain important limitations. Other
inorganic  non-centrosymmetric  crystals  can  provide  intrinsic
electromechanical coupling,  whereas  nominally  centrosymmet-
ric  systems require clear  identification of the defect-,  interface-,
flexoelectric-,  or  phase-induced  origin  of  their  piezoelectric
responses.  Framework-based  and  molecular  materials  offer  the
advantages  of  high  structural  programmability  but  suffer  from
dipole cancellation, poor conductivity, inefficient stress transfer,
and  framework  instability.  High-performance  piezocatalysts
therefore  require  a  coordinated  balance  among  mechanical
energy  transfer,  polarization  generation,  dielectric  screening,
carrier lifetime, surface reaction kinetics, and structural durabil-
ity;  in  other  words,  performance  evaluation  cannot  rely  on  the
piezoelectric  coefficients  alone.  Rational  heterostructure  con-
struction, together  with  domain,  defect,  interface,  and  multi-
field engineering, can mitigate the limitations of individual ma-
terial  families  and provide a systematic basis  for catalyst  design,
mechanistic analysis, and reliable performance assessment.

 3.2 Material design and modification strategies
A clear understanding of the material system through multiscale
control of the microstructure,  electronic band, and heterojunc-
tion  would  aid  the  systematic  optimization  of  the  activity  and
selectivity  of  piezocatalysts.  This  section  comprehensively
constructs  a  four-dimensional  progressive  modification  system
covering  atomic-scale lattice  polarization  modulation,  meso-
scopic  microstructure  regulation,  interfacial  optimization,  and
surface functionalization toward hierarchical and precise regula-
tion  of  the  piezocatalytic  performance,  from  intrinsic  lattice
properties to external surface reaction behavior.

 3.2.1 Lattice polarization modulation
Atomic-scale lattice  polarization  modulation  is  the  core  intrin-
sic  regulation  strategy  for  piezocatalysts.  Such  modulation,
fundamentally  changes  the  lattice  symmetry,  local  dipole
moment  distribution,  and  electronic  structure  of  materials,
thereby  optimizing  the  intrinsic  piezoelectric  response  and
charge  generation  capacity  (Figure  4a).  This  strategy  includes
ion doping and substitution, defect engineering, as well as phase
structure and phase boundary engineering. Ion doping is an effi-
cient  and  controllable  method  to  tune  the  lattice  distortion,
band  structure,  electrical  conductivity,  and  carrier  density.
Metal  dopants  such  as  Ca,  Sr,  La  and  Nb  regulate  the  lattice
parameters,  phase  composition,  and  Curie  temperature  of
perovskite  oxides,  thereby  improving  the  piezoelectric  output
and  charge  migration  efficiency.105-108 Non-metal  dopants  such
as N, S, and P modify the valence band composition and intro-
duce  hybridized  states,  which  optimize  the  surface  acid–base
properties  and  enhance  the  adsorption  capacity  for  reactant
molecules.109-111 Nevertheless,  strict  control  of  the  dopant
concentration and  occupation  sites  is  essential,  because  exces-
sive doping can destroy the long-range ordered crystal structure,
weaken the  intrinsic  polarization,  and introduce deep recombi-
nation  centers.  Defect  engineering  allows  for  the  effective
coupling of electronic state regulation and surface reaction acti-
vation. Commonly engineered defects  in piezoelectric materials
include oxygen, sulfur,  and metal vacancies.112-114 These defects
induce  local  lattice  distortion,  alter  the  carrier  concentration,
and  create  unique  adsorption  and  activation  sites  for  small
molecules.  Moderate  oxygen  vacancies  form  shallow  donor
states  in  multiple  piezoelectric  systems,  accelerating  electron
migration  and  strengthening  chemisorption  on  the  catalyst
surfaces.115 On the one hand, appropriate defect levels promote
charge  separation  and  reactant  activation;  on  the  other  hand,
excessive defects act as recombination centers and degrade struc-
tural  stability.  Precise  regulation  of  the  defect  concentration,
spatial distribution, and valence states is therefore a core prereq-
uisite  for  efficient  defect  engineering.  Dipole  modulation
focuses  on  optimizing  the  intrinsic  polarization  properties  of
piezoelectric materials. This strategy controls lattice distortion as
well  as  the  magnitude  and  orientation  of  intrinsic  dipole
moments, thereby optimizing the polarization response of ferro-
electric domains and polar lattices.116 Consequently, this process
modulates  band  offset  and  the  space-charge  layer  thickness,
while  the  enhanced  piezopotential  provides  a  stronger  driving
force for directional carrier migration. Phase structure and phase
boundary  engineering  is  a  unique  atomic-scale regulation  strat-
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egy to optimize the piezoelectric polarization. The morphotropic
phase  boundary  with  coexisting  multi-phase  structures  can
effectively reduce the domain flipping barrier, induce enhanced
lattice  distortion,  and  significantly  amplify  the  macroscopic
piezoelectric response of the material.117 A reasonable degree of
phase  regulation  can  stabilize  the  polarized  lattice  structure,
prevent polarization attenuation under cyclic mechanical excita-
tion, and sustain stable charge-generation performance for long-
term catalytic reactions.

 3.2.2 Microstructure control
Microstructure  control  is  a  fundamental  modification  strategy
to improve the mechanical response, carrier migration behavior,
and  interfacial  reaction  performance  of  piezocatalysts.  This
effective  regulation  method  optimizes  a  series  of  key  structural
parameters, including the particle size, dimensionality, morphol-
ogy,  porosity,  and  exposed  crystal  facets  (Figure  4b). Conse-
quently, the optimized structural characteristics further enhance
the  internal  stress  transfer  efficiency,  increase  the  exposure
density  of  active  sites,  shorten  the  diffusion  distance  of  charge
carriers,  and  promote  interfacial  mass  transport.  Nanoscale
structural engineering  significantly  improves  the  overall  piezo-
catalytic  performance  of  the  material.  Nanosized  particles
induce larger local deformation under external mechanical exci-

tation. This structural advantage not only strengthens the intrin-
sic piezoelectric response but also shortens the migration path of
internal  carriers,  thereby  reducing  the  probability  of  electron‒
hole recombination.118 Dimensional engineering achieves direc-
tional  and  precise  regulation  of  the  stress  response  and  charge
migration  behavior.  One-dimensional  nanowires  and  nanorods
show  high  structural  anisotropy  and  large  stress  concentration
effects, which facilitate the formation of stable axial piezopoten-
tial  gradients  and  facilitate  the  spatial  separation  of  oxidation
and  reduction  sites.119,120 By  contrast,  two-dimensional
nanosheets  are more susceptible to bending deformation under
low-frequency  mechanical  excitation;  this  property  imparts  the
material  with  excellent  low-frequency  responses  and  large
exposed  surfaces.121 Three-dimensional  porous,  hollow,  and
hierarchical structures  help  optimize  the  distribution  of  acous-
tic  cavitation  stress  and  construct  interconnected  channels  for
electrolyte  penetration,  reactant  adsorption,  and  product
desorption.122-124 Hierarchical  structural  design  therefore  offers
prominent advantages for catalytic systems with poor interfacial
mass  transfer.  Besides  the  particle  size  and  dimensionality,
precise  morphology  control  also  exerts  an  extremely  significant
impact on the piezocatalytic activity. For instance, a supramolec-
ular-driven  hydrothermal  strategy  using  self-assembled  natural

 

Figure 4  Modification  and  regulation  strategies  for  piezoelectric  materials. a,  Lattice  polarization  modulation  (including  ion  doping,  defect  engineering  and  dipole
modulation).  b,  Microstructure regulation (including size/dimensionality/hierarchical  structures and crystal  facet regulation).  c,  Interface and surface regulation (including heterostructure
construction, cocatalyst modification, single-atom/dual-atom site construction and surface functional group modification).
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betulinic acid as a dynamic soft template has enabled the precise
synthesis  of  ZnO/CuO  heterojunctions  with  progressively
tuned  morphologies,  including  rod-like,  airship-like,  star-like,
and  urchin-like  particles.125 The large  number  of  sharp  protru-
sions  and  highly  bendable  features  of  these  structures  increase
the  strain  probability  and strain  gradients,  leading  to  improved
piezoelectric performance under low-frequency mechanical exci-
tation.  Crystal  facet  regulation  is  indispensable  for  improving
reaction  selectivity.  Different  exposed  facets  result  in  distinct
atomic  arrangements,  surface  polarities,  molecular  adsorption
configurations,  and  local  electronic  band  structures,  which
effectively  adjust  the  activation  barriers  and  redox  pathways  of
small  molecules.  For  example,  selective  exposure  of  the  polar
facets  in  typical  piezoelectric  materials  such  as  BaTiO3,  ZnO,
and  BiVO4 strengthens  localized  polarization  fields  and
promotes  interfacial  charge  redistribution.126-128 This  precise
structural  regulation  guides  multielectron  pathways  and
prevents  undesirable  side  reactions,  ultimately  improving  the
selectivity and yield of the target products.

 3.2.3 Interfacial regulation
The  interfacial  and  surface  properties  of  piezocatalysts  decide
interfacial carrier transport, molecular adsorption configuration,
and  final  reaction  selectivity  (Figure  4c). These  surface  charac-
teristics  connect  the  intrinsic  piezoelectric  performance  of  a
given material  with the macroscopic catalytic  behavior.  Interfa-
cial  regulation  includes  heterostructure  fabrication,  interfacial
bonding  modulation,  and  piezopotential  synergistic  coupling,
thereby fundamentally solving the issues of slow charge transfer
and rapid carrier recombination in single piezoelectric materials.
Heterostructure fabrication  is  the  mainstream  and  most  effec-
tive approach to enhance interfacial charge separation. Combin-
ing  piezocatalysts  with  semiconductors  or  conductive  materials
that  possess  different  band  structures  and  polarization  charac-
teristics  can  aid  the  construction  of  diverse  high-efficiency
heterojunctions  such  as  Z-scheme,  II-type,  and  Schottky  junc-
tions.4,129,130 Depending  on  interfacial  band  matching,  these
heterojunctions  enable  the  rapid  separation  and  directional
migration  of  piezoelectric-induced  electron–hole  pairs,  thus
mitigating recombination  losses.  In  addition,  the  heterojunc-
tion  interface  exposes  abundant  unsaturated  active  sites  and
optimizes  the  adsorption  and  activation  of  small  molecules.
Interfacial bonding regulation focuses on optimizing the interfa-
cial contact state between different components. Strong interfa-
cial chemical  bonding  can  reduce  the  interfacial  contact  resis-
tance,  facilitate  rapid  cross-interface  charge  transmission,  and
prevent charge accumulation at the heterojunction interface. In
contrast, loose physical contact leads to the formation of interfa-
cial defects and hinder carrier migration, limiting the synergistic
catalytic effect of heterostructures.131-133 Synergistic piezopoten-
tial coupling aids the superposition of multiple electric fields to
amplify  the  catalytic  performance.134 The  built-in  electric  field
of heterojunctions can couple with the strain-induced piezopo-
tential,  leading  to  further  interfacial  band  bending,  enhancing
the driving  force  for  directional  carrier  migration,  and  effec-
tively  suppressing  interfacial  charge  recombination.135 This
multifield synergistic  effect  significantly  improves  the  thermo-
dynamic and kinetic conditions of interfacial redox reactions.

