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As a leading Pb-free perovskite material (ABOz-type), potassium sodium niobate (K,Na)NbOz (KNN)-based
ferroelectrics/piezoelectrics have been widely used in electronics, energy conversion, and storage due to
their exceptional ability to interconvert mechanical and electrical energies. Beyond traditional appli-
cations, the piezoelectric potential generated by mechanical strain or stress modifies their energy band
structures and facilitates charge carrier separation and transport, drawing increasing attention in emerging
fields such as piezocatalysis and photo-piezocatalysis. With excellent piezoelectric properties, chemical/
thermal stability, and strain-tuning capability, KNN-based materials show great promise for high-perform-
ance piezocatalytic applications. Coupling KNN with semiconductors exhibiting strong optical absorption
to form heterojunctions further boosts performance by suppressing electron—hole recombination and
promoting directed charge transfer, which is crucial for photo-piezocatalysis. The flexibility of KNN's per-
ovskite structures also allows for modifications in chemical composition and crystal structure, enabling
diverse design strategies such as defect engineering, phase boundary engineering, morphology control,
and heterojunction formation. This review comprehensively explores the recent advancements in KNN-
based piezocatalysis and photo-piezocatalysis, starting with an overview of their crystal structures and
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intrinsic properties. It then explores the role of piezoelectric potential in charge carrier dynamics and
catalytic activity, followed by strategic design approaches to optimize efficiency in environmental reme-
diation and energy conversion. Finally, the review addresses current challenges and future research direc-

rsc.li/nanoscale tions aimed at advancing sustainable solutions using KNN-based materials in these applications.

field. This property arises from asymmetry in their crystal struc-
tures, typically involving non-centrosymmetric ion arrangements
that result in a permanent dipole moment." Ferroelectrics exhibit
spontaneous polarization even without an external electric field
and their polarization response to an alternating electric field is
represented by a hysteresis loop. Most ferroelectrics also exhibit
piezoelectric properties, generating electric charge under mechani-
cal stress or undergoing deformation when subjected to an electric

1. Introduction

Ferroelectrics are materials characterized by spontaneous electric
polarization, which can be reversed by applying an external electric
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field. Additionally, their high dielectric constants make them ideal
for energy storage applications such as capacitors. Among lead-
free ferroelectric materials, (K,Na)NbO; (KNN)-based perovskites
have gained significant attention across various fields, including
electronics, energy harvesting, and capacitors due to their excellent
ferroelectric, piezoelectric, and dielectric properties.> KNN-based
materials possess structural flexibility that allows for the incorpor-
ation of various cations into their perovskite structure. This flexi-
bility enables compositional modulation and phase boundary
engineering to further enhance their properties.®

In addition to traditional electronic applications, KNN-
based ferroelectrics/piezoelectrics have emerged as promising
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Scheme 1 Potential application fields of piezocatalysis and photo-
piezocatalysis using (K,Na)NbO3z-based materials.

candidates for piezocatalysis and photo-piezocatalysis. These
fields leverage the unique properties of these materials to
drive catalytic reactions under mechanical stimuli (piezocata-
lysis) or combined light and mechanical stimuli (photo-piezo-
catalysis).” These processes are particularly promising for
addressing energy and environmental challenges, such as
organic pollutant degradation, water splitting, carbon dioxide
reduction, nitrogen fixation, and reduction of heavy metal ions
(Scheme 1). Piezocatalysis operates by utilizing the piezoelec-
tric potential generated when piezoelectric materials like KNN
are subjected to mechanical stress (e.g. bending, compression,
or vibration).® This strain-induced piezoelectric potential
creates an internal electric field that promotes charge separ-
ation, driving redox reactions on the material’s surface.”
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Sufficient mechanical stress can also excite electrons from the
valence band to the conduction band, generating the charge
carriers.® The piezoelectric potential tilts the energy band struc-
ture, facilitating efficient electron-hole separation, allowing them
to participate in redox reactions, provided their energies align
with specific reactions.’ Beyond its energy efficiency and eco-
friendliness, piezocatalysis offers the unique advantage of func-
tioning without external heat or electricity, making it particularly
appealing for sustainable applications. Photo-piezocatalysis com-
bines mechanical strain with light irradiation to further enhance
catalytic activity.'" This dual-stimulus approach leverages both
piezoelectric potential and photo-excited charge carriers, signifi-
cantly improving charge separation and reducing electron-hole
recombination, which enhances overall catalytic efficiency."*
KNN-based materials, known for their higher piezoelectric coeffi-
cients compared to other Pb-free perovskites such as BaTiO; and
Nag sBiosTiO;, are particularly effective in piezocatalysis.
Beyond their high piezoelectric coefficients, KNN-based materials
uniquely balance structural flexibility and eco-friendly character-
istics, distinguishing them from conventional piezocatalysts."?
Their lead-free composition meets the growing demand for sus-
tainable materials, while their ability to undergo compositional
tuning enables the optimization of catalytic performance across
diverse applications. This adaptability positions KNN-based
systems as a promising solution for pressing energy and environ-
mental challenges, facilitating efficient charge carrier separation
and reduced recombination losses. However, their wide bandgap
often limits their catalytic activity under light irradiation alone.
By combining mechanical and light stimuli, photo-piezocatalysis
can boost their catalytic efficiency, particularly when coupled
with narrow bandgap semiconductors that enhance charge separ-
ation and mitigate recombination issues."*

A variety of materials, including ZnO, ZnSnO;, MoS,,
BaTiO;, PbTiO;,  Pb(Zr,Ti)O;,  Pb(Mgy/;3Nb,;3)-PbTiO;,
BiFeO;,"> > have been explored for piezocatalysis and photo-
piezocatalysis.”>>® To enhance catalytic activities, researchers
have employed strategies such as doping modulation, mor-
phology control, heterojunction formation, metal loading/
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deposition, defect engineering, phase boundary engineering,
strain engineering, and combining with other reactions.?*™*?
Doping modulation, in particular, has proven to be one of the
most effective methods, allowing precise control over elec-
tronic and structural properties to optimize catalytic perform-
ance.” For instance, single-Ca doping in nitrogen-doped
carbon, coupled with a PVDF membrane, enhanced piezocata-
lytic efficiency by improving f-phase formation and generating
reactive oxygen species (ROS).** Similarly, Na and Sm co-doping
in SrBi,Nb,O, strengthened internal electric fields, improved
light absorption, and enhanced anisotropic charge migration,
facilitating pollutant removal.*> Morphology control also plays a
critical role; for example, 2D BaTiO; nanosheets demonstrated
superior piezocatalytic activity compared to their 0D and 1D
counterparts due to their enhanced piezoelectric potential under
mechanical vibration.’® A Bi Ti;01,(BTO)@Carbon heterojunc-
tion also showed improved photo-piezoelectric activity for RhB
degradation, where the heterojunction formation and piezoelec-
tric potential synergistically enhanced electron transfer.*>
Similarly, Pd nanoparticle deposition on BiFeO; significantly
increased hydrogen evolution under ultrasound vibration by facil-
itating charge carrier separation.*® Oxygen vacancy in BaTiO;
nanobelts improved organic dye degradation by enhancing super-
oxide radical production, although excessive vacancies can
reduce piezoelectric performance.*® Furthermore, phase bound-
ary formation in AgNbO;-LiTaO; solid solution led to improved
piezoelectric and photo-piezocatalytic activities.*® Nb doping on
Bi,Tiz;O;, nanosheets also boosted photo-piezocatalytic CO,
reduction, driven by strain-induced polarization enhancement.*’
While these strategies have been successfully applied to various
materials, their application to KNN-based piezo-/photo-piezocata-
lysts remains relatively unexplored. Future research efforts should
focus on adapting and optimizing these approaches to further
advance the development of high-performance KNN-based
materials for diverse catalytic applications.
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Recently, numerous high-quality review papers have been
dedicated to advancing the understanding of piezocatalysis and
photo-piezocatalysis, with a focus on fundamental mechanisms,
synthetic approaches, and emerging novel piezocatalysts.*®°
Additionally, various review articles have explored key design
strategies, including defect engineering, heterojunction for-
mation, and metal deposition.>’™” From an application stand-
point, some reviews have concentrated on specific areas, such as
biomedical applications, environmental remediation, hydrogen
evolution, H,0, production, and CO, reduction.*®*®” Despite this
progress, relatively few studies have focused on KNN-based piezo-
and photo-piezocatalysts. Given the promising properties of
KNN-based materials, including excellent ferroelectric properties,
chemical/thermal stability, and environmental compatibility,
further research is needed to optimize its catalytic performance.
Notably, polarized K, sNao sNbO; has already demonstrated a 7.4-
fold enhancement in photocatalytic hydrogen evolution, indicat-
ing the significant potential of KNN-based materials in energy
and environmental applications.®®

This review highlights recent advancements in KNN-based
piezocatalytic and photo-piezocatalytic systems across a range of
practical applications. The discussion primarily emphasizes
intrinsic properties, catalytic performance, and material optimiz-
ation strategies under mechanical and light stimuli. While exter-
nal factors, such as the use of oxidants like persulfate, peroxymo-
nosulfate, and H,O,, play a significant role in advanced oxidation
processes, these aspects are beyond the scope of this review.
Instead, this work aims to comprehensively understand material-
oriented advancements in KNN-based piezocatalysis and photo-
piezocatalysis. For this, we begin with a fundamental overview of
KNN-based perovskites, focusing on their crystal structure and
ferroelectric/piezoelectric properties. We then explore the theore-
tical principles underpinning piezocatalysis and photo-piezocata-
lysis, followed by a discussion of various strategies to enhance
the catalytic performance of KNN-based materials, including
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phase boundary engineering, defect engineering, morphology
control, heterojunction formation, metal deposition/loading, and
modulation of external condition. Finally, we address key chal-
lenges and propose future research directions aimed at advan-
cing these KNN-based materials for diverse catalytic applications.