 3.2.4 Surface modification
Surface  modification  is  the  terminal  regulation  strategy  for
piezocatalytic reactions, which optimizes the surface active sites,
reactant  adsorption  behavior,  and  reaction  kinetics  without
changing the intrinsic lattice and microstructure of piezoelectric
substrates.  The  main  technical  routes  for  surface  modification
include  cocatalyst  decoration,  monoatomic/diatomic  site
construction,  and  surface  functional  group/molecular  skeleton
modification.  Cocatalyst  loading  and  single-atom  modification
further optimize  the  kinetic  characteristics  of  interfacial  reac-
tions. Noble metals such as Pt, Au, and Ag, as well as transition-
metal oxides and MXene, can serve as efficient electron- or hole-
trapping  sites.136-140 Selective deposition  of  cocatalysts  on  posi-
tive and negative polarization surfaces promotes the spatial sepa-
ration of charges and suppresses side reactions.141 At the atomic
scale, single-atom sites provide nearly full atomic utilization and
highly  tunable  coordination  environments.142 These  sites  can
regulate the adsorption configurations and activation barriers of
key intermediates  with  high  precision,  which  is  especially  valu-
able for multielectron reactions with complex selectivity require-
ments.  Furthermore,  grafting  polar  functional  groups  or
constructing donor–acceptor (D–A) molecular skeletons on the
surface of piezocatalysts can modify the surface electron density
distribution, optimize the adsorption affinity and the configura-
tion  of  target  small  molecules  and  key  intermediates,  and
precisely  regulate  the  reaction  pathway  to  inhibit  side
reactions.143

This chapter systematically establishes a comprehensive classi-
fication system  for  piezocatalysts,  and  it  has  clarified  the  struc-
tural  characteristics,  performance  advantages,  and  application
limitations  of  inorganic,  organic,  and  composite  piezocatalysts.
Furthermore,  it  identifies  the  suitable  reaction  scenarios  for
different  material  systems.  Building  on  this  foundation,  the
chapter delves into the action mechanisms and structure‒prop-
erty  relationships  for  the  four  major  modification  strategies‒
lattice polarization  modulation,  microstructure  control,  inter-
face  engineering,  and  surface  modification‒from  four  core
dimensions  spanning  atomic-scale  to  surface-level  regulation.
This  chapter  also  elucidates  the  synergistic  mechanisms  and
applicability limits of each strategy. Overall, inorganic piezoelec-
tric semiconductors, with their advantages of polarization stabil-
ity  and  structural  controllability,  constitute  the  core  material
system  for  piezocatalysis,  while  organic  and  porous  composite
framework  materials  expand  the  flexibility  and  precision  of
catalytic  system  design.  Notably,  lattice  polarization,
microstructure  modification,  interface  modification,  and
surface  modification  are  not  independent  but  operate  in  a
unified  manner.  For  example,  two-dimensional ultrathin  struc-
tures  can  provide  fully  exposed  anchoring  sites  for  single-atom
sites;  defect  engineering  can  modulate  the  band  structure  and
heterojunction  coupling  as  well  as  the  nucleation  behavior  of
the  cocatalyst;  superposition  of  the  ferroelectric  polarization
field  and  built-in  electric  field  within  the  heterojunction  can
significantly  enhance  carrier  separation.  However,  highly
conductive  networks  may  screen  the  piezopotentials  if  their
structure is not carefully designed. Therefore, the design of high-
performance piezocatalysts should move beyond single-parame-
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ter  optimization  and  toward  multiscale  synergistic  regulation.
Future studies should focus on reaction-oriented reverse design,
wherein the  catalyst  composition,  morphology,  defects,  inter-
faces, and active sites are optimized according to the adsorption
configuration,  activation  barrier,  redox  potential,  stability  of
intermediates,  and  product  selectivity  in  the  target  small-
molecule reaction.

 4 Piezocatalysis  for  Efficient  Conversion  of  Core
Small Molecules
Piezocatalysis  can  harvest  the  ubiquitous  mechanical  energy
from various environmental  sources  such as  vibrations,  impact,
fluid  shear,  acoustic  waves,  and  human  motion.  Non-
centrosymmetric crystal  structures  can  generate  internal  polar-
ization electric fields under mechanical excitation, which in turn
drive bulk charge separation and trigger surface redox reactions.
By  replacing  the  externally  supplied  electricity  with  the  locally
available mechanical  energy,  piezocatalysis  offers  complemen-
tary  advantages  for  distributed  and  sustainable  small-molecule
conversion. This chapter systematically reviews the mechanisms,
material advances,  modification  strategies,  and  major  bottle-
necks related to piezocatalysis in water splitting, CO2RR, nitro-
gen fixation, nitrate reduction, O2 reduction for H2O2 produc-
tion,  ROS-mediated  degradation  of  small  organic  pollutants,
and oxidative conversion of methane (Figure 5).

 4.1 Water splitting for hydrogen and oxygen production
Water splitting is the most extensively studied reaction in piezo-
catalysis.  The  entire  reaction  process  includes  three  core  steps:
mechanical  strain-induced  polarization,  charge  separation  and
migration,  and  interfacial  redox  reactions.  The  correspond-
ing  standard  Gibbs  free  energy  change  is  approximately
237  kJ  mol‒1, and  the  theoretical  thermodynamic  decomposi-
tion  voltage  is  1.23  V.61 Application  of  periodic  mechanical
strain materials with effective piezoelectric or strain-polarization

responses triggers relative displacement between the positive and
negative  charge  centers  inside  crystals  and  further  generates
dynamic  polarized  charges.144 This  process  is  accompanied  by
band bending,  changes  in  the  work  function,  and  reconstruc-
tion of the interfacial potential. At the reduction sites, electrons
or  negative  shielding  charges  drive  H+ or  the  adsorbed  H2O  to
generate  H*  intermediates  through  the  Volmer  pathway,  and
subsequent  H2 formation  follows  on  the  Tafel  or  Heyrovsky
mechanism.145 At the oxidation sites, holes or positive shielding
charges  promote  the  sequential  transformation  of  H2O  and
OH‒ into *OH, *O, and *OOH intermediates, ultimately form-
ing O‒O bonds and releasing O2.55 The oxygen evolution reac-
tion  proceeds  via  a  four-electron  transfer  process  and  involves
multiple  oxygen-containing  intermediates,  thereby  leading  to
drastically slower kinetics compared with the case of the hydro-
gen evolution  reaction.  Consequently,  bulk  carrier  recombina-
tion, screening  of  polarization  charges,  and  deficiency  of  effi-
cient oxidation sites jointly limit the overall  water-splitting effi-
ciency. Some catalytic systems instead couple H2 evolution with
H2O2 formation  through  a  two-electron  water-oxidation path-
way;  therefore,  evolution  of  intermediates  evolution  and  the
product  stoichiometry  are  fundamentally  different  from  those
in conventional H2/O2 overall water splitting.146

Ferroelectric perovskites and layered polar oxides are the core
material systems for the fabrication of high-efficiency piezoelec-
tric  water-splitting catalysts.  Precise  exposure  of  a  high propor-
tion of (001) polar crystal  planes effectively guides the oriented
migration  of  BaTiO3 charge  carriers  along  the  out-of-plane
polarization direction and substantially increases the number of
effective  surface  reaction  sites.  Accordingly,  oriented  BaTiO3
nanosheets  deliver  better  piezocatalytic  H2 evolution perfor-
mance  than  randomly  oriented  nanoparticles.147 Under  the
combined  effects  of  size  confinement  and  nonuniform  tensile
strain  (001)-oriented  PbTiO3 nanosheets  with  a  thickness  of
approximately 3.5 nm undergo reconstruction from a predomi-
nantly  c-axis-oriented  polarization  state  to  a  multidirectional

 

Figure 5  Schematic illustration of piezocatalysis driven by diverse mechanical stimuli and its representative small-molecule conversion reactions.
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polarization configuration (Figure 6a).148 This structural regula-
tion substantially enhances the nanoscale piezoelectric response
and  enables  overall  pure-water  splitting  without  sacrificial
agents.  Bismuth-based  materials  feature  intrinsic  asymmetric
crystal structures and facilitate synchronous optimization of the
local  polarization  field  and  surface  reaction  kinetics.  Ultrafine
hollow Bi5O7Br nanotubes constructed from axially asymmetric
[Bi5O7]  polar  units  exhibit  a  large  local  electrostatic  potential
difference.  External  mechanical  stress  further  enhances  the
polarization  intensity  and  precisely  modulates  the  interaction

between the Bi active sites and H* intermediates to optimize the
kinetic process of pure-water hydrogen evolution.149 Single-unit-
cell-thick  Bi2O2(OH)(NO3)  layers  bear  fully  exposed  polar
hydroxyl  groups,  which  weaken  the  interlayer  electric  field
shielding  effect  and  initiate  strain-induced  self-polarization
toward  the  controllable  synchronous  generation  of  hydrogen
and hydrogen peroxide.150 These examples show that polar-facet
regulation,  thickness  reduction,  and  polarization-orientation
reconstruction  not  only  improve  the  mechanical-to-electrical
energy conversion efficiency  but  also  modify  the  water  adsorp-

 