2. Fundamental overview of (K,Na)
NbOz-based perovskites
2.1. Crystal structure

Potassium sodium niobate (K,Na)NbO; (KNN) perovskites are
promising Pb-free materials, primarily consisting of a solid
solution of KNbO; (KN) and NaNbO; (NN). Like other perovs-
kite oxides, KNN-based materials adopt the general formula
ABO;, with K'/Na" ions at the A-site and Nb®" ions at the
B-sites. In the cubic structure, K/Na* ions are located at the
corners, coordinated to twelve oxygen atoms, while Nb*>* ions
are at the body center, coordinated to six oxygen atoms,

View Article Online
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forming corner-sharing NbOs octahedra (Fig. 1(a)). KNN per-
ovskites exhibit structural and compositional flexibility,
enabling the incorporation of various cations with diverse oxi-
dation states into the A- and B-sites while maintaining their
perovskite structure with a high degree of stability.®® Doping
cations with different radii and oxidation states can induce
lattice distortion and create vacancies to maintain charge neu-
trality, leading to changes in the crystal structure and surface
charge redistribution.”® The tilting of NbO, octahedron affects
ionic displacement, influencing their ferroelectric/piezoelectric
properties, as well as piezocatalytic activity.”* The stability of
perovskite structure is commonly estimated using the
Goldschmidt tolerance factor (t), expressed as follows:

_ (RatRo)
= V2(Rg + Ro) w

where, Ry, Rz, and Ry are the radius of A, B, and O ions,
respectively.”> A perfect cubic perovskite has a tolerance factor

R3m Amm2
Rphase 0phase
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Fig. 1 (a) Crystal structure and (b) temperature-dependent dielectric permittivity of undoped (K,Na)NbOs perovskites. (c) Selective phase control of
three different phased (K,Na)NbOs particles prepared by hydro/solvothermal methods and their corresponding energy harvesting performance.
Reprinted with permission from ref. 75. Copyright 2020, American Chemical Society.
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of 1, but in reality, most KNN-based materials deviate from
this value due to the tilting of NbOg units, which is influenced
by factors such as composition, temperature, strain, and polar-
ization.”> Undoped KNN undergoes polymorphic phase tran-
sition depending on composition (i.e., the molar ratio of KN
and NN) and temperature. For instance, K,;Na,sNbO; cer-
amics exhibit three phase transitions from rhombohedral
(R3m) to orthorhombic (Amm2) at about —100 °C (Tr_o), ortho-
rhombic to tetragonal (P4mm) near 200 °C (To-1), and tetra-
gonal to cubic (pm3m) above 400 °C (T¢: Curie temperature)
(Fig. 1(b)).”* Although the orthorhombic phase is most
thermodynamically stable for undoped KNN, three different
phases of pure KNN particles (orthorhombic, monoclinic, and
cubic) have been successfully synthesized by adjusting hydro/
solvothermal synthesis conditions. Additionally, PVDF-TrFE
polymer composites containing these three KNN particles
demonstrated structural-dependent mechanical energy har-
vesting performance (Fig. 1(c)).”

2.2. Ferroelectric and piezoelectric properties

The structural and compositional flexibility of KNN-based
materials allows for tuning of their intrinsic properties, includ-
ing ferroelectric, piezoelectric, piezocatalytic, and photo-piezo-
catalytic properties, band structure, and charge separation
efficiency.”® KNN-based perovskites are known for their prom-
ising ferroelectric/piezoelectric properties. Within their NbOg
octahedra, Nb>* ions tend to shift slightly from the center due
to asymmetric ion arrangement, creating local electric dipoles.
When these dipoles align collectively, KNN-based materials
exhibit large spontaneous polarization, a key characteristic of
ferroelectricity. When mechanical stress is applied, the dipoles
realign, producing an electric field, which is the piezoelectric
effect. The strong ferroelectric polarization in KNN-based
materials enhances their piezoelectric response, and the ease
of domain reorientation boosts the piezoelectric sensitivity.
Several effective strategies have been employed to improve
the piezoelectric properties of KNN-based materials. For
instance, doping with ions such as Li*, Ag*, Ca**, Ba®>", Bi*",
Sb>*, Ta®", zr"*, Hf", or using ABOs-type perovskites like
LiTaO3, CaZrO;, SrZrOs;, BaZrO;, BiFeO; can modify phase
transition temperatures, enabling the coexistence of multiple
phases and creating a polymorphic phase boundary (PPB)
(Fig. 2(a)).">””"”® This phase boundary engineering improves
piezoelectric properties by facilitating polarization rotation
under stress. Another effective method to enhance piezoelectri-
city is through grain/domain alignment using templated grain
growth (TGG), where oriented grain growth is achieved by
using templates as nucleation sites.”® Park et al. demonstrated
improved piezoelectric properties in textured KNN-based
ceramic, where aligned grains/domains contribute more to the
piezoelectric response compared to randomly oriented poly-
crystalline ceramic counterparts (Fig. 2(b)).*° Additionally,
single crystals of KNN-based materials, which take advantage
of their intrinsic anisotropy and polarization rotation, exhibit
even greater piezoelectric properties.®' Park et al. found that
KNN-based single-crystal microcubes synthesized by the

This journal is © The Royal Society of Chemistry 2025
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molten-salt method exhibited better piezoelectric properties
than ceramics with the same composition (Fig. 2(c)).**

2.3. Piezoelectric potential

Undoubtably, the piezoelectric properties are crucial for gener-
ating a piezoelectric potential (V,), under mechanical stress.
This potential is expressed as:">

_PWi _ dyTiWi

Eofri Eofri

Vo 2)
Where V,,, P;, W, djj, Tj, €, and &, are the piezoelectric poten-
tial, piezoelectric polarization generated in dimension i, width
of the material in dimension i, piezoelectric coefficient (pC/
N), stress applied in the dimension j, dielectric constant of a
vacuum, and relative permittivity in dimension 7.®* This piezo-
electric potential induces internal polarization states within
the materials, facilitating the involvement of adsorbed external
charge carriers in the desired redox reactions.*® It also acts as
a driving force for transferring electrons and holes to reactant
molecules adsorbed on the surface.®* The piezoelectric coeffi-
cient (d33), proportional to the piezoelectric potential, is a criti-
cal factor in determining catalytic performance. KNN-based
materials, through doping and phase boundary engineering,
have achieved d3; values exceeding 400 pC/N in designed com-
positions, significantly higher than other lead-free piezocera-
mics like BaTiO; and BiNaTiOj;, which typically range between
200-300 pC/N.”® These advancements make KNN a highly
promising candidate for piezocatalytic applications, especially
when the high piezoelectric response is essential for effective
charge separation. Moreover, doping elements such as Li, Sb,
and Ta help to create a polymorphic phase boundary (PPB),
further enhancing piezoelectric performance by stabilizing
multiple-phase coexistence at room temperature.*> Even
though KNN-based materials have relatively wide band gaps
(over 3.0 eV), the high piezoelectric coefficients and resulting
piezoelectric potential effectively reduce charge recombination
and facilitate the separation of photo-excited charges, a
common issue in traditional photocatalysis.®® Therefore, KNN-
based materials with high piezoelectric coefficients are essen-
tial for generating strong piezoelectric potential, which is criti-
cal for enhancing both piezo- and photo-piezocatalytic per-
formance by promoting charge separation, reducing recombi-
nation, and boosting overall catalytic activity.

3. Mechanism and theory of
piezocatalysis and photo-
piezocatalysis

Piezocatalysis, the process of converting mechanical energy
into chemical energy, has garnered significant attention due
to its potential applications in environmental remediation,
hydrogen production, and other catalytic applications. When
combined with photocatalysis, the synergistic effect of photo-
piezocatalysis significantly enhances catalytic efficiency by

Nanoscale, 2025, 17, 2931-2960 | 2935
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Fig. 2 (a) Schematic on polymorphic phase transition (PPB). (b) Schematic drawing of templated grain growth (TGG) together with a comparison of
piezoelectric constants (dz3) of KNN-based non-textured and textured ceramics and representative HR-TEM image showing the interface between
BT template and KNN matrix in textured KNN ceramics. Reprinted with permission from ref. 80. Copyright 2023, Elsevier. (c) Optical microscope and
HR-TEM images of single-crystal KNN microcubes together with a comparison of polarization—electric field (P—E) curves between the same compo-
sitional single-crystal KNN microcube and polycrystalline KNN-based ceramic. Reprinted with permission from ref. 82. Copyright 2022, American

Chemical Society.

integrating mechanical and light energy. The fundamental
mechanisms behind these catalytic processes are explained by
two complementary theories: (i) energy band theory and (ii)
screening charge theory. These theories provide insights into
how mechanical deformation in piezoelectric materials
induces catalytic activity.

3.1. Energy band theory

In energy band theory, mechanical stress or vibrations in
piezoelectric materials generate a piezoelectric potential,
which causes tilting of the conduction band (CB) and valence
band (VB) (Fig. 3). The CB shifts to a more negative potential,
facilitating more efficient electron transfer for reduction reac-
tions, while the VB shifts positively, enabling oxidation reac-
tions. The direction of CB and VB shifts depends on the polar-
ization induced by piezoelectric potential. Without strain, the
CB and VB remain aligned horizontally (Fig. 3(a)). Upon polar-

2936 | Nanoscale, 2025, 17, 2931-2960

ization, electrons migrate and accumulate on the positive side
while holes move to the negative side, resulting in downward
and upward band tilts, respectively (Fig. 3(b)). This band
tilting spatially separates charge carriers, reducing their
recombination, and allowing electrons and holes to migrate to
the surface where they participate in redox reactions, such as
generating reactive oxygen species (ROS).**> This band tilting
mechanism is particularly beneficial for reactions that are
otherwise hindered due to unfavorable band edge positions in
the absence of the piezoelectric effect. For example, Im et al.
used KNN/CuO micro/nano heterostructures for piezo- and
photo-piezocatalytic dye degradation.* Under light irradiation
alone, the VB of CuO is insufficiently positive to drive the
OH/'OH redox reaction (1.90 V). However, under periodic
mechanical vibration, piezoelectric potential shifts the band
positions of KNN/CuO, making the VB of CuO more positive
than the OH™/"OH redox potential, resulting in significantly

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic illustrations of energy band structure (a) in the absence of mechanical stimuli (b) under mechanical stress, and (c) under both
mechanical and light irradiation. (d) Schematic representation of the screening charge theory showing release and adsorption of surface charges

depending on the polarization developed in a piezoelectric material.

improved dye degradation efficiency. One limitation of this
theory is that piezoelectric materials, typically dielectrics with
large band gaps, lack sufficient free-charge carriers. Free car-
riers are often generated under extreme conditions such as
high pressure or thermal excitation during ultrahigh soni-
cation.®” Previous studies show that ultrasound-induced cavita-
tion collapse can produce extremely high pressures (up to 10°
Pa) and localized temperatures (4000-5000 °C) at the catalyst—
water interface.®® In photo-piezocatalysis, the piezoelectric

This journal is © The Royal Society of Chemistry 2025

potential further enhances charge separation efficiency from
light irradiation, reducing recombination losses and improv-
ing overall catalytic performance (Fig. 3(c)).