Figure 6  a,  Schematic  of  local  structural  modifications  in  PbTiO3.  Reproduced with permission.148 Copyright  2025,  American Chemical  Society.� b,  Piezo-induced carrier  motion and
H2O  dissociation  site  preference  visualized  on  Pt/BiFeO3.  Reproduced  with  permission.154 Copyright  2026,  Wiley-VCH  GmbH.  c,  Piezo-field-driven  dual-channel  carrier  transfer  in  SV-
CdS/W18O49. Reproduced with permission.156 Copyright 2025, Elsevier. �d, Comparison of H2 production rates over representative piezocatalysts. Detailed data are provided in Table S1 of
the Supporting Information.
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tion configurations and the energy barriers of key intermediates.
Defect  engineering  and  near-surface  structural  modulation
break  the  local  lattice  symmetry  and  thus  trigger  the  catalytic
activity of  inert  materials  that  show  a  weak  intrinsic  piezoelec-
tric response or feature centrosymmetric materials crystal struc-
tures.  Oxygen-vacancy-modified SrTiO3 nanorods integrate the
high  stress  collection  capability  of  one-dimensional  structures
with  defect-induced  surface  asymmetry  for  the  synchronous
production  of  hydrogen  and  hydrogen  peroxide  in  pure  water
systems  without  using  sacrificial  agents.84 Mild  acid  etching
modification induces  near-surface  lattice  distortion and surface
potential  restructuring  while  fully  preserving  the  SrZrO3
perovskite  bulk  framework.  This  strategy,  successfully  activates
localized  electromechanical  responses  in  centrally  symmetric
materials  and  significantly  enhances  piezoelectric  catalytic
hydrogen  production  performance.86 An  oxygen-vacancy-rich
amorphous  TiOx shell  constructed  on  the  surface  of  BaTi2O5
nanorods  forms  an  ordered‒disordered  composite  core‒shell
interface, effectively amplifying the interfacial polarization field
and optimizing  the  efficiency  of  charge  separation  and  migra-
tion.120 Sulfur-vacancy  modification  can  regulate  the  local
charge  distribution  and  hydrogen  adsorption  properties  of
MoS2,  further  enhancing  the  strain  polarization  capability  and
hydrogen evolution catalytic activity.151

Atomic-site  modification  and  interface  engineering  enable
the  multidimensional  synergistic  optimization  of  polarization
enhancement, charge capture, and surface reaction kinetics. The
Ni–N6 planar  coordination  structure  formed  by  single-atom-
anchored  Ni  species  improves  the  in-plane  dipole  moment  of
carbon nitride frameworks and induces radial local polarization
fields  around  the  active  sites.  External  strain  simultaneously
modulates  the  polarization  field  intensity  and  Ni  atom  spin
state.  This  dual  response  spatially  matches  the  electron-rich
regions  with  the  hydrogen-evolution  sites  and  alleviates  both
piezopotential  screening  and  the  spatiotemporal  mismatch
between charge generation and interfacial  reactions.152 Atomic-
level Fe active sites in Fe-N4/r-MAPbI3 composites derived from
lead-zinc  slag  synchronously  enhance  the  lattice  polarization
intensity and interfacial  proton transfer  efficiency,  demonstrat-
ing the advantages  of  multifunctional  regulation at  single-atom
sites.100 Pd quantum dot-modified BaTiO3 promotes interfacial
charge migration  through  the  electron  pooling  effect.  Modula-
tion of the d-band center optimizes the adsorption and desorp-
tion behavior of H* intermediates to continuously accelerate the
hydrogen  evolution  reaction.153 Pt-modified  Co-doped  BiFeO3
enhances the  piezoelectric  polarization  effect  via  lattice  distor-
tion and accelerates water molecule dissociation and the Volmer
elementary  reaction  at  the  Pt  active  sites  (Figure  6b).154 The
MoS2@Mo2CTx heterojunction integrates piezoelectric polariza-
tion with high-conductivity MXene networks to enable sustain-
able hydrogen evolution using the mechanical energy from natu-
ral sources such as water flow and gravity.155

In the CaBi2Nb2O9/BiOX system, the shared (Bi2O2)2+ units
act  as  atomic-scale  charge-transfer  bridges,  and  the  additional
polarization  field  induced  by  structural  distortion  significantly
reduces the  interfacial  charge  migration  barrier,  thereby  ensur-
ing efficient charge transport.117 Collectively, these studies indi-

cate that an effective catalytic interface must combine rapid elec-
tron  transport  with  spatial  alignment  across  the  piezoelectric
polarization field, built-in electric field, and catalytic active sites.
Coupling  piezocatalysis  with  photocatalysis  is  an  important
strategy for increasing the charge-generation rate in single-mode
piezocatalysis. Light  irradiation  continuously  generates  elec-
tron–hole pairs,  whereas  the  piezoelectric  field  promotes  direc-
tional charge  separation  and  dynamically  regulates  the  hetero-
junction  band  structures  and  surface  adsorption  states.  A  Z-
scheme  COF-TpDb/BaTiO3 heterojunction couples  ferroelec-
tric  polarization  with  an  intrinsic  interfacial  electric  field,  thus
suppressing  charge  recombination  and  reducing  the  calculated
hydrogen-evolution  barrier  from  0.14  to  0.04  eV.96 A  sulfur-
vacancy-modified  CdS/W18O49 system  integrates  dual-vacancy
regulation,  surface-plasmon effects,  and  piezoelectric  polariza-
tion  to  establish  separate  transfer  channels  for  photogenerated
and  thermally  generated  electrons,  thereby  improving  charge
utilization (Figure 6c).156 Organic and framework materials  can
enhance the piezoelectric performance through rational molecu-
lar  structural  design.  Pyridine-nitrogen-modified  donor‒accep-
tor  polymers,  hydroxy-cyano  co-modified  carbon  nitride,  Sn-
modified  g-C3N4 composites,  and  high-dipole-moment  polar
COFs  increase  the  intrinsic  dipole  moment  and  improve  the
carrier separation  capability  by  breaking  the  molecular  frame-
work  symmetry.95,103,157,158 Composite  systems  such  as
MOC/COF  heterojunctions,  Ce-MOF-808  pore  donor–accep-
tor  composites,  and  amino-copper  dual-modified  MIL-125
further  demonstrate  that  the  polarity  of  molecular-scale frame-
works,  active  sites,  and  charge  channels  can  be  integrated  and
synergistically  designed,  thus  providing  a  novel  approach  for
constructing highly efficient piezoelectric catalytic systems.159-161

In summary, piezocatalytic water splitting is a multistep energy-
conversion  process  governed  by  strain-induced  polarization,
directional  charge  separation  and  transport,  and  interfacial
hydrogen- and  oxygen-evolution  kinetics.  The  performance  of
this  reaction  depends  not  only  on  the  nominal  piezoelectric
coefficient  but  also  on  the  magnitude,  persistence,  and  spatial
distribution  of  the  polarization  field;  the  lifetime  and  mobility
of the charge carriers; and the adsorption and conversion of the
reaction intermediates. To systematically compare the effects of
different  modification  strategies,  the  relevant  studies  were
reviewed  and  classified  by  publication  year.  The  results  are
summarized in Figure 6d and Table S1.

High-performance piezocatalysts can be developed by hierar-
chical structural regulation across the crystal, defect, atomic-site,
and interface levels. Preferential exposure of polar facets, reduc-
tion  of  material  thickness,  and  reconstruction  of  polarization
orientation  enhance  the  efficiency  of  mechanical-to-electrical
energy  conversion  and  promote  directional  carrier  migration.
Defect engineering and near-surface lattice distortion can break
the  local  symmetry,  activate  the  electromechanical  responses  in
weakly piezoelectric or centrosymmetric materials, and optimize
the  adsorption energetics  of  intermediates.  At  the  atomic  scale,
single-atom sites, quantum dots, and cocatalysts simultaneously
provide  charge-trapping centers  and  kinetically  favorable  reac-
tion  sites.  Meanwhile,  heterojunctions  and  ordered–disordered
interfaces  establish  efficient  charge-transfer  pathways  and
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strengthen  the  coupling  between  piezoelectric  polarization
fields, built-in electric fields, and catalytic active sites. The piezo-
catalytic  efficiency  can  be  enhanced  by  optimizing  the  polar
crystal  facets,  defect  engineering,  atomic-site  modulation,  and
interface  design.  Meanwhile,  polar  polymers,  carbon  nitride
derivatives,  COFs,  MOFs,  and  other  framework  materials
expand  the  design  space  from  inorganic  crystal  engineering  to
molecular-level control  of  dipole moments,  framework symme-
try,  pore  environments,  active  sites,  and  charge-transfer chan-
nels.  Future  catalyst  design  should  integrate  polar-facet  and
dimensional control,  local symmetry breaking, atomic-site engi-
neering,  and  interface  construction  so  that  mechanical-energy
harvesting,  charge  transport,  and surface  kinetics  are  optimized
within a single architecture.

 4.2 CO2 reduction
Piezocatalytic  CO2 is  a  mechanically  driven  interfacial  proton-
coupled  electron-transfer process.  Periodic  stress  induces  alter-
nating  polarization within  the  piezoelectric  material  and causes
the catalyst  surface  to  undergo  continuous  cycles  of  polariza-
tion, shielding, and deshielding, accompanied by dynamic band
bending  and  transient  charge  migration.102 The  incompletely
shielded piezoelectric potential drives the directed enrichment of
electrons  at  the  reduction  sites  while  disrupting  the  electron
cloud distribution of linear CO2 molecules and weakening their
molecular  structural  symmetry.162 These  effects  facilitate  CO2
adsorption  and  activation  and  lower  the  interfacial  reaction
barrier.  The  adsorbed  substrate  typically  undergoes  stepwise
electron and proton transfer processes via intermediates such as
*CO2

‒, *COOH, or *OCHO. The binding strength of the active
sites to intermediates such as *COOH, *CO, and *CHO directly
determines the formation of C1 products, including CO, formic
acid,  methanol,  and  CH4.76,163,164 However,  the  transient  and
periodic  piezoelectric  response  makes  sustained  multi-electron
delivery  difficult.  Together  with  the  high  mass-transfer resis-
tance  of  CO2 in  aqueous  media,  this  limitation  explains  why
existing  piezocatalytic  CO2RR systems predominantly  yield  C1
products.  Achieving  high  yields  and  selective  formation  of
multicarbon products therefore remains a central challenge.

Ferroelectric  perovskites,  two-dimensional layered  semicon-
ductors,  bismuth  halide  oxides,  and  inorganic‒organic  hybrid
materials  constitute  the  primary  material  platforms  for  current
piezoelectric  CO2RR  systems.  BaTiO3,  K0.5Na0.5NbO3,  and
BiFeO3 exhibit excellent intrinsic polarization responses and rely
on piezoelectric or ferroelectric fields to accelerate carrier separa-
tion,  thereby  efficiently  driving  the  continuous  interfacial
reduction  reaction.  The  ZnIn2S4/BaTiO3 direct  Z-scheme
heterojunction,  constructed  using  BaTiO3 as  the  piezoelectric
substrate,  shows  enhanced  interfacial  carrier  mobility  while
retaining the strong electron reduction capability.165 The sulfur-
vacancy-modified  BaTiO3/SnS2 heterojunction  integrates  the
multiple  synergistic  effects  of  defect  site  regulation,  Z-scheme
charge  pathways,  and  piezoelectric  polarization  fields  to
precisely  enrich  high-energy  electrons  on the  SnS2 surface, ulti-
mately  achieving  the  multielectron  deep  conversion  of  the
substrate  to  C2H4.166 The  BaTiO3-TiO2-CuO-Cu2O  system
relies  on  the  Cu+/Cu2+ redox  pair  to  construct  a  dynamic

proton  relay  system,  and  the  lattice  distortion  induced  by  the
piezoelectric  field  weakens  the  C–C  coupling  energy  barrier,
thereby  providing  favorable  conditions  for  the  formation  of
multicarbon  products.167 The  KNN/PVDF-HFP  dual-piezo-
electric composite  film  combines  the  high  polarization  charac-
teristics  of  inorganic  materials  with  the  flexible  deformation
advantages of polymers, and the conductive network formed by
acetylene black optimizes the collection and long-distance trans-
port  efficiency  of  polarized  charges.168 Lattice  tuning,  defect
engineering, and  size  control  are  effective  methods  for  enhanc-
ing the piezoelectric catalytic activity of weakly piezoelectric and
even  centrosymmetric  materials.  SnS2 nanosheets  with  (001)
preferential orientation  deliver  superior  piezoelectric  photocat-
alytic performance compared to randomly oriented nanoflower
structures. This finding clearly demonstrates that crystal orienta-
tion control and efficient stress transfer are key to enhancing the
macroscopic piezoelectric catalytic output of materials.169

Oxygen  vacancies  within  the  BiOBr  system  induce  localized
structural  distortions  and  strengthen  the  dipole  effect  of  the
Bi–Br  bond.  This  significantly  enhances  the  stress-induced
polarization effect while simultaneously improving the catalytic
selectivity  for  CO  production.60 Er-doped BiOCl  simultane-
ously induces oxygen vacancy defects, broadens the light absorp-
tion  response  range,  and  improves  the  piezoelectric  properties.
When  combined  with  the  photocatalytic  memory  effect,  this
material comprehensively promotes substrate adsorption, activa-
tion, and interfacial charge separation processes.170 HfO2–phos-
phomolybdic acid hybrid subnanobands enhance strain respon-
siveness  through  size-dependent  effects  and  the  formation  of
flexible  microstructures.  The asymmetric  Hf–O–Mo coordina-
tion  structure  induces  spontaneous  interfacial  electron  transfer
and establishes a stable built-in electric field, while the reversible
redox properties of PMA clusters effectively increase the interfa-
cial  electron  density  and  significantly  lower  the  formation
energy barrier for the COOH intermediate.87 Metal-free F-C3N4
reconfigures the electronic state distribution near the Fermi level
through  hybridization  of  the  F-2p  and  C-2p  orbitals  and
constructs  an  interfacial  hydrogen-bond  network  tailored  for
substrate adsorption and COOH generation, ultimately achiev-
ing highly selective catalytic conversion of CO.171 UV-activated
ZnS(en)0.5,  CsPbBr3(which  exhibits  isostructural-phase-transi-
tion-induced  piezoelectricity),  and  high-entropy  oxides  (GaFe-
CoAlNi)Ox with  lattice-distortion-enhanced  piezoelectric  pro-
perties  continue  to  enrich  the  system  of  piezoelectric  catalytic
materials  and  further  expand  the  boundaries  of  research  in
this  field  (Figure  7a).101,172,173 The  common  objective  of
heterostructure  construction,  interfacial-bond  regulation,  and
spatial  cocatalyst  arrangement  is  to  direct  polarization  charges
toward the active  sites  while  maintaining the appropriate  bind-
ing  energies  for  key  intermediates.  ZnO/Cs3Bi2Br9,  Cu/Zr-
MOF@CdS, and Co-NC/BiFeO3 exploit band alignment, inter-
facial electric  fields,  and displacement  currents  to  regulate  elec-
tron  transport,  enabling  processes  such  as  coupled  CO2RR–
organic oxidation, efficient methanation, and simultaneous CO
and  CH4 production.174-176 The  yolk-in-shell  structure  of
Au@BaTiO3 integrates  multiple  advantages,  including
enhanced ferroelectric  polarization,  stress  gain from the hollow
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structure, and  plasmonic  interfacial  charge  transfer,  thus  effec-
tively promoting substrate adsorption and the transformation of
key intermediates (Figure 7b).177 Au25 nanoclusters modified on
red g-C3N4 and the PVDF/CdS/Ag composite system suppress
carrier recombination losses through short-range electron trans-
port, ordered interfacial electric fields, and surface plasmon reso-
nance effects.178,179 Embedding nanoscale piezoelectric materials
at  the  S-scheme heterojunction  interface  triggers  the  preferen-
tial  recombination  of  carriers  with  weak  redox  capabilities,
thereby  effectively  retaining  high-energy  reducing  electrons  for
continuous  participation  in  this  interfacial  reaction.180 AuCu
and  MnOx,  when  loaded  onto  the  oppositely  polarized  surface

of  PbTiO3,  enable  precise  spatial  separation  of  the  reduction
and  oxidation  sites  while  simultaneously  lowering  the  kinetic
barriers for CO2RR and water oxidation reactions.181

In  summary,  current  piezoelectrically  catalyzed  CO2RR
systems  predominantly  yield  C1 products,  although  phased
breakthroughs have been achieved in the controlled synthesis of
high-value-added C2+ products such as C2H4.  To systematically
compare the effects of different modification strategies, the rele-
vant  studies  were  reviewed  and  classified  by  publication  year.
The  results  are  summarized  in Figure  7c and  Table  S2.  The
construction  of  Z-scheme  heterostructures,  exposure  of  C–C
coupling sites mediated by the introduction of sulfur vacancies,

 

Figure 7  a, Isostructural phase-transition-driven piezoelectric generation in CsPbBr3 all-inorganic perovskite for CO2RR catalysis. Reproduced with permission.173 Copyright 2024, Else-
vier. b, Visible-light-piezocatalytic CO2RR synergistically boosted by enhanced ferroelectric polarization in Au@BaTiO3 yolk-in-shell structures. Reproduced with permission.177 Copyright
2024, Wiley-VCH GmbH. c, Comparison of CO2RR product formation rates over representative piezocatalysts. Detailed data are provided in Table S2 of the Supporting Information.
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and optimization of proton-coupled electron transfer pathways
by  Cu-based  redox  pairs  together  effectively  lower  the  C–C
coupling  energy  barrier  and  promote  the  deep  multi-electron
reduction of the substrate. The transient pulsed nature of piezo-
electric  potentials  leads  to  insufficient  capacity  for  sustained
multielectron  supply  to  the  system,  while  the  C–C  coupling
reaction imposes stringent requirements on the spatial  configu-
ration  and  electronic  structure  of  dual  active  sites.  Because  of
these  dual  constraints,  the  current  yields  and  selectivity  of  C2+
products significantly lag behind those of traditional thermocat-
alytic  and  electrocatalytic  systems.  Future  research  should  rely
on  a  combination  of  in  situ  spectroscopic  characterization  and
theoretical  calculations  to  precisely  elucidate  the  microscopic
reaction mechanisms of C–O bond cleavage and C–C coupling
under  dynamic  alternating  piezoelectric  fields.  A  combination
of controlled  lattice  strain  modulation,  precise  defect  engineer-
ing,  bifunctional  interfacial  design,  and  optimization  of  the
hydrophobic microenvironment  should  be  pursued  to  over-
come the  kinetic  bottlenecks  in  multielectron  reduction  reac-
tions.  This  integrated  approach  will  ultimately  enable  the
directed and efficient conversion of CO2 into high-value-added
multicarbon fuels and steadily advance the practical application
of piezoelectric  catalysis  in  the  field  of  carbon  resource  utiliza-
tion.

 4.3 Nitrogen fixation and nitrate reduction
Piezocatalytic  ammonia  production  can  proceed  through
two  distinct  routes:  direct  N2 fixation  and  nitrate  reduction.
Direct N2 fixation is constrained by the high N≡N bond energy
(945 kJ mol‒1), as well as the nonpolar nature and low aqueous
solubility  of  N2.182 Although  nitrate  reduction  exhibits  more
favorable  initial  thermodynamics,  it  still  requires  successive
deoxygenation,  protonation,  and  multielectron  transfer
processes,  with  continuous  competition  from  side  reactions
such  as  hydrogen  evolution  and  NO2

‒ accumulation.183 Peri-
odic mechanical stress induces alternating polarization, dynamic
band  bending,  and  interface  shielding‒unshielding  cycles,
thereby  driving  the  directional  migration  of  charge  carriers.
Local  strain,  defect  dipoles,  and  interfacial  bonding  effects
simultaneously  regulate  the  adsorption  configuration  of  the
reactants, binding  strength  of  the  intermediates,  and  dissocia-
tion  behavior  of  water.  Therefore,  the  piezoelectric  field  does
not  simply  provide  an  additional  reduction  potential  but
reshapes  the  reaction  kinetics  of  nitrogen-containing  species
through  a  synergistic “charge  transport–adsorption  activation–
proton-coupled electron transfer” mechanism. Periodic modula-
tion  of  the  electronic  structure  of  active  sites  by  time-varying
piezoelectric polarization  enables  dynamic  catalytic  optimiza-
tion, which distinguishes this approach from traditional photo-
catalytic and electrocatalytic systems involving steady-state inter-
facial regulation.