3.2. Screening charge theory

The screening charge theory focuses on the interaction
between polarization-induced charges within the piezoelectric
material and external screening charges from the surrounding
environment. Unlike energy band theory, which emphasizes

Nanoscale, 2025,17, 2931-2960 | 2937
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internal charge migration, this theory attributes -catalytic
activity to the redistribution of external charges on the surface
of the piezoelectric material. Under constant mechanical
stress, polarization-induced charges near the material’s
surface reach equilibrium with external screening charges.
When the external stress is released, this equilibrium is dis-
turbed, releasing excess screening charges that participate in
surface redox reactions. A new equilibrium state is then estab-
lished. As stress is reapplied, a new imbalance occurs, attract-
ing more screening charges to the surface, where they accumu-
late and trigger further redox reactions (Fig. 3(d)). For effective
catalytic reactions, the magnitude of piezoelectric potential
must match the target redox potential.** In photo-piezocataly-
sis, the piezoelectric potential enhances the accumulation and
mobility of screening charges at the surface. This combined
with photo-generated carriers, drives redox reactions more
efficiently.

3.3. Comparison of energy band theory and screening charge
theory

While both energy band theory and screening charge theory
provide explanations for piezocatalysis and photo-piezocataly-
sis, they differ in their emphasis on charge generation and
migration. Energy band theory emphasizes intrinsic charge
dynamics, wherein the piezoelectric potential generated by
mechanical stress tilts the conduction band (CB) and valence
band (VB). The degree of band tiling is proportional to the
magnitude of piezoelectric potential induced by external
mechanical stress, enabling thermodynamically unfavorable
redox reactions by shifting the electronic energy band posi-
tions to more favorable locations. A notable example is
observed in the MoS,/NaNbO; heterojunction for piezocataly-
tic organic removal.’® In the absence of mechanical stress, the
valence band (VB) of MoS, is more negative than the redox
potential of "OH/H,O0, preventing the generation of hydroxyl
radicals. According to energy band theory, unlike photocataly-
sis, which requires appropriately aligned band edge positions,
piezocatalysis overcomes this limitation through band shifting.
Under the influence of the piezoelectric potential, the VB of
MosS, shifts to a more positive position than the ‘OH/H,O
redox potential, facilitating the desired reactions.

In contrast, screening charge theory focuses on the inter-
action between the polarization-induced charges within the
piezoelectric material and external screening charges from the
surrounding medium. Mechanical deformation generates a
piezoelectric potential that disturbs the equilibrium of surface
charges, attracting external screening charges from the
environment. These charges accumulate on the surface and
directly participate in redox reactions. For instance, the
organic removal efficiency of MoS,/NaNbO; was significantly
reduced in the presence of external ions (Cl~, COs*>~, and
SO42_] compared to the MoS,/NaNbO; without external ions.
This reduction occurs because the external ions in aqueous
solutions screen the piezoelectric potential, thereby hindering
its catalytic effect.’® Unlike energy band theory, which relies
on intrinsic charge carriers, screening charge theory highlights
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the role of externally sourced charges and surface phenomena,
making it particularly relevant in systems with strong polariz-
ation and electrolyte interactions.

While both theories rely on the piezoelectric potential to
drive catalytic activity, their mechanisms are fundamentally
different. Energy band theory is intrinsic and material-centric,
focusing on internal carrier dynamics and band alignment. In
contrast, screening charge theory is surface-centric, emphasiz-
ing external interactions and surface charge redistribution. A
recent study suggests that both mechanisms can operate sim-
ultaneously, with their relative contributions depending on the
material properties such as piezoelectricity, band gap, and
external excitation conditions (mechanical stress or light).®*
These theories often work synergistically in piezocatalysis,
where band tilting enhances intrinsic charge separation, and
surface screening charges further facilitate redox reactions.
This synergy maximizes catalytic efficiency, making both the-
ories essential for understanding and optimizing piezoelectric
materials for diverse catalytic applications.

4. Optimization strategies for
enhancing piezo- and photo-
piezocatalytic activities

Optimizing KNN-based piezocatalytic and photo-piezocatalytic
systems is essential to enhance their efficiency in converting
mechanical and light energies into chemical reactions.
Various design strategies have been developed to overcome
challenges such as poor charge separation, low catalytic
efficiency, and limited mechanical energy conversion. These
strategies aim to achieve high-performance catalytic activity
and include phase boundary engineering, defect engineering,
morphology control, heterojunction formation, metal depo-
sition/loading, and modulation of external conditions (Fig. 4).
Collectively, these approaches broaden the applications of
KNN-based materials in areas such as environmental remedia-
tion, water splitting, CO, reduction and N, fixation.

4.1. Phase boundary engineering

Phase boundary engineering involves intentionally creating or
manipulating interfaces between different crystallographic
phases within a material. These phases, such as tetragonal,
orthorhombic, rhombohedral, or cubic, possess distinct struc-
tural properties. Their coexistence creates a phase boundary
where the material’s performance can be significantly opti-
mized. In KNN-based materials, a polymorphic phase bound-
ary (PPB) can form when the rhombohedral-to-orthorhombic
(R-0O) and orthorhombic-to-tetragonal (O-T) phase transitions
are shifted near room temperature.”’ The coexistence of these
phases at the PPB boosts the relative dielectric permittivity,
leading to a substantial rise in the piezoelectric constant (d;;),
as these properties are directly proportional.”” A higher piezo-
electric constant allows the material to generate a stronger
piezoelectric potential under mechanical stress, which is criti-
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cal for driving piezocatalytic reactions. Phase boundary engin-
eering is therefore pivotal in improving piezoelectric, dielec-
tric, and catalytic properties of KNN-based materials, making
it a key strategy for advancing their applications in piezocataly-
sis and photo-piezocatalysis.

For example, Fan et al. demonstrated that introducing a
phase boundary between the orthorhombic and tetragonal
phases in Li-doped K;sNa,sNbO; (KNN) significantly
improved piezocatalytic activity.® The coexistence of these
phases, achieved through Li doping, enhanced the piezoelec-
tric response and the degradation of organic pollutants like
RhB. A 6 mol% Li-doped KNN sample exhibited a 3.2-fold
increase in piezocatalytic efficiency compared to pristine KNN,
attributed to the optimized phase boundary that facilitates
enhanced force-driven charge separation. Similarly, Wu et al.
explored the modulation of polarization rotation through the
creation of a multiphase coexistence of rhombohedral, ortho-
rhombic, and tetragonal phases (R-O-T) in KNN-based
materials, leading to improved piezocatalytic activity
(Fig. 5(a)).”® This multiphase coexistence lowered the energy
barrier for polarization rotation, which in turn improved piezo-
electric properties. The R-O-T phase coexistence yielded a
2.12-fold increase in the piezocatalytic reaction rate constant
compared to materials with only an orthorhombic phase,
understanding the critical role of phase boundary engineering
in optimizing piezocatalytic performance.

Phase boundary engineering has also shown benefits for
NaNbO; in both piezo- and photo-piezocatalysis. For instance,

This journal is © The Royal Society of Chemistry 2025

low-content Ba doping into NaNbO; induced a phase tran-
sition, leading to the coexistence of orthorhombic and cubic
phases.”® This phase boundary increased the number of active
sites and improved charge separation, boosting the overall
catalytic activity compared to single-phase NaNbO;.
Additionally, annealing-induced phase coexistence has been
observed in NaNbO; nanowires.’® By carefully controlling the
annealing process (350 °C for 2 h), a coexistence of monocli-
nic, orthorhombic, and amorphous phases was achieved in
the 350-2-NNO sample. The decreased structural symmetry at
the two-phase interface improved piezoelectricity, while the
increased oxygen vacancies in the amorphous structure pro-
moted charge separation. When subjected to ultrasonic
vibration, the deformation of the 350-2-NNO sample disrupted
the electric equilibrium on the surface, initiating redox reac-
tions that generated reactive oxygen species (ROS) for the
degradation of antibiotics (Fig. 5(b)).