Under  mild  conditions,  N2 reduction  predominantly
proceeds  through  an  associative  hydrogenation  mechanism.
After  N2 adsorption  onto  vacancies,  low-coordination  metal
sites,  or  single-atom  active  centers,  piezoelectric  electrons  are
continuously injected into its π* antibonding orbital and stretch
the N≡N bond, thereby gradually hydrogenating it via key inter-

mediates  such  as  *N2H,  *NNH2,  *NHNH,  and  *NH2 to  form
NH3. Defect engineering effectively enhances the nitrogen fixa-
tion  performance.  Oxygen  vacancies  extend  the  carrier  lifetime
within the ZnO system and improve the N2 adsorption capacity,
enabling  ZnO  nanoflowers  to  show  an  approximately  220%
enhancement in  the  nitrogen  fixation  activity  under  piezoelec-
tric–photonic synergy (Figure 8a).184 MoS2 modified with disul-
fide  vacancies  weakens  the  N≡N bond  through  electron  feed-
back  from  the  uncoordinated  Mo  d-orbitals,  thereby  enabling
sacrificial-agent-free  nitrogen  fixation  in  an  air–pure  water
system.185 The synergistic  effect  of  the  sulfur  vacancies  and the
pyramid-shaped morphology of CdS enhances the stress concen-
tration capability  and  electron  supply  efficiency  while  stabiliz-
ing the  hydrogenation  intermediate;  consequently,  the  ammo-
nia  production  performance  is  quadrupled  as  compared  with
that  of  the  pristine  material.113 Symmetry  breaking  and  micro/
nanostructure  design  effectively  improve  the  efficiency  of
mechanical  energy  utilization.  Oxygen  vacancy-induced  lattice
distortion  and  localized  Coulomb  repulsion  break  the  central
symmetry  of  BaZrO3, endowing  the  material  with  a  piezoelec-
tric  response  and  N2 reduction  activity,  thus  providing  new
insights for the functionalization design of non-piezocatalysts.186

Nanopits with polarized orientations within PbTiO3 nanosheets
enhance  localized  dipoles  and  form “electron  reservoirs,”
thereby  shortening  the  migration  distance  of  photogenerated
electrons  to  low-coordination  Ti  active  sites  and  consequently
improving  the  nitrogen  fixation  efficiency  in  pure  water.187

TiO2@magnesite,  MOF-derived  BiFeO3,  and  donor–acceptor
polyheptazine imide  broaden  the  piezoelectric  potential  distri-
bution,  couple  visible-light  responsiveness,  and  reconfigure  the
charge  centers,  respectively,  while  creating  stress  concentration
sites,  toward  efficient  photo–piezo  synergistic  nitrogen
fixation.188-190 Defective  BaTiO3 loaded  with  single  Fe  atoms
shows  dynamic  switching  of  the  spin  state  of  the  Fe  site  under
an alternating polarization field.  The differently  polarized faces
are suited for the N2 reduction and oxidation reactions, thereby
enabling the synergistic co-synthesis of NH3 and NO3

–.191 This
result  indicates  that  alternating  polarization  can  dynamically
regulate  orbital  occupancy  of  the  active  sites  and  adsorption
energies in addition to controlling charge transport.

The  initial  thermodynamic  conditions  for  the  reduction  of
NO3

– to NH3 are more favorable than those for direct N2 fixa-
tion, although the selectivity of this process depends critically on
the  effective  coordination  between  the  deoxygenation  and
hydrogenation steps. This conversion pathway typically involves
NO3

–,  NO2
–,  *NO,  and  a  series  of  hydrogen- and  nitrogen-

containing intermediates, with the active hydrogen generated by
water dissociation and proton-coupled electron transfer playing
critical roles in the overall reaction. Mn-doped CaZnOS simulta-
neously generates piezoelectric and mechanoluminescent effects
under mechanical stimulation, thereby establishing a force–elec-
tric–optical cascade  catalytic  system.  Isotope  labeling  and  elec-
tron  spin  resonance  characterizations  reveal  hydrogenation  as
the  rate-determining  step,  while  the  piezoelectric  potential
promotes  interfacial  NO3

– enrichment  and  proton-coupled
charge  transfer.192 The  SnS2/TiC heterojunction  exploits  inter-
facial  electric  field restructuring to enhance the adsorption and
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activation  of  NO3
– and  reactive  hydrogen  species,  sustaining

high  electron  utilization  efficiency  even  in  low-concentration
nitrate  systems.193 The  ZnO@ZnSe  S-scheme  heterojunction
employs  the O-Zn-Se interfacial  bond to dissipate  the coherent
lattice  strain,  thereby  promoting  the  dissociation  of  water
molecules  and  optimizing  the  adsorption  of  intermediates,  and
the piezoelectric field generated by ZnO continuously facilitates
carrier separation (Figure 8b).194 Upon modification with single
Cu  atoms,  g-C3N4 exhibits  a  non-centrosymmetric pore  struc-
ture  and shows enhanced macroscopic  polarization.  Combined

with the  water  activation  effect  resulting  from  nitrogen  vacan-
cies, the modified catalyst maintains stable catalytic activity over
a  wide  range  of  pH  levels  and  substrate  concentrations.195

M/BaTiO3 (M = Ru, Pd,  Pt)  composites  modulate  the interfa-
cial  potential  barrier  under  mechanical  polarization,  thereby
accelerating  the  transport  of  electrons  and  active  hydrogen
species and suppressing the competing hydrogen evolution reac-
tion;  correspondingly,  the  selectivity  for  ammonia  production
via nitrate reduction is also enhanced.142

In summary, both direct N2 fixation and nitrate-to-ammonia

 

Figure 8  a,  Defect-controlled  ZnO  nanoflowers  promote  metal-free  ammonia  synthesis  via  piezo-photocatalytic  coupled  processes.  Reproduced  with  permission.184 Copyright  2026,
Royal Society of Chemistry. b, Lattice strain and piezo-field co-modulate nitrate-to-NH3 conversion in chemically bonded S-scheme heterojunctions. Reproduced with permission.194 Copy-
right 2025, Wiley-VCH GmbH. c, Comparison of NH3 production rates over representative piezocatalysts. Detailed data are provided in Table S3 of the Supporting Information.
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conversion  are  dependent  on  polarization-driven charge  deliv-
ery but are limited by different elementary steps. Direct fixation
requires efficient N2 adsorption, π orbital population, stabiliza-
tion of  hydrogenated intermediates,  and suppression of  proton
reduction.  Nitrate  reduction  instead  requires  coordinated
nitrate  enrichment,  sequential  deoxygenation,  water  activation,
and  selective  hydrogenation  without  NO2

‒ accumulation  or
excessive H2 evolution. To systematically compare the effects of
different  modification  strategies,  the  relevant  studies  were
reviewed  and  classified  by  publication  year.  The  results  are
summarized  in Figure  8c and Table  S3  (Supporting  Informa-
tion).  Defects,  low-coordination  sites,  interfacial  bonds,
controlled  morphology,  and  single-atom  centers  determine  the
manner  in  which  piezo-generated  charges  are  converted  into
chemically  productive  electrons  and  active  hydrogen.  Future
work  should  establish  quantitative  relationships  among  the
mechanical  input,  local  polarization,  electronic structure of  the
active  sites,  NH3 yield,  selectivity,  and  electron-utilization effi-
ciency.  Standardized  energy  reporting,  isotope-labeling experi-
ments, and  operando  characterization  are  particularly  impor-
tant  for  distinguishing  genuine  piezocatalytic  contributions
from  the  effects  of  cavitation,  mechanoluminescence,  and
mechanically enhanced mass transfer.

 4.4 O2 reduction into H2O2
Piezocatalysis  converts  mechanical  energy  from  ultrasound,
vibration,  or  water  flow  into  redox  driving  forces  via  stress-
induced polarization charges, dynamic band bending, and tran-
sient  interfacial  potentials.  Therefore,  piezocatalysis  offers  a
facile  route  to  H2O2 synthesis under  ambient  conditions  with-
out an external electrical bias. The reduction pathway follows a
two-electron oxygen reduction reaction expressed as O2 + 2H+ +
2e‒ →  H2O2,  while  the  oxidation  pathway  proceeds  via  a  two-
electron water oxidation reaction expressed as 2H2O → H2O2 +
2H+ +  2e‒.105,196,197 These two  pathways  can  operate  indepen-
dently or collaboratively to realize parallel H2O2 generation. The
catalytic  selectivity  and  product  yield  in  these  pathways  are
predominantly determined by the O2 adsorption configuration,
binding  strength  of  the  *OOH  intermediate,  proton-coupled
electron  transfer  efficiency,  and  coupling  characteristics  of  the
interfacial  intermediates.67,90,198 Weak  adsorption  of  *OOH  on
the  catalyst  surface  severely  restricts  O2 activation,  whereas
excessively  strong  adsorption  readily  induces  O‒O bond  cleav-
age  and  promotes  the  four-electron  reduction  side  reaction  to
generate H2O as the final product.77,199,200 In the oxidation path-
way,  the  competing  four-hole  oxygen-evolution  reaction  must
also  be  suppressed.  Efficient  H2O2 production  therefore
requires  the  coordinated  optimization  of  mechanical-energy
harvesting,  polarization-potential  generation,  charge  transport,
stabilization  of  intermediates,  and  product  desorption  rather
than merely maximizing the piezoelectric coefficient.

Current mainstream material systems for piezocatalytic H2O2
production  cover  perovskites,  layered  bismuth-based  oxides,
two-dimensional  chalcogenides,  carbon  nitride-based  materials,
and  MOF/COF  framework  materials.  Atomic-scale modifica-
tion is a critical strategy to simultaneously enhance the intrinsic
polarization  capability  and  catalytic  activity  of  materials.  Such

modification  is  primarily  achieved  through  ion  substitution,
defect engineering, and reconstruction of the local coordination
environment  to  realize  synergistic  performance  enhancement.
For  instance,  selenium  substitution  for  the  sulfur  atoms  in
MnPS3 induces a prominent lattice strain and distorts the coor-
dination  geometry.79 The  resulting  MnPSe3 delivers  an
improved  piezoelectric  response  and  reconstructs  the  surface
phosphorus  sites  into  highly  active  centers  for  two-electron
oxygen  reduction.  This  modified  catalyst  enables  simultaneous
piezo-photocatalytic  H2O2 generation  and  aquatic  uranium
recovery,  thus  showing  dual  application  prospects  in  green
chemical  synthesis  and  environmental  remediation.  The  Sillén-
Aurivillius-phase  Bi5Ti2O11Cl  induces  a  strong  ferroelectric
polarization field through an asymmetric perovskite framework
to  facilitate  the  high-efficiency  piezocatalytic  synthesis  of  the
target  product  in  the  absence  of  a  sacrificial  agent.201 Al-
anchored,  defect-rich  crystalline  carbon  nitride  stabilizes
metastable vacancies, amplifies localized piezoelectric fields, and
creates  Al-N-coordinated  redox  centers,  thus  enabling  the
coupled  production  of  H2O2 and  acetaldehyde.202 Iron-doped
Bi3TiNbO9 produces  octahedral  lattice  eccentricity  to
strengthen  the  piezoelectric  effect.  The  spin  polarization  effect
of  the  optimized  material  modulates  the  thermodynamics  and
kinetics  of  the  oxygen  reduction  reaction  and  improves  carrier
mobility and the yield of the desired two-electron product.203

Mesoscale  structure  regulation  governs  the  efficiency  of
mechanical  energy  conversion  to  interfacial  chemical  potential,
serving  as  the  core  factor  for  improving  the  mechanical  energy
utilization  and  boosting  the  piezocatalytic  performance.  For
example, BaTiO3 single-crystal microplates with highly exposed
(111)  polar  crystal  planes  efficiently  accumulate  polarization
charges and  enhance  intrinsic  piezoelectric  responses.  Decora-
tion of  BaTiO3 with silver  quantum dots  further optimizes  the
interfacial electron transport pathways and accelerates the kinet-
ics  of  O2 adsorption,  activation,  and two-electron reduction.126

Few-layer,  oxygen-vacancy-modified Bi2O2(OH)NO3 adopts an
ultrathin  two-dimensional  structure  to  amplify  the  mechanical
deformation effects and defect dipole polarization, thereby acti-
vating  dual  reaction  pathways  (two-electron  oxygen  reduction
and  two-electron  water  oxidation)  and  improving  the  peroxide
production  capacity.204 Carbon-quantum-dot-modified
Ca2B3O6Cl generates localized intense piezoelectric fields at  the
material tips,  which  promote  the  formation  of  ordered  interfa-
cial hydrogen-bond networks around water molecules and accel-
erate proton-coupled electron transfer. Consequently, the modi-
fied material is well suited for high efficient H2O2 production in
pure  water  systems  (Figure  9a).205 The  proposed “piezoelectric
performance  matching  window” for  ZnO-based systems  indi-
cates that the intrinsic piezoelectric properties must be matched
to  the  mechanical-deformation  and  energy-harvesting  behavior
of  the  material.  Increasing  the  piezoelectric  coefficient  alone
does not necessarily maximize the catalytic output.206

Interface  engineering  and  surface  modification  are  efficient
strategies to suppress carrier recombination and precisely modu-
late  the  catalytic  reaction  pathways.  Notably,  the  HfO2/CdS
piezo-photo-coupled  heterojunction  utilizes  external-field-
induced  dynamic  polarization  effects  to  weaken  interfacial
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charge  shielding,  thereby  allowing  for  the  efficient  separation
and  migration  of  photogenerated  carriers  and  delivering  better
multifield-coupled catalytic performance compared with single-
component  catalysts.207 Iodine-doped  Bi4Ti3O12 coupled  with
MXene  co-catalysts  strengthens  the  internal  polarization  fields
through  bulk  doping,  while  the  interfacial  MXene  component
serves as a high-efficiency electron capture center. The resulting
synergistic  effect  optimizes  interfacial  charge  transport  and  the
oxygen reduction kinetics, thus providing excellent H2O2 yields
and  high  environmental  remediation  capability  (Figure  9b).140

COF-mediated in  situ confinement  of  BaTiO3 leads  to  the
formation  of  a  dual-functional  micro-reaction  interface.  The
tailored  interface  is  well  matched  to  the  two  major  production
pathways—water  oxidation  and  oxygen  reduction—and
spatially restrains the four-electron side reaction.208 Defect engi-
neering  breaks  the  central  symmetry  of  the  crystal  structure  in
UiO-66 and  makes  this  inert  MOF  material  intrinsically  piezo-
electric.  The modified MOF drives  dual-pathway piezocatalytic
synthesis via water and oxygen activation, providing a universal
guideline  for  the  rational  design of  framework-based piezocata-

 

Figure 9  a, Localized polarization piezoelectric field via tip effect on Ca2B3O6Cl/CDs for H2O2 production in pure water. Reproduced with permission.205 Copyright 2026, Wiley-VCH
GmbH.  b,  Interfacial  electron  sink  and  bulk  polarization  fields  in  MXene-modified  iodine-doped  Bi4Ti3O12.  Reproduced  with  permission.140 Copyright  2026,  Springer  Nature.  c,  H2O2

generated  by  two  C@CdS  channels.  Reproduced  with  permission.212 Copyright  2025,  Wiley-VCH  GmbH.  d,  Comparison  of  H2O2 production  rates  over  representative  piezocatalysts.
Detailed data are provided in Table S4 of the Supporting Information.
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lysts.93 As  an  example  of  fine  surface  regulation,  the  nitrogen
vacancies  on  carbon  nitride  anchored  with  gold  nanoparticles
precisely  modulate  the  electronic  structure  of  the  Auδ+ active
sites,  thus  effectively  enhancing  the  O2 adsorption and  activa-
tion capability.209 Carbon quantum dot modification optimizes
the intermolecular  hydrogen-bond network of  C3N5 and accel-
erates synergistic proton-electron transfer to boost the piezocat-
alytic  reaction  rates.210 Cyano-group  and  potassium  ion  co-
modified  carbon  nitride  facilitates  in-depth  coupling  between
piezoelectric polarization effects and molecular framework engi-
neering. The modification strategy synchronously optimizes the
separation  efficiency  and  the  thermodynamics  of  the  *OOH
intermediate.211 Carbon  shell-modified  CdS  enables  precise
regulation  of  the  d-band  center  and  spatial  separation  of  the
oxidation  and  reduction  active  sites.  The  modified  material
shows  enhanced  piezoelectric  responses,  thus  leading  to  stable
and  continuous  generation  of  the  desired  product  through  a
dual-channel mechanism (Figure 9c).212

In summary,  high-efficiency piezocatalytic  H2O2 production
is governed by the coordinated optimization of the entire energy-
to-chemical conversion process rather than the optimization of a
single material parameter. To systematically compare the effects
of  different  modification  strategies,  the  relevant  studies  were
reviewed  and  classified  by  publication  year.  The  results  are
summarized  in Figure  9d and Table  S4  (Supporting  Informa-
tion).  At  the  atomic  scale,  ion  substitution,  defect  engineering,
and coordination-environment reconstruction lead to enhanced
polarization and regulate  the  adsorption and conversion of  key
intermediates,  particularly  *OOH.  At  the  mesoscale,  crystal-
facet  exposure,  dimensional  regulation,  heterojunction
construction,  and  cocatalyst  modification  promote  directional
charge separation and interfacial transport while suppressing the
four-electron oxygen reduction and oxygen evolution side reac-
tions.  At  the  macroscopic  scale,  appropriate  matching  between
the  piezoelectric  response,  mechanical  deformation  behavior,
and external energy input determines the effective utilization of
ultrasound, vibrations,  or  fluid  flow.  Collectively,  these  multi-
scale  strategies  enable  simultaneous  control  over  the  two-elec-
tron oxygen  reduction  and  water  oxidation  pathways,  improv-
ing  H2O2 selectivity,  productivity,  and  operational  stability.  A
clear  transition  from  the  isolated  enhancement  of  piezoelectric
coefficients  toward  the  integrated  regulation  of  mechanical
energy  harvesting,  polarization-field generation,  charge  dynam-
ics, stabilization of intermediates, and product desorption estab-
lishes  a  systematic  design  framework  for  sustainable  H2O2
synthesis under mild conditions.

 4.5 ROS-mediated degradation of small organic pollutants
Besides  promoting  the  selective  synthesis  of  fuels  and  platform
chemicals,  piezocatalysis  can  serve  as  a  mechanically  driven
advanced oxidation  process  for  removing  small  organic  pollu-
tants,  particularly  aquatic  micropollutants.  Under  periodic
mechanical  deformation,  incompletely  screened  polarization
charges  on  piezoelectric  materials  can  drive  interfacial  redox
reactions  involving  O2,  HO2·,  and  OH‒,  thereby  generating
ROS.  Specifically,  piezo-induced  electrons  can  reduce  the
adsorbed O2 to  ·O2

‒,  which can subsequently  be protonated to

HO2·  and  converted  into  H2O2 via  further  electron  transfer  or
disproportionation.213 When  the  oxidation  potential  of  piezo-
induced  holes  is  sufficiently  positive,  H2O  or  OH‒ can  be
oxidized  to  ·OH,  while  two-electron  water  oxidation  can
provide  an  additional  pathway  for  H2O2 formation.214 The in
situ generated  H2O2 can  then  be  activated  at  transition-metal
centers  or  defect-associated  sites  to  produce  additional  ·OH.
These  ROS  attack  aromatic  and  heterocyclic  structures  via
hydroxylation, dealkylation, bond cleavage, and ring opening to
produce  low-molecular-weight intermediates  and,  under  suffi-
ciently oxidative conditions, yield mineralized products.