4.2. Defect engineering

Defect engineering, particularly through the creation of oxygen
vacancies, plays a crucial role in optimizing piezocatalytic and
photo-piezocatalytic systems. By modulating the electronic
structure, carrier dynamics, and surface reactivity of the
materials, oxygen vacancies enhance catalytic efficiency.”®
From a thermodynamic perspective, the formation of
vacancies is energetically favorable, with their equilibrium con-
centration in the crystal determined by temperature.”® Oxygen
vacancies, which are missing oxygen atoms in the crystal
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Reprinted with permission from ref. 94. Copyright 2024, Elsevier.

lattice, typically produce localized electrons, increasing the
charge carrier concentration. These free carriers facilitate more
effective charge separation and migration under the influence
of the piezoelectric potential, significantly improving catalytic
reactions.”®

However, excessive oxygen vacancies can act as pinning
centers for domain wall motion, limiting domain mobility,
and potentially reducing the piezoelectric response.’” Careful
control of oxygen vacancy concentration is therefore necessary
to optimize both piezoelectric and catalytic properties. When
introduced in controlled amounts, oxygen vacancies can
modulate the internal electric field, enhancing polarization be-
havior. Additionally, defect dipoles formed by oxygen vacancies
influence domain orientation, leading to improved piezoelec-
tric response and mechanical-to-electrical
efficiency, which are critical for piezocatalysis.”® Oxygen
vacancies also serve as active sites that promote the adsorption
and activation of reactants on the surface of materials. They
lower the energy barrier for chemical reactions and support
the formation of reaction intermediates, thus improving
overall catalytic efficiency.®® However, precise control of oxygen
vacancies is key, as too many vacancies can negatively affect
domain wall mobility and polarization.

In a recent study, Yang et al. prepared NaNbO; powders and
annealed them in a nitrogen atmosphere to generate oxygen
vacancies.'® This process significantly enhanced the piezoca-
talytic efficiency, with the sample annealed 180 °C for 12 h

conversion
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showing a more than six-fold increase in efficiency compared
to non-annealed samples. The oxygen vacancies improved the
electronic structure by facilitating the excitation of valence
electrons into the conduction band, which promoted better
charge separation. Partial density of states (PDOS) analysis
revealed that oxygen vacancies increased electron excitation
probability from A-site Na atoms, while slightly reducing exci-
tation from B-site Nb atoms (Fig. 6(a) and (b)). This improved
charge carrier dynamics, particularly electron excitation at the
A-site, while also enhancing charge transport at the B-site, con-
tributing to  improved  piezocatalytic = performance.
Furthermore, the substitution of Nb with a moderate amount
of FeCo (0.015 mol%) in KNN materials generated beneficial
oxygen vacancies.'® These vacancies pinned ferroelectric
domains, leading to enhanced charge separation and reduced
non-radiative recombination. The resulting internal field facili-
tated electron transport to the surface, where it promoted
redox reactions.

In addition to thermal, chemical, and electrochemical
reduction methods for generating oxygen vacancies, high-
energy sand-grinding has also been shown to increase oxygen
vacancy concentration in KNN-based materials (Fig. 6(c))."*?
Sand-ground KNN samples exhibited increased oxygen
vacancies, leading to enhanced piezocatalytic performance.
For example, the sand-ground-8 h sample showed the highest
RhB degradation rate constant due to improved electron-hole
pair separation and carrier mobility. These oxygen vacancies

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr04415k

Published on 12 12 2024. Downloaded on 2026-01-08 4:51:49.

Nanoscale

View Article Online

Review

P S e 20
DAOEON S 0311 52800 Sand-ground-0 h  Sand-ground-8h
d Binding energy (eV)
( ) Sand-ground-8 h (f) '; [Esa :::z::‘:g :
. . . i W
@ sodium @ niobium @ oxygen ) oxygen vacancy p. = ‘ J
(b) 04 2f : —L £ | [
[ [ S ! A A - " A AN A "
= 0.2 i ~ 6 F ——df| | 540 537 534 531 528 525 3375 3600 3375 3600
g 8.() g 8 ; Binding energy (eV) Magnetic field (mT)
o 4 o 1 = :
g ! ! (9) 1005 oo (h) s ==
53 0.2 8 6F .’Q 2h = : | 0 ¢
L 00 [ 9, (7 R | L 00'75 A & % 60 ‘
2 814 2 19 - i S 050 Q.D. =l 2
3 o 3 o |
2 02 2 6 ﬂ\ﬂ 025 N g 4ol
L josy L (o] |
R ooop. . . W il
20 -10 0 20 -10 O 0 10 20 30 40 0 2 4 6 8
Energy (eV) Energy (eV) Time (min) Sand-ground Time (h)

Fig. 6 (a and b) Crystal structures of primitive (left) and 5.6% oxygen vacancy containing NaNbOxz (right). (b) PDOS of Na (left) and Nb atoms (right)
in the NaNbO3 with different oxygen vacancy concentrations of 0%, 2.8%, and 5.8% from top to bottom in each column, respectively. Reprinted with
permission from ref. 100. Copyright 2023, Elsevier. (c—e) Comparison of (c and d) XPS spectra of O 1s, (e) concentration of oxygen vacancies, and (f)
EPR spectra between KNN samples sand-grounded for 0 h and 8 h. (g) Piezocatalytic RhB degradation of KNN samples prepared using sand-ground
at different durations and (h) corresponding reaction rate constant and decomposition rate. Reprinted with permission from ref. 102. Copyright

2023, Elsevier.

also promoted better adsorption of reactants such as oxygen
and hydroxyl groups on the catalyst surface, generating more
ROS for efficient dye degradation.

Finally, KNbO;_, samples with oxygen vacancies were pre-
pared by reducing the KNbO; in a highly reducing environ-
ment using a reaction between Nb,O5; and KBH,4.'” The intro-
duction of oxygen vacancies slightly increased the charge
carrier density, crucial for improving electron-hole pair separ-
ation and transport under mechanical stress. These vacancies
also lowered the energy barrier for charge excitation, enabling
more efficient electron migration into the conduction band,
which resulted in improved hydrogen production rates under
mechanical stress.

4.3. Morphology control

Morphology control is a powerful strategy for enhancing piezo-
catalytic and photo-piezocatalytic performance of materials.
The structure and shape of piezoelectric materials significantly
influence their ability to generate piezoelectric potential under
mechanical stress, separate charge carriers, and provide active
surface sites for catalytic reactions. In particular, controlling
morphology at the nanoscale substantially increases the active
surface area, which is crucial for improving catalytic efficiency.
Nanostructuring into forms such as nanowires, nanorods, and
nanosheets leads to higher surface-to-volume ratios, offering
more active sites for reactant adsorption. For instance, 1D and
2D nanostructures like ZnSnO; nanowires and MoS,

This journal is © The Royal Society of Chemistry 2025

nanosheets have demonstrated superior piezocatalytic per-
formance due to their large surface areas and efficient charge
transport pathways.'”'** Another key aspect of morphology
control is the exposure of specific crystal facets. Different
crystal planes possess distinct surface energies and catalytic
activities, so tailoring the shape of piezocatalytic particles
allows researchers to control the distribution of reactive sites.
For instance, Bi Ti;O;, nanosheets synthesized via a molten-
salt method exhibited exposed {001} facets, which were highly
reactive for piezocatalytic applications.'® The dimensionality
of piezoelectric materials also directly affects their mechanical
deformation ability and piezoelectric response. 2D layered
materials, such as MoS, and BiVO,, have shown excellent
piezocatalytic behavior due to their ability to generate and
maintain high piezoelectric potential when subjected to exter-
nal mechanical forces.'’® The enhanced mechanical flexibility
of 2D materials allows them to deform more easily under
stress, thereby generating stronger piezoelectric potentials.

In KNN-based materials, Zhang et al. explored the effect of
morphology control on the piezo- and photo-piezocatalytic per-
formance of KNbO; by comparing nanosheets and nano-
cubes.’®” These two morphologies exhibited distinct catalytic
behaviors (Fig. 7). KNbO; nanosheets showed significantly
higher piezo- and photo-piezocatalytic efficiency than nano-
cubes. The larger surface area and superior mechanical flexi-
bility of nanosheets enabled more efficient piezoelectric poten-
tial generation and better charge separation under mechanical

Nanoscale, 2025, 17, 2931-2960 | 2941
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stress, leading to improved catalytic performance. The study
also revealed that nanosheets had superior ferroelectric and
piezoelectric responses relative to the nanocubes. The exposed
crystal facets and polarization components in the nanosheets
were more effective in promoting charge carrier separation
under both light and mechanical excitation. Additionally, the
polarization direction of the nanosheets, aligned along the
[110] crystal direction, contributed to better catalytic efficiency
than nanocubes, which had only a single polarization
component.

4.4. Heterojunction formation

Heterojunction formation is one of the most effective strat-
egies for enhancing piezocatalytic and photo-piezocatalytic
activities, as single-component materials often face limitations

2942 | Nanoscale, 2025, 17, 2931-2960

in terms of charge separation and catalytic efficiency. By com-
bining two or more materials with different electronic struc-
tures, heterojunctions create an interface that facilitates
efficient charge transfer. The band alignment between the
materials in the heterojunction is crucial, as it determines the
movement of electrons and holes, significantly boosting cata-
Iytic performance. Ferroelectric piezocatalysts often have low
charge carrier concentrations, while semiconductor-based
photocatalysts experience severe recombination of photogene-
rated electron-hole pairs.*”* To overcome these limitations,
heterostructures or nanocomposites have been widely
explored, especially in photo-piezocatalysis, since Wang et al.
introduced the concept of piezo-phototronics in 2010.>%"%%1%°
The additional piezoelectric potential generated under
mechanical stress, along with the built-in electric field at the

This journal is © The Royal Society of Chemistry 2025
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heterojunction interface, can further enhance charge separ-
ation and migration in these systems.''° The piezoelectric
potential can also reduce the barrier height, tilt energy bands,
shift heterojunctions from type-II to S-scheme, adjust Fermi
energy levels, and strengthen the interfacial electric
field.*>'"*"1'* These effects will be explored in more detail
below.

Several types of heterojunctions are commonly employed in
piezocatalytic and photo-piezocatalytic systems, including
Type-1, Type-II, and S-scheme heterojunctions, each with dis-
tinct mechanisms for improving charge separation and cata-
lytic performance."*’

Type-I heterojunctions. In a type-I heterojunction, the con-
duction band (CB) and the valence band (VB) of one material
are positioned within the corresponding bands of the other
material."*® Although this alignment limits charge separation,
piezoelectric potential-driven band titling can overcome this
limitation by directing electrons and holes in opposite direc-
tions. For instance, a Type-I heterojunction between n-type
KNbO; and n-type Ag,0 (KNbO;@Ag,0) was shown to
enhance the piezocatalytic degradation of Orange IL''7 The
piezoelectric potential generated in KNbO; under mechanical
vibration tilted the energy bands, aligning the CB and VB
levels of Ag,0 and KNbO; closer on the positive and negative
side, respectively, promoting charge separation and facilitating
redox reactions on the catalyst surface. A similar example is
the 1D of KNbO3/2D MoS, heterostructure, where the combi-
nation of heterojunction formation and flexible morphologies
improved photo-piezocatalytic hydrogen production (Fig. 8(a)
and (b)).>” Under light illumination, photo-induced electrons
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and holes were generated in both KNbO; and MoS,. The spon-
taneous polarization-induced band bending in ferroelectric
KNbO; drove charge carriers in opposite directions, reducing
recombination. Additionally, the piezoelectric potential gener-
ated by ultrasonic vibration further bent the energy bands,
facilitating the transfer of photogenerated electrons and holes
(Fig. 8(c)).

Piezoelectric potential-driven band tilting can also be used
to overcome limitations in redox reactions due to unfavorable
band edge positions. For instance, in the Type-I heterojunction
between NaNbO; and MoS,, where both the CB and VB of
MosS, are positioned between those of NaNbO3, redox reactions
for generating ROS primarily occur through the electrons and
holes from MoS, (Fig. 8(d)).”® The VB edge position of MoS,,
being more negative than the redox potential of ‘OH/H,0,
makes generating "OH radicals thermodynamically unfeasible.
However, the piezoelectric potential generated under ultra-
sonic vibration allows NaNbOj; to act as a self-powered parallel
capacitor, providing an electric field to MoS, attached to
NaNbOs;. This creates a positive and negative bias at different
sides of MoS,, shifting the Fermi energy levels downward and
upward, respectively (Fig. 8(e)). In this piezo-electrocatalytic
system, the generation of "OH radicals becomes feasible at the
positively biased MoS, side due to the favorable VB edge
position.

Type II heterojunctions. Type-II heterojunctions, where the
CB of one material is lower than that of the other, and the VB
of the second material is higher, are widely used in catalytic
applications. This band alignment allows for the spatial separ-
ation of electrons and holes, reducing recombination, which

£
(a) (b) § 100
°
£ god ElLight
S B Light + Ultrasonic
o
T 604
c
S
T 404
>
°
S 204
o
200 nm =

(d) Internal electric field at interface due to
equilibrium of Egat MS and NBO

(c)

04
N0 A% S 3% S50 woS:

KNbO, simulated C_ C’ ultrasonic
T lar light ibrati
simulated  Mos, solar light KQ ration
solar light ) &
Ne_2 o
. 2 Y
)} ) - + t H,
P | L e
« L o
-l W - +|- +
. 3 & +
ultrasonic \ v - +_ A,
vibration d N B Js
) ) WL ~ h*
. 3 P h* P
B > >
MoS, | KNbO, | Mos,

Fig. 8

. E(V) vs NHE
= (e) " o

.

" L4y,
HY/H, ¥
Depletion region |

Downward shift

+| H0/0, T E;

E* (040;)

UnovarsL shift E,° (04,0

- in E;
|| Accumulation region

Ey*(OH/H,0)

(a) Representative TEM image of 30 wt% MoS, nanosheets attached KNbO3z nanowire (KN/MS-30) and (b) H, production rates of KaNbOs,

MOS,; and their heterostructures under different external stimuli. (c) Schematic illustration showing photo-piezocatalytic mechanism of KNbOs/

MoS, heterostructure. Reprinted with permission from ref. 27. Copyright

2019, Royal Society of Chemistry. (d and e) Energy band structures of

NaNbOz/MoS; heterostructure (d) in equilibrium and (e) under ultrasonic vibration. Reprinted with permission from ref. 90. Copyright 2023, Elsevier.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17, 2931-2960 | 2943


https://doi.org/10.1039/d4nr04415k

Published on 12 12 2024. Downloaded on 2026-01-08 4:51:49.

Review

makes Type-II heterojunctions highly effective in both piezoca-
talysis and photo-piezocatalysis."'® However, one drawback of
the Type-II heterojunctions is the potential decrease in redox
activity due to the mutual repulsion between charge carriers.
Several Type-II heterostructures, including BaTiO3;/KNbOj;,
KNbO3/ZnO, NaNbO;/g-C;N, have demonstrated superior
photo-piezocatalytic degradation of organic pollutants by pro-
moting charge separation and reducing recombination.*"*2*

Recently, a KNbO3/WO; Type-II heterojunction was fabri-
cated, exhibiting enhanced photo-piezocatalytic activity due to
the synergistic effects of the Type-II heterojunction and strong
polarization-induced electric field in KNbO; (Fig. 9(a)-(d))."*>
However, this static polarization field in KNbO; can be
screened by free charges in the solution, reducing photo-
catalytic efficiency. Applying periodic ultrasound vibration can
generate an alternating polarization electric field, promoting
catalytic activity (Fig. 9(e)).

As observed in Type-I heterojunctions, the piezoelectric
potential can shift the band edge position and Fermi energy
level, enabling redox reactions that are otherwise thermo-
dynamically unfavorable. For example, in an n-type KNN/
p-type CuO Type-II heterostructure, a p-n junction was formed
by matching their Fermi energy levels at static equilibrium
(Fig. 9(f)).* Under light illumination, photo-excited electrons
moved to the CB of KNN, whereas holes migrated to the VB of
CuO (Fig. 9(g)). However, the VB edge of CuO near the posi-
tively polarized KNN became more positive than the redox
potential of OH™/°OH, resulting in low catalytic efficiency for
RhB degradation. Applying a strong piezoelectric potential
(~3.5 V), generated by ultrasonication in single-crystal ferro-
electric KNN, induced a linear shift in the Fermi level of KNN,
altering the energy levels of CuO attached to the opposing
polarization sides of KNN by an amount equivalent to the
piezoelectric potential. As a result, the VB edge of CuO near
the positively polarized KNN became more positive than the
redox potential of OH/°OH, promoting hole transfer from
CuO to water molecules and generating ‘OH radicals
(Fig. 9(h)). The combined effects of light and ultrasound waves
led to higher photo-piezocatalytic activity than the sum of the
individual photocatalytic and piezocatalytic performances
(Fig. 9(i)). This improvement was due to the increased carrier
concentration and enhanced electron-hole separation
efficiency, driven by the photo-piezo coupling effect and het-
erojunction formation.

S-scheme heterojunctions. S-scheme heterojunctions have
emerged as a promising approach for enhancing photo-
catalytic and piezocatalytic performance.'*® Unlike traditional
Type-1 and Type-II heterojunctions, S-scheme heterojunctions
exhibit a unique band alignment that facilitates efficient
charge separation and reduces recombination. In an S-scheme
heterojunction, the CB of one material aligns with the VB of
the other material, where the Fermi levels of the two materials
are aligned, but the bandgaps overlap. This type of band align-
ment promotes efficient charge separation, as electrons from
the CB of one material can directly recombine with holes in
the VB of the other material. This recombination process effec-
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tively removes low-energy charge carriers, leaving behind high-
energy electrons and holes for catalytic reactions. While
S-scheme heterojunctions offer significant promise, challenges
remain in creating stable and efficient systems with suitable
materials.

S-scheme heterojunctions are conceptually similar to direct
Z-scheme heterojunctions, as both mechanisms selectively
recombine low-energy carriers while retaining high-energy
electrons and holes for catalytic reactions.'** The key distinc-
tion lies in the emphasis on a built-in electric field in
S-scheme systems, which enhances charge separation by
spatially separating high-energy carriers.”** In contrast, direct
Z-scheme heterojunctions rely on a straightforward charge
migration pathway without explicitly leveraging an electric
field. Both approaches eliminate the need for mediators,
unlike indirect Z-schemes, which depend on redox pairs or
conductors and can introduce recombination losses and com-
plexity."*® Based on the S-/direct Z-scheme principles, double
or triple S-/Z-scheme heterojunctions can be created by com-
bining multiple semiconductors to further enhance charge
separation.””® These advanced systems leverage the comp-
lementary properties of their components to achieve superior
catalytic efficiency. However, constructing such complex het-
erojunctions poses significant challenges, including ensuring
interfacial stability and precise alignment of the electronic
structures. Despite their potential, multiple heterojunction
systems remain underexplored in piezocatalysis and photo-
piezocatalysis compared to single S-scheme and direct
Z-scheme systems. Further research is needed to address these
challenges and unlock their full potential for practical
applications.

For S-scheme systems, a recent study explored the for-
mation of NaNbO;/BiVO, S-scheme heterostructures using a
two-step hydrothermal synthesis (Fig. 10(a) and (b))."”” Based
on the band structures of NaNbO; and BiVO,, both Type-1I and
S-scheme heterojunctions were possible. In the Type-II mecha-
nism, electrons move to the CB of BiNO, and holes migrate to
the VB of NaNbOs, in which the VB of NaNbO; (2.64 eV vs.
NHE) could produce "OH radicals (H,O/'OH = 2.40 eV vs.
NHE), while the CB of BiNO, (0.51 eV vs. NHE) is not favorable
to generate ‘O,~ radical (O,/'0,” = —0.33 eV vs. NHE). On the
other hand, in the S-scheme heterojunction, electrons in
BiVO, transfer to NaNbO; and rapidly recombine with holes in
the VB of NaNbO;. This leaves behind high-energy electrons
and holes in the NaNbO; and BiVO,, respectively. In this scen-
ario, the electrons from NaNbO; and the holes from BiVO, are
more negative and positive than the 0,/°0,” and H,0/"OH,
respectively, producing a large number of ROS. XPS analysis
confirmed the electron transfer from BiVO, to NaNbO;
(Fig. 10(c) and (d)) and scavenging tests revealed the presence
of "OH and h' radicals as active species for the photo-piezoca-
talytic tetracycline removal. These results further support the
S-scheme charge transfer mechanism as the dominant mecha-
nism in this system (Fig. 10(e)).