Recent  studies  have  increased  the  efficiency  of  ROS-medi-
ated  pollutant  conversion  through  defect  engineering,  phase/
interface regulation, and spatial coupling between H2O2 genera-
tion  and  activation.  In  P-doped  BiOCl,  the  local  structural
asymmetry  strengthens  piezoelectric  polarization,  while  the  P
sites  and  oxygen  vacancies  promote  O2 and  H2O  activation,
thereby  accelerating  bisphenol  B  degradation.215 Similarly,  the
isolated  Co  atoms  in  mixed-phase  1T/2H  MoS2 induce  local
lattice distortion  and  reinforce  charge  separation  across  Schot-
tky interfaces, thereby promoting O2 activation and ·O2

‒ genera-
tion  during  ciprofloxacin  removal.4 Beyond  these  direct  ROS-
generation  pathways,  the  BiOIO3/γ-FeOOH  system  couples
two-electron  oxygen  reduction  with  two-electron water  oxida-
tion to generate H2O2.216 Meanwhile, proton enrichment on the
electron-rich  γ-FeOOH surface  creates  a  localized  acidic  envi-
ronment that facilitates the conversion of H2O2 into ·OH over a
broad  pH  range.  Similarly,  Fe-doped  SnS2 combines  an
enhanced  piezoelectric  response  with  a  self-Fenton  process
driven by Fe redox cycling, thereby promoting H2O2 activation
and  decreasing  the  toxicity  of  the  treated  solution.217 These
studies  demonstrate  that  efficient  remediation  requires  both
rapid ROS generation and spatial proximity between the pollu-
tant  adsorption,  H2O2 formation,  and  H2O2 activation  sites.
However, disappearance of the parent pollutant alone is insuffi-
cient  evidence  of  remediation.  In  ultrasound-driven  systems,
piezocatalysis is entangled with other phenomena such as sonol-
ysis,  cavitation,  adsorption,  local  heating,  and  mechanically
enhanced mass  transfer.  Therefore,  appropriate  blank  experi-
ments,  radical-quenching  tests,  isotope  or  probe  studies,  total
organic  carbon  analysis,  toxicity  evaluation,  and  complete
reporting  of  ultrasonic  or  mechanical  parameters  are  required.
Real  water  matrices  introduce  additional  challenges  because
natural  organic  matter  and  inorganic  ions  can  quench  ROS  or
alter  surface  adsorption,  while  partially  oxidized  intermediates
may  remain  toxic.  Future  catalyst  and  reactor  design  should
integrate efficient strain-to-charge conversion, directional trans-
port of charges to O2

‒ and H2O activation sites, controlled ROS
generation near adsorbed pollutants, and verification of detoxifi-
cation  and  mineralization  rather  than  relying  solely  on  the
apparent degradation percentage.

 4.6 Oxidative conversion of methane
Beyond  the  established  conversion  systems  involving  H2O,  O2,
CO2, and nitrogen-containing species, as well as ROS-mediated
environmental oxidation, piezocatalysis further expands the acti-
vation scope of inert substrates via chemical-bond perturbation

Keystone Review DOI: 10.68642/ftms.202600008

Future Mol. Sci. 2026, 1, 2600008 22 of 32

https://doi.org/10.68642/ftms.202600008


induced  by  strong  and  dynamically  varying  interfacial  electric
fields.  Selective oxidation of methane plays a  pivotal  role in C1
clean  energy  chemistry  and  hence  has  emerged  as  a  novel
research  direction  in  piezoelectric  catalysis.  The  C–H  bond  of
methane has a high dissociation energy of 439 kJ mol‒1, whereas
primary oxidation  products  such  as  methanol  and  formalde-
hyde possess low thermodynamic stability and are susceptible to
successive  oxidative  degradation.218,219 Activation  of  methane
under  mild  conditions  while  preventing  consecutive  oxidation
of the desired oxygenates thus remains a central challenge. Alter-
nating  mechanical  stress  generates  dynamic  polarization  fields
that  regulate  methane  adsorption,  charge  transfer,  and  stability
of  intermediates.  Piezo-generated  charges  can  also  activate  O2
and H2O to form species  such as  ·OH and ·O2

‒.  These reactive
species abstract H atoms from CH4 to produce ·CH3 intermedi-
ates,  which can subsequently form methanol,  formaldehyde, or
other oxygenated  products.  Structural  engineering  and  multi-
field  coupling  are  key  strategies  for  balancing  C‒H  activation
and  product  selectivity.  Functionalized  piezoelectric  MOFs
facilitate  the  synergistic  optimization  of  piezoelectric  responses
and catalytic selectivity by virtue of their tunable structures and
exposed metal active sites. The Cu-UiO-66-NH2 material deliv-
ers prominent piezoelectric polarization under ultrasonic excita-
tion,  which  facilitates  the in  situ generation  of  H2O2 and  ·OH
dissociation  to  substantially  accelerate  the  activation  of  C‒H
bonds in methane.220 Surface Cu(II)-O· species further regulate
the  oxidation  pathway  and  suppress  the  excessive  oxidation  of
methanol.  These  distinctive  structural  features  support  the
highly  selective  synthesis  of  methanol  in  continuous-flow reac-
tion systems  and  fully  validate  the  structural  regulation  advan-
tages inherent to framework-based piezoelectric materials.

Building  on  the  above  progress,  piezo-photo-coupled
heterostructures serve as a valid means to overcome the inherent
performance  limitations  of  single  piezoelectric  catalysis.  The
BaTiO3/g-C3N4 composite  realizes  a  strong  interfacial  built-in
electric  field  via  ultrasonic-triggered  polarization,  and  this
strengthened electric field substantially enhances the separation
and migration of photogenerated charge carriers while reducing
the  energy  barrier  for  the  rate-determining  step  involved  in
methane  oxidation.221 Through  cooperative  radical  pathways,
the  composite  enables  the  conversion  of  dilute  methane  to
formaldehyde  at  ambient  temperature  and  pressure.  Tandem
reaction  design  can  further  suppress  overoxidation  while
upgrading  C1 intermediates  to  higher-value  products.  In  the
hydroxyapatite  (HAp)  system,  the  piezoelectric  catalytic  effect
drives  a  tandem  process  integrating  methane  oxidation  with
methanol  coupling  to  convert  methane  into  lower  alcohols.222

Probe molecule adsorption and Au3+ reduction reactions under
ultrasonic agitation corroborate that the HAp-mediated process
proceeds  via  piezoelectric  catalysis  and  not  via  sonocatalysis.
Under ultrasonic agitation, the surface-induced charges on HAp
act  as  surface  cathodes  and  anodes  to  trigger  electrochemical
reactions,  enabling  the  activation  of  methane,  O2 and  H2O
molecules.  The  hydroxyl  radicals  generated  from the  activation
of O2 and H2O subsequently attack the C‒H bonds of methane,
converting it into lower alcohols. This HAp-based piezoelectric
catalytic  system  yields  methanol,  ethanol  and  isopropanol  with

production rates of 84.4, 43.2 and 9.6 μmol g‒1 h‒1, respectively,
without  any  detectable  CO  or  CO2 formation.  By  extending
methane conversion beyond a single C1 product and incorporat-
ing C–C coupling, this strategy provides a possible route to alle-
viate  methanol  overoxidation  while  upgrading  methane  to
higher-value  liquid  oxygenates.  Nevertheless,  piezocatalytic
methane conversion remains at an early proof-of-concept stage.
Current limitations  include  low  methane  conversion,  incom-
plete  carbon  balances,  insufficient  operando  evidence  for
proposed  radical  and  surface-intermediate pathways,  inade-
quate  separation  of  piezocatalytic  effects  from  cavitation-
enhanced  mass  transfer,  and  limited  long-term  stability  data.
Future studies should quantify the mechanical-energy input and
utilization efficiency,  monitor both gas- and liquid-phase prod-
ucts, establish complete carbon and electron balances, and deter-
mine  the  manner  in  which  time-dependent  polarization  fields
alter  C–H  activation  and  C–C  coupling.  These  requirements
are  essential  for  shifting  the  field  from  isolated  demonstrations
toward reproducible reaction engineering.

This  chapter  systematically  reviews  the  research  progress  in
piezocatalysis  for  the  directional  conversion  of  various  core
small  molecules  and  summarizes  the  common  understandings
inherent  in  this  field.  Looking  across  the  various  reaction
systems,  one  can  find  that  the  piezoelectric  polarization  effect
provides a common thermodynamic driving force for the activa-
tion  of  diverse  small  molecules.  Meanwhile,  different  reactions
are  associated  with  distinctive  regulation  strategies  because  of
the differences in the chemical bond energies and the number of
transferred electrons. For water splitting, the piezoelectric polar-
ization  effect  provides  the  thermodynamic  driving  force;
further,  heterointerface  engineering  together  with  multifield
coupling  strategies  effectively  alleviates  the  sluggish  kinetics  of
the oxygen evolution reaction and resolves  the  carrier  recombi-
nation  issue,  thereby  greatly  improving  the  catalytic  efficiency.
The  CO2RR  system  utilizes  the  polarization  electric  field  to
regulate  the  adsorption  configuration  of  intermediates  and
achieves directional  control  of  the  reaction  pathway.  In  addi-
tion, preliminary breakthroughs have been made in the selective
synthesis of  multi  carbon  products  and  the  analysis  of  micro-
scopic  mechanisms.  Ambient  nitrogen  fixation  has  confirmed
that  the  polarization  electric  field  can  activate  the  N≡N  triple
bond,  and  the  product  yield  has  been  significantly  improved
through  atomic-scale  design  of  active  sites  and  optimization  of
the reaction microenvironment. H2O2 production fully exploits
the  advantage  of  precise  regulation  of  the  electron  transfer
number, and the dual-channel synergy of oxygen reduction and
water  oxidation  effectively  enhances  the  production  yield.
Moreover,  ROS-mediated degradation  of  small  organic  pollu-
tants provides a direct connection between piezocatalytic H2O2
generation and  environmental  remediation,  because  mechani-
cally  generated  ·OH,  ·O2

‒, 1O2,  and  reactive  holes  can  initiate
dehalogenation, aromatic-ring opening, and eventual mineraliza-
tion.  Emerging  directions  such  as  methane  C‒H bond  activa-
tion  and  biomass  conversion  further  expand  the  application
landscape  of  piezocatalysis.  At  present,  this  field  still  faces
common  bottlenecks  such  as  low  energy  conversion  efficiency,
difficulty in  controlling  the  selectivity  of  multi  electron  reac-
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tions,  and  non-uniform  performance  evaluation  standards.
Therefore,  future research must elucidate the three-phase inter-
facial interaction mechanisms at the atomic scale and establish a
full-chain optimization  scheme  covering  catalyst  design,  reac-
tion system regulation, and reactor integration.