Kumar et al. recently demonstrated an interesting conver-
sion from a Type-II to an S-scheme heterojunction in NaNbO;/

This journal is © The Royal Society of Chemistry 2025
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and (e) photo-piezocatalytic dye degradation mechanisms of KNbOz/WO3 heterostructure. Reprinted with permission from ref. 122. Copyright 2023,
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2-C3;N, systems, driven by the piezoelectric potential generated heterojunction mechanism of the NaNbO;/g-C;N, system

by ultrasonic vibration."® In the absence of ultrasonication,
the transfer of electrons and holes follows the typical Type-II

This journal is © The Royal Society of Chemistry 2025

(Fig. 10(f)). Scavenging tests revealed that "OH played a major
role, followed by holes and "O,” in the piezocatalytic degra-
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dation of metronidazole (MET). However, the VB of g-C;N, has
insufficient redox potential compared to the H,O/°OH redox
couple, which does not fully explain the observed improve-
ment in MET removal efficiency with the Type-II NaNbO;/
2-C3N, system. Upon ultrasonication, the piezoelectric poten-
tial caused a reduction and increase in potential at the posi-
tively and negatively charged surfaces, respectively, compared
to the bulk, leading to downward and upward band tilting.
This band tilting resulted in the formation of an S-scheme het-
erojunction, which improved charge separation during
mechanical excitation (Fig. 10(g)). Additionally, the positive
and negative piezoelectric potentials generated in NaNbO;
created positive and negative biases in g-C;N,, shifting the
Fermi energy levels downward and upward, respectively
(Fig. 10(h)). The S-scheme heterojunction was thus established
between the positively charged side of NaNbO; and the nega-
tively charged side of g-C;N,, allowing holes in the VB of
NaNbO; to participate in the generation of ‘OH through the
oxidation of H,0O, as well as the direct oxidation of MET.

2946 | Nanoscale, 2025, 17, 2931-2960

Heterojunctions, including Type-I, Type-II, and S-scheme
(direct Z-scheme) configurations, play pivotal roles in enhan-
cing catalytic efficiency by improving charge separation and
redox potential. Type-I heterojunctions have limited charge
separation capability, but this limitation can be mitigated by
piezoelectric potential, which tilts energy bands. Type-II het-
erojunctions improve spatial charge separation but may reduce
redox efficiency due to energy loss during charge transfer.
Direct Z-scheme and S-scheme heterojunctions address these
issues by selectively recombining low-energy carriers while
retaining high-energy electrons and holes for redox reactions.
However, they face challenges such as material limitations and
complex design requirements, which can hinder scalability. In
broader applications, such as environmental remediation or
energy conversion, simpler configurations like Type-II hetero-
junctions may offer comparable performance due to easier fab-
rication and greater material flexibility. Optimizing these het-
erojunctions for specific applications remains an important
research direction.

This journal is © The Royal Society of Chemistry 2025
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4.5. Metal deposition/loading

Metal deposition or loading can effectively enhance the piezo-
catalytic and photo-piezocatalytic activities of ferroelectric
materials.>® By introducing noble metals like gold, silver, and
platinum onto the surface of piezoelectric catalysts, several
beneficial effects are achieved, including enhanced light
absorption, improved charge separation, and increased cata-
lytic activity.'*® These effects are primarily driven by the loca-
lized surface plasmon resonance (LSPR) effect of the metal
nanoparticles, the formation of Schottky barriers at the metal-
catalyst interfaces, and their synergistic interaction with the
piezoelectric properties of the catalyst. LSPR occurs when elec-
tromagnetic radiation interacts with metal nanoparticles,
causing collective oscillation of free electrons at the nano-
particle surface. This resonance with incident light signifi-
cantly enhances light scattering, absorption, and field localiz-
ation near the nanoparticle surface.'*°

In non-KNN materials, Au nanoparticles deposited onto
AgNbO; cubes significantly improved photo-piezocatalytic
activity by leveraging the LSPR effect to generate high-energy
hot electrons under visible light."*' These electrons overcame
the Schottky barrier and transferred into the conduction band
(CB) of AgNbO;, driving the reduction reactions.
Simultaneously, the piezoelectric potential generated in
AgNDbO; under mechanical stress enhanced charge separation
and minimized recombination, further boosting catalytic
efficiency. Similarly, Pt nanoparticles deposited on BaTiO;
improved catalytic performance through plasmonic effects
combined with piezoelectric field-induced charge separation,
demonstrating the potential of metal deposition in non-KNN
systems. 3>

In KNN-related systems, notable progress has also been
achieved in photo-piezocatalysis. For example, Ag dots were
decorated on NaNbOj; (Ag/NaNbOj3) particles, which were pre-
pared by a solid-state reaction (for NaNbOj) followed by a
photo-reduction method for Ag dot decoration (Fig. 11)."** The
deposition of Ag nanoparticles enhanced the photocatalytic
activity of Ag/NaNbO; by narrowing the bandgap and extend-
ing light absorption into the visible range. The Schottky
barrier between Ag and NaNbO; facilitated charge separation
by allowing photogenerated electrons in NaNbOj; to transfer to
Ag, where they were trapped, preventing recombination.
Additionally, the plasmonic excitation of Ag under visible light
generated hot electrons, which were transferred to the CB of
NaNbO3, further boosting the piezo-photocatalytic degradation
of organic pollutants like RhB and antibiotics such as cipro-
floxacin and tetracycline. The combined piezoelectric and plas-
monic effects in the Ag/NaNbO; system led to enhanced ROS
generation, making it highly efficient for environmental
remediation.

In addition to photo-piezocatalysis, this approach has been
demonstrated as an effective way in KNN-based photocatalysis.
Au nanoparticles supported on KNbO; microcubes exhibited
enhanced photocatalytic performance for hydrogen peroxide
(H,0,) decomposition and methylene blue degradation under

This journal is © The Royal Society of Chemistry 2025
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visible light."** The improvement is attributed to LSPR effects
and efficient charge transfer at the Au/KNbO; interface, which
promotes the generation of highly reactive hydroxyl radicals.
Additionally, Pt nanoparticles on NaNbO; nanowires showed
an 8.3-fold increase in hydrogen evolution efficiency compared
to pristine NaNbO3;, due to the superior dispersion of Pt nano-
particles and enhanced electron-hole separation facilitated by
the one-dimensional nanowire structure.'*

Despite these advances, research on metal deposition for
KNN-based systems remains limited, especially in photo-piezo-
catalysis. Expanding studies in this area could unlock new
opportunities for leveraging metal-induced LSPR effects and
piezoelectric potentials to further enhance catalytic perform-
ance. Overall, metal deposition/loading plays a critical role in
improving the efficiency of piezocatalytic and photo-piezocata-
Iytic systems. The combination of metal-induced LSPR and
piezoelectric effects leads to more efficient charge separation,
greater ROS generation, and enhanced light absorption,
making metal-loaded piezoelectric materials highly effective
for applications such as environmental purification and
energy conversion.

4.6. Modulation of external conditions for enhancing piezo-
and photo-piezocatalysis

In piezocatalysis and photo-catalysis, optimizing external con-
ditions is essential for improving catalytic efficiency. Two key
approaches such as poling and resonance frequency matching
can significantly boost the generation of piezoelectric poten-
tials and enhance charge carrier separation during catalytic
processes.'*® By strategically applying these techniques, the
piezoelectric response of materials can be amplified, leading
to higher catalytic performance, particularly in environmental
and energy applications.

Poling treatment. It involves applying an external electric
field to align the internal dipoles of piezoelectric materials,
creating a macroscopic polarization.””” This alignment
enhances the piezoelectric potential generated when mechani-
cal stress is applied, resulting in improved charge separation
and catalytic performance. For instance, in K, sNagsNbO;—
Biy sNay 5ZrO; (KNN-BNZ) ceramics, poling treatment signifi-
cantly enhanced the piezocatalytic degradation of organic pol-
lutants such as Rhodamine B (RhB), methylene blue (MB), and
amino black 10B (AB10B) (Fig. 12(a) and (b))."*® The poling
process aligned the electric domains, facilitating better charge
separation and promoting the generation of ROS. Poled KNN-
BNZ ceramics exhibited a reaction rate constant (k) that was
3.44-fold higher than unpoled samples during RhB degra-
dation. Additionally, the poling-induced phase transformation
from higher symmetry to lower symmetry orthorhombic
phases enhanced the piezoelectric response, further boosting
catalytic performance. Similarly, the poling treatment of ferro-
electric Ky sNags;NbO; (KNN) particles showed a marked
increase in piezo-photocatalytic performance.’*® Poled KNN
samples achieved significantly higher dye degradation
efficiency (92% for RhB) compared to unpoled samples, pri-
marily due to the enhanced internal electric fields that pro-
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degradation of Ag/NaNbOs. Reprinted with permission from ref. 133. Copyright 2022, Elsevier.

moted more efficient charge carrier  migration.
Electrochemical impedance spectroscopy (EIS) confirmed that
poled samples had lower charge transfer resistance and higher
charge separation efficiency, resulting in superior bi-catalytic
performance under simultaneous ultrasonication and light
irradiation.

Resonance frequency matching. Every piezoelectric material
has a specific resonance frequency at which it undergoes
maximum mechanical deformation under applied vibrations.
By matching the applied ultrasound frequency to the
material’s natural resonance frequency, the piezoelectric

potential generated under mechanical stress can be maxi-

2948 | Nanoscale, 2025, 17, 2931-2960

mized, thereby enhancing catalytic performance. A study on
KNbO; nanofibers demonstrated the importance of resonance
frequency in enhancing piezocatalytic degradation of RhB
under low-frequency ultrasound (LFUS)."*° When the applied
ultrasound frequency matched the resonance frequency of the
KNbO; nanofibers (30 kHz), the material exhibited maximum
deformation and generated the highest piezoelectric potential
(Fig. 12(c)). This resonance-induced amplification of the piezo-
electric potential led to a 4.4-fold increase in degradation
efficiency compared to off-resonance conditions (20 kHz and
40 kHz). The study showed that resonance frequency matching
not only enhanced charge separation but also allowed for high

This journal is © The Royal Society of Chemistry 2025
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catalytic efficiency at lower ultrasound power levels, making it
an energy-efficient strategy. Under resonance conditions, ROS
like hydroxyl radicals and superoxide radicals were efficiently
produced, leading to more effective degradation of RhB
(Fig. 12(d) and (e)).

5. Applications of KNN-based piezo-
and photo-piezocatalysts

Piezocatalysis and photo-piezocatalysis offer promising solu-
tions for addressing various environmental and energy-related
challenges by converting mechanical energy and light into
chemical energy. The use of piezoelectric materials in these
catalytic processes has led to significant advancements, par-

This journal is © The Royal Society of Chemistry 2025

ticularly in the degradation of organic pollutants.'*' Recently,

the scope of applications for these materials has expanded to
include hydrogen evolution reactions (HER), oxygen evolution
reactions (OER), CO, reduction, and nitrogen fixation. Below,
we explore these applications, focusing on the latest research
findings on KNN-based materials.

5.1. Degradation of organic pollutants

Organic pollutants such as industrial dyes, pharmaceuticals,
and agricultural chemicals pose a major threat to the environ-
ment."*? Piezocatalysis and photo-piezocatalysis have emerged
as effective techniques for degrading these pollutants by gen-
erating ROS under mechanical stress and light exposure. The
mechanisms underlying piezocatalysis and photo-piezocataly-
sis involve a synergistic interplay between the piezoelectric
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effect and advanced oxidation processes (AOPs). Under
mechanical stress and/or light exposure, free electrons and
holes are generated within the material, migrate to its surface,
and participate in redox reactions that degrade pollutants.
These processes lead to the formation of ROS, which are
crucial in breaking down organic molecules into harmless pro-
ducts. Sulfate radical-based AOPs, involving persulfate (S,05>")
and peroxymonosulfate (HSO5"), are particularly effective due
to their high oxygen reduction potential, wide pH range, and
long half-life."**>'** Examples of ROS-driven reactions include:

ecg” +0; — 'Oy
'O, +ecg” +2H" — H,0,
H,0, — "OH + 'OH
hyg™ + OH™ — ‘OH
hys* + H,O — H" + "OH
HSOs™ +ecg~ — "SO,2~ + OH

$208%” + SOy~ — SO4>™ +'S,05~

View Article Online
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SOs2™ + 5052~ — 280,% + 10,

Organic molecules + ROS — harmless products

These radicals attack pollutants, breaking them into
smaller fragments and mineralizing them into CO, and H,O.

A recent study demonstrated the superior performance of
KNN ferroelectrics in degrading organic dyes such as RhB and
MO under ultrasonic vibration.**®> Three different KNN piezo-
catalysts were prepared: KNN powder calcinated at 850 °C
(KNN-1), KNN powder sintered at 1070 °C (KNN-2), and KNN
piezoceramics sintered at 1070 °C (KNN-3) (Fig. 13(a)). Among
these, the KNN-3 sample exhibited the highest catalytic activity
for RhB degradation, with a reaction rate constant 2.08- and
1.37-fold higher than KNN-1 and KNN-2, respectively. This
enhanced performance of KNN-3 was attributed to its superior
polarization intensity, increased oxygen vacancies, and higher
charge carrier concentrations, which promoted better charge
separation and ROS generation. Additionally, the KNN-3
sample exhibited excellent inhibitory effects on Staphylococcus
aureus and Escherichia coli strains.
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Fig. 13 (a) Schematics on experimental procedures, expected structures, and properties of three different KNN materials prepared by applying
different calcination and sintering conditions. Reprinted with permission from ref. 145. Copyright 2024, Wiley. (b) Piezocatalytic H, and (c) H,O, pro-
duction rates of V-doped NaNbO3z samples with different V doping. Reprinted with permission from ref. 150. Copyright 2022, Springer.
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The elemental doing approach has been proven to improve
the photo-piezocatalytic activity of NaNbO; for RhB degra-
dation.'*® The introduction of La, Mn, and Ni into NaNbO;
lattice (0.1La(Mn, s, Nig 5)03-0.9NaNbOs; (0.1LMN)) reduced the
bandgap from 3.40 eV to 2.60 eV, enabling better utilization of
visible light. Simultaneously, the doping increased lattice distor-
tion, which improved piezoelectric properties and facilitated the
separation and migration of photogenerated charge carriers.
Under the synergistic effect of light irradiation and ultrasonic
vibration, 0.1LMN achieved a degradation rate of 89.7% within

View Article Online
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100 min, with a reaction rate constant (k) of 0.022 min™", which
was 2.44-fold higher than of pristine NaNbOs.

Numerous innovative studies have explored the use of KNN-
based materials in degrading organic pollutants through
piezocatalysis and photo-piezocatalysis, which are summarized
in Table 1.

5.2. Hydrogen production

The hydrogen evolution reaction (HER) is a critical process in
water splitting, enabling the production of hydrogen (H,), a

Table 1 Summary of degradation of organic pollutants using KNN-based materials

Materials Pollutant Catalysis type Reaction condition (U*, L*) k* (min™")/EX(%) Ref.
Ko.sNag sNbO;, RhB Piezocatalysis U: 180 W, 40 kHz 0.0198/95.7 (in 160 min) 165
NaNbO; RhB Piezocatalysis U: 40 kHz 0.00937/75.8 (in 160 min) 166
Li doped K, 5sNag sNbO3 RhB Piezocatalysis U: 300 W, 40 kHz 0.025/91 (in 100 min) 8
KNbO; nanosheet, nanocube RhB Photo-Piezocatalysis U: 110 W, 40 kHz Nanosheet = 0.022/92.6 107
L: 300 W (Xe) Nanocube = 0.016
BaTiO;/KNbO; composites DLB5B Photo-Piezocatalysis U: 45 kHz 0.01492/93.3 (in 180 min) 119
L: 300 W (Xe)
Ko.5sNay sNbO; RhB Photo-Piezocatalysis U: 40 kHz 0.0397/92 (in 60 min) 139
L: 350 W (Xe)
KNbO3/ZnO MO Photo-Piezocatalysis U: 120 W, 40 kHz 0.06 120
L: 300 W (Xe)
(K, Na)NbO, RhB Piezocatalysis U: 360 W, 40 kHz 0.091/89 (in 120 min) 93
Ba doped NaNbO; RhB Photo-Piezocatalysis U: 50 W, 40 kHz 0.0114/87.5 (in 180 min) 70
L: 300 W (Xe)
Ag dot- NaNbO; RhB Photo-Piezocatalysis U: 200 W, 45 kHz 0.16314 133
L: 200 W (Xe)
BiOCl/NaNbO; RhB Photo-Piezocatalysis U: 50 W, 40 kHz 0.00192/87.4 (in 100 min) 167
L: 300 W (Xe)
NaNbO; RhB Piezocatalysis U: 150 W, 40 kHz 0.1313 100
CuO/NaNbO; TC Photo-Piezocatalysis U: 200 W, 40 kHz 0.012/67 (in 120 min) 168
L: 300 W (Xe)
MoS,/NaNbO; MET Piezocatalysis U:150 W, 40 kHz 0.012/82.8 (in 160 min) 90
BiVO,/NaNbO; TC Photo-Piezocatalysis U: 180 W 0.028/73.7 (in 60 min) 127
L: 300 W (Xe)
FeCo doped K, 5,Na, 4sNbO3 RhB Piezocatalysis U: 150 W 0.027/95 (in 100 min) 101
KNbO3;/MoS, RhB Photo-Piezocatalysis U:120 W, 40 kHz 0.16979/99.99(in 18 min) 169
Cr(vi) L: 300 W (Xe) 0.00877/99.80 (in 12 min)
MB (0.01017)/99.39 (in 16 min)
(g-C3N,)/NaNbO; MET Piezocatalysis U: 150 W, 40 kHz 0.0138/87.2 (in 160 min) 128
2D/2D KNbO3/MoS, TC Piezocatalysis U:180 W, 40 kHz 0.085/92.4 (in 30 min) 169
RhB 0.092/94.7 (in 30 min)
KNbO3/WO;3 RhB Photo-Piezocatalysis U: 120 W, 40 kHz 0.0612/99/(in 60 min) 122
L: 210 W (Xe)
NaNbO;/g-C3N, RhB Photo-Piezocatalysis U: 180 W, 40 kHz 0.083/95.9 (in 30 min) 121
L:300 W (Xe)
Ko.4sNag 5,NbO;-Fe,05 RhB Piezocatalysis U: 120, 150, 180 W, 40 kHz RhB = 0.079/95.1 102
MO MO = 0.027/90 (in 40 min)
Ky 4Nay cNbO; MB Photo-Piezocatalysis U: 120 W 0.17709/99 (in 40 min) 76
(K, Na)NbO3 RhB Piezocatalysis U: 180 W, 40 kHz RhB = 0.148/99 145
MO MO = 0.031/71 (in 40 min)
Ag,O@KNbO; Orange II Piezocatalysis U: 110 W, 40 kHz 0.0349/97.8 (in 120 min) 117
NaNbO; TC-HCL Piezocatalysis U: 120 W, 40 kHz 0.083/99 (in 45 min) 94
La(Mny 5Nip 5)0;-NaNbO; RhB Photo-Piezocatalysis U: 50 W, 40 kHz 0.022/89.7 (in 100 min) 146
L: 300 W (Xe)
Ko.5Nay sNbO3;-Bij 5Nag 5ZrO; RhB Piezocatalysis U: 300 W, 40 kHz 0.0147/95 (in 180 min) 138
MB 0.01047/90 (in 180 min)
Ab10B 0.0067/71 (in 180 min)
LiNbO; RhB Piezocatalysis U: 180 W, 35 kHz 0.2702/100 (in 20 min) 170
NaNbO,;/WO3 RhB Photo-Piezocatalysis U: 180 W, 40 kHz 0.0107/73.7 (in 120 min) 171
(K,Na)NbO;/CuO RhB Photo-Piezocatalysis U: 300W, 40 kHz 0.093/91 (in 25 min) 4

L: 100 W (Xe)

U*: ultrasonic condition; L*: light source condition; k*: reaction rate constant; E*: efficiency.

This journal is © The Royal Society of Chemistry 2025
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clean and sustainable energy source.'*” Piezocatalysts and
photo-piezocatalysts have demonstrated the ability to enhance
HER by leveraging piezoelectric potential and light energy to
facilitate efficient charge separation, driving the reduction of
water molecules to produce hydrogen. The conventional HER
mechanism involves the following steps:

(i) Charge generation and separation: light irradiation or
mechanical stress excites electrons from the valence band (VB)
to the conduction band (CB), generating e-h pairs.
Simultaneously, mechanical stress induces piezoelectric polar-
ization, creating a built-in electric field that separates these
carriers.

(if) Reduction (hydrogen evolution) and oxidation (oxygen
evolution) reactions: electrons migrate to active sites on the
catalyst’s surface and reduce protons (2H' + 2e — H,). The con-
duction band edge must be more negative (higher in energy)
than the reduction potential of protons. Holes oxidize water
molecules to form oxygen gas and hydroxyl radicals (H,O — 1/
20, + 2H" + 2€). The valence band edge must be more positive
(lower in energy) than the oxidation potential of water.

Recently, intermediate water splitting (IWS) has been con-
sidered a novel approach for achieving simultaneous hydrogen
(H,) and hydrogen peroxide (H,0,) production during piezoca-
talytic and photo-piezocatalytic processes.'*® Unlike the tra-
ditional four-electron overall water splitting (2H,O — 2H, +
0,), which solely generates H, and O,, IWS is a two-electron
process (2H,O0 — H, + H,0,), which is kinetically favorable.
Furthermore, the IWS process can easily separate the products
(liquid phase H,0, and gas phase H,), preventing the reverse
reaction."*’

A study on vanadium-doped NaNbO; (V-NaNbOj;) cubes
showed that piezocatalytic hydrogen (H,) and hydrogen per-
oxide (H,0,) were significantly improved in 10 mol% V-doped
NaNbO; compared to undoped NaNbO; (Fig. 13(b) and (c)).**°
The piezocatalytic H, production rate was increased by 2.2-
fold, and the H,O, production rate by 4.6-fold, due to the
introduction of vanadium. Vanadium doping caused an
increasing the density of active sites and enhanced the piezo-
electric response. This resulted in more efficient piezoelectric
potential generation under mechanical stress, which improved
charge separation and thus boosted hydrogen production.
Additionally, the study observed that using 10 mg of the cata-
lyst (as opposed to 50 mg) resulted in a 3.1-fold increase in
efficiency, attributed to reduced particle aggregation and a
larger effective surface area.
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A notable example involves carbon-doped KNbO;
(C-KNbO3;) single crystals, which exhibit significantly enhanced
piezocatalytic HER performance compared to pristine
KNbO;."" Carbon doping introduced oxygen vacancies in the
crystal lattice and increased polar distortion, as evidenced by
density functional theory (DFT) simulations and piezoresponse
force microscopy (PFM) measurements. These modifications
enhanced the built-in electric field, promoting effective charge
separation during piezocatalysis. The optimal composition,
0.5:1 C-KNbO;, achieved a hydrogen evolution rate of
524.51 pmol g~' h™" under ultrasonic vibration, nearly dou-
bling the rate of undoped KNbOj;. This improved performance
was attributed to the reduced reaction barriers for water dis-
sociation and hydrogen generation on the C-KNbO; surface,
as confirmed by DFT calculations.

In another study, a photo-piezocatalytic Au/AgNbO; system
demonstrated a significant improvement in hydrogen pro-
duction due to the synergy between the LSPR effect of Au and
the piezoelectric properties of AgNbO;."*! The LSPR effect gen-
erated hot electrons under light irradiation, which were
injected into the CB of AgNbO;. Simultaneously, the piezoelec-
tric potential generated under mechanical stress promoted
charge separation, allowing the hot electrons to be efficiently
utilized for hydrogen evolution.

These studies highlight the potential of piezocatalysis and
photo-piezocatalysis in enhancing HER performance. By
improving charge separation and reducing recombination,
these systems provide a promising route for scalable hydro-
gen production in renewable energy applications. Recent
studies on piezo- and photo-piezocatalytic HER using KNN-
based materials are summarized in Table 2. The CB edges
of KNbO; and NaNbO; are more negative than the
reduction potential of protons (0.0 eV vs. NHE), indicating
that photogenerated or piezoelectric-induced electrons in
the CB have enough energy to reduce H' ions into H,.
Despite this favorability for HER, the efficiency of KNN-
based materials in HER is often lower than their perform-
ance in organic pollutant degradation. This disparity can
be attributed to several factors. HER is energy-intensive,
requiring multiple electrons and precise reaction kinetics,
whereas organic degradation involves simpler oxidative frag-
mentation. Additionally, HER proceeds through multiple
steps, which are slower and require higher activation
energy compared to the redox reactions in organic degra-
dation. Furthermore, organic degradation benefits from

Table 2 Summary of hydrogen evolution reactions using KNN-based materials

Materials Catalysis type Reaction condition (U*, L*) H, production activity (pmol g™* h™") Ref.

MoS, nanosheet-coated KNbO; Photo-Piezocatalysis L: 300 W (Xe) 96.00 27
U: 110 W, 40 kHz

KNbO;_, Piezocatalysis Stirring (200 rpm) 319mlg ' h™ 103

C-doped KNbO; Piezocatalysis — 524.51 151

V-doped NaNbO; Piezocatalysis U: 192 W, 68kHz 346.20 150

U*: ultrasonic condition; L*: light source condition.
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ROS such as 'OH and °"O,”, which rapidly oxidize pollu-
tants, while HER relies solely on charge carriers, lacking
direct ROS involvement. To improve HER performance in
KNN-based materials, various optimization strategies dis-
cussed in this paper could be applied, potentially broaden-
ing the applications of KNN-based materials.

5.3. Others

Oxygen evolution reaction. The oxygen evolution reaction
(OER) is an essential half-reaction in water splitting, where
water molecules are oxidized to produce oxygen gas (0,)."”?
This reaction plays a critical role in applications such as water
electrolysis and rechargeable energy storage systems, including
metal-air batteries.'>® Both piezocatalysis and photo-piezoca-
talysis have shown promise in enhancing OER performance by
facilitating efficient charge separation and accelerating water
oxidation under mechanical or light-induced stimuli. The
mechanism of OER involves the following steps:

(i) Charge generation and separation: the light illumination
or mechanical stress creates electron-hole pairs. Repeating
mechanical vibrations induce piezoelectric potential that

drives the separation of electrons and holes.

p—
Q
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-
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(ii) water oxidation reaction: the holes migrate to the cata-
lyst’s surface and oxidize water molecules through a series of
steps:

H,O+h" — "OH+H"
‘'OH+h" - O0+H"
04+0—0,

Overall reaction : 2H,O +4h™ — O, + 4H™

A recent study on NaNbO;/FeOOH composites demon-
strated significant improvements in OER performance by com-
bining piezoelectric and photocatalytic mechanisms."** The
authors used sacrificial agents such as FeCl; and AgNO; to
address the sluggish four-electron water oxidation process
(Fig. 14(a) and (b)). In the presence of FeCls;, the system
achieved an oxygen evolution rate of 1155 pumol h™", primarily
due to the reduction of Fe*" to Fe**, which enhanced hole
availability for water oxidation. In contrast, the AgNO; system
showed slightly lower O, evolution, attributed to surface depo-
sition of Ag/AgO, which impeded light penetration. The
synergy between the piezoelectric potential from NaNbO; and
the optoelectronic properties of FeOOH improved charge sep-
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Fig. 14

(a and b) Photo-piezocatalytic oxygen evolution rates over NaNbO3z/FeOOH in the presence of (a) AgNOs and (b) FeCls as sacrificial agents.

Reprinted with permission from ref. 154. Copyright 2023, American Chemical Society. (c) Schematic illustrations showing the mechanism of photo-
piezocatalytic N, fixation over Ag,S/KTN heterojunction. Reprinted with permission from ref. 160. Copyright 2023, Elsevier.
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aration and water adsorption. Oxygen vacancies in FeOOH
further facilitated the formation of ROS, contributing to
efficient water oxidation.

Reduction of carbon dioxide. The reduction of carbon
dioxide (CO,) into valuable chemicals and fuels is another
critical application of piezocatalysis and photo-piezocatalysis,
addressing both environmental and energy challenges."”
Piezocatalytic CO, reduction converts mechanical energy into
surface charges that drive the reduction of CO,. The mecha-
nism of carbon dioxide reduction reaction (CO,RR) involves
the following steps:

(i) Charge generation and separation: similar to OER,
photons and mechanical stimuli excite electrons to the CB,
and piezoelectric potential aids in separating these electrons
from holes.

(if) CO, adsorption and activation: CO, molecules adsorb
onto active sites of the catalyst surface, which is activated
through bending of the linear molecule, facilitated by electron
transfer from the catalyst.

(iii) Stepwise reduction: depending on the catalyst and con-
ditions, the reduction can lead to products like CO, HCOOH,
CH;OH, or CH,. For example, (iii-a) CO, + 2¢” + 2H' — CO +
H,O0, (iii-b) CO + 6e + 6H" — CH, + H,0.

A study on KNN-based materials, modified with Li doping
to enhance piezoelectric activity, showed promising results in
this field.'® The application of ultrasound generated pressure
waves, activating the piezoelectric effect in KNN particles, pro-
ducing surface charges capable of reducing CO, to carbon
monoxide (CO