 5 Conclusions and Outlook
Piezocatalysis  has  emerged  as  a  promising  platform  for  green
chemical conversion because it transforms mechanical deforma-
tion  into  localized  electrochemical  driving  forces,  thereby
enabling  small-molecule  activation  under  mild  conditions.
Instead of  being  governed  solely  by  a  high  piezoelectric  coeffi-
cient,  the  piezocatalytic  performance  is  influenced  by  the
dynamic coupling of lattice polarization, charge generation and
transport,  interfacial  screening,  and  surface  reaction  kinetics.
This review presents a multiscale picture of this process, extend-
ing from  the  crystallographic  origin  of  piezoelectricity,  includ-
ing symmetry  breaking,  spontaneous  polarization,  and  piezo-
electric  tensor  anisotropy,  to  ferroelectric  domain  evolution,
strain-induced surface  potentials,  and  interfacial  redox  chem-
istry. Within  this  framework,  pure  piezocatalysis  can  be  under-
stood  as  a  sequential  process  involving  stress-induced polariza-
tion,  carrier  separation  and  migration,  dynamic  screening  and
descreening at the solid–liquid interface, and matching between
the achievable surface potential and the thermodynamic require-
ments  of  the  target  reaction.  Coupling  of  piezoelectricity  with
optical, electrical, or thermal fields further expands the available
energy-input modes and may enhance carrier generation, spatial
charge  separation,  and  reaction-pathway regulation.  The  mate-
rial landscape of piezocatalysis now encompasses perovskite and
related  oxides,  layered  bismuth-based  compounds,  ferroelectric

polymers,  wurtzite  semiconductors,  two-dimensional  van  der
Waals  materials,  and  other  inorganic  piezoresponsive  materials,
as  well  as  framework,  molecular,  and organic–inorganic  hybrid
systems. Across these material classes, structural and morpholog-
ical  regulation,  band-structure  engineering  via  doping  and
defect control,  and  interfacial  optimization  through  polariza-
tion  engineering,  heterojunction  construction,  and  cocatalyst
integration constitute  the  principal  design  strategies.  Impor-
tantly, these approaches should not be applied as generic perfor-
mance-enhancement tools. Instead, material design should begin
with  the  rate-determining  step  and  key  intermediates  of  the
target reaction  and  then  work  backward  to  optimize  the  polar-
ization field, charge lifetime, active-site configuration, and local
reaction environment.  Piezocatalytic  materials  have  demon-
strated potential for application to water splitting, CO2RR, N2
fixation,  nitrate  reduction,  O2 reduction for  H2O2 production,
ROS-mediated  degradation  of  small  organic  pollutants,  and
oxidative  conversion  of  methane.  A  distinctive  feature  of  these
systems  is  that  alternating  mechanical  stress  can  dynamically
redistribute  interfacial  charges  and  modulate  the  adsorption
energies  and  activation  barriers  of  the  reaction  intermediates.
The  time-dependent interfacial  regulation  introduces  an  addi-
tional degree  of  freedom  for  controlling  multistep  and  multi-
electron reactions. However, this also makes the catalytic behav-
ior  strongly  dependent  on  the  stress  waveform,  excitation
frequency,  ionic  environment,  and  characteristic  timescales  of
charge transfer and surface chemistry (Figure 10).

Despite  substantial  progress  in  mechanistic  understanding
and materials development, the transition of piezocatalysis from
laboratory proof-of-concept studies to practically relevant tech-
nologies remains limited by six interconnected challenges. First,
it  is  difficult  to  isolate  the  intrinsic  piezoelectric  contribution

 

Figure 10  Schematic  summary  of  key  challenges  and  corresponding  research  strategies  to  advance  piezocatalysis  toward  practical  small-molecule
conversion.
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because cavitation, flexoelectricity, triboelectricity, local heating,
and sonochemical processes may coexist under mechanical exci-
tation.  Second,  mechanical-to-chemical energy  conversion  effi-
ciencies  remain  low  because  of  inefficient  stress  transfer,
mechanical  dissipation,  ionic  screening,  and  bulk  or  interfacial
charge recombination.  Third,  the  absence  of  standardized  test-
ing  and  reporting  protocols  prevents  a  reliable  comparison
among  studies  with  different  excitation  conditions,  reactor
geometries, catalyst loadings, and product-quantification proce-
dures. Fourth,  cyclic  stress  and  chemically  reactive  environ-
ments  can  induce  domain-wall  fatigue,  lattice  damage,  particle
fracture,  interfacial  delamination,  dissolution,  and  surface
reconstruction. Fifth, the transient nature of the piezopotential
complicates  the  selective  control  of  multielectron  and  proton-
coupled  electron-transfer  reactions,  particularly  when  several
intermediates  and  competing  pathways  have  similar  energetics.
Sixth,  most  studies  still  rely  on  powder  suspensions  in  small
batch  reactors,  whereas  catalyst  immobilization,  continuous
operation,  natural  mechanical-energy  harvesting,  mass-transfer
management,  and  product  separation  remain  underdeveloped.
Because these limitations reinforce one another, further progress
will  require  coordinated  advances  in  mechanistic  analysis,  data
infrastructure, materials design, reaction engineering, and device
integration.

I. Mechanistic  Decoupling  through  Operando  Characteriza-
tion and Multiscale Modeling. Quantitative separation of piezo-
electricity  from  cavitation,  flexoelectricity,  triboelectricity,  and
thermal effects is essential for establishing a reliable mechanistic
framework.  Operando  techniques,  including  piezoresponse
force microscopy, Kelvin probe measurements, vibrational spec-
troscopy,  electron  paramagnetic  resonance,  and  synchrotron-
based  spectroscopy,  should  be  combined  to  track  polarization,
charge  redistribution,  reactive  species,  and  intermediates  under
mechanical  loading.  Coupling  these  measurements  with  finite-
element  analysis,  density  functional  theory  calculations,  and
microkinetic  modeling  will  enable  quantitative  correlations
among  applied  stress,  polarization  dynamics,  charge  transfer,
and catalytic performance.

II.  Data-driven  and  Artificial-intelligence-assisted  Materials
Discovery. Artificial intelligence and high-throughput computa-
tion can accelerate the discovery of piezocatalysts beyond empir-
ical  trial-and-error. Therefore,  standardized  databases  integrat-
ing crystal symmetry, piezoelectric tensors, electronic structures,
mechanical properties,  defect  configurations,  adsorption  ener-
gies,  and  catalytic  performance  are  urgently  needed.  Graph
neural  networks,  generative  models,  active  learning,  and
machine-learning  potentials  may  facilitate  the  identification  of
non-centrosymmetric  compounds,  lead-free  ferroelectrics,  low-
dimensional materials,  and  stable  heterostructures.  Their  inte-
gration  with  automated  synthesis  and  characterization  could
establish a closed-loop workflow of prediction, fabrication, test-
ing, and feedback.

III. Standardized Evaluation Protocols and Open Data Infras-
tructure. Unified evaluation protocols are required for enabling
a  meaningful  comparison across  different  materials  and reactor
systems.  Key  parameters  should  include  mechanical  input

power,  excitation  frequency  and  amplitude,  stress  distribution,
reactor  geometry,  catalyst  loading,  temperature,  electrolyte
composition,  and  product-analysis  methods.  The  catalytic
performance should be normalized against the effective mechan-
ical energy delivered to the catalyst rather than the catalyst mass
alone.  Implementing  isotope  labeling,  blank  controls,  mass
balances,  and  error  analysis  as  standard  practices  is  necessary,
particularly  for  N2 fixation,  CO2 conversion, and  water  split-
ting.

IV.  Durability  Enhancement  through  Domain  Engineering
and Interfacial Protection. Long-term stability requires simulta-
neous  protection  of  polarization,  crystal  structures,  interfaces,
and  active  sites.  Domain  orientation,  defect-dipole  pinning,
grain-boundary  regulation,  and  polarization  pretreatment  may
suppress  ferroelectric  fatigue,  whereas  ultrathin  protective
layers, robust heterointerfaces, and selective cocatalysts can miti-
gate  corrosion  and  surface  reconstruction.  Immobilized  films,
flexible  composites,  porous  supports,  and  monolithic  catalysts
may further  improve mechanical  integrity  and mitigate  catalyst
loss.  Stability  should  ultimately  be  evaluated  under  prolonged
and application-relevant operating conditions.

V.  Selectivity  Control  through  Multifunctional  Sites  and
Engineered Microenvironments.  Complex  multielectron  reac-
tions require  multifunctional  sites  that  separately  regulate  reac-
tant  adsorption,  electron transfer,  proton delivery,  stabilization
of intermediates,  and product desorption.  Such spatially  differ-
entiated  architectures  may  suppress  competing  pathways  and
improve  the  formation  of  target  products  in  CO2RR,  N2 fixa-
tion, H2O2 synthesis, and CH4 conversion. Hydrophobic inter-
faces, confined pores, ionomer layers, and tailored solvent envi-
ronments  can  further  regulate  the  local  reactant  concentration
and proton transport. The mechanical excitation frequency and
waveforms  should  also  be  matched  to  the  characteristic
timescales of charge relaxation and surface reactions.

VI.  Reactor  Engineering  and  Integration  with  Ambient
Mechanical-energy Sources. Practical implementation requires a
shift from ultrasonic batch suspensions toward continuous-flow
systems  driven  by  water  flow,  waves,  wind-induced  vibration,
machinery  motion,  or  acoustic  energy.  Flexible  membranes,
aligned  piezoelectric  fibers,  porous  monoliths,  structured
packed beds, and microfluidic reactors may improve stress trans-
fer,  mass  transport,  and  catalyst  recovery.  Reactor  assessment
should consider the complete energy pathway from mechanical-
energy  harvesting  to  product  separation.  Long-term  operation,
scale-up,  techno-economic  analysis,  and  life-cycle  assessment
will be essential for identifying the applications in which piezo-
catalysis  offers  genuine  advantages  over  established  catalytic
technologies.

In summary,  the  future  of  piezocatalysis  depends  on coordi-
nated progress  in mechanistic  quantification,  data-driven mate-
rial discovery,  standardized  benchmarking,  durability  enhance-
ment, selectivity control, and reactor engineering. Such advances
may  enable  the  transition  of  piezocatalysis  from  laboratory
demonstrations  to  a  viable  platform  for  sustainable  small-
molecule conversion.
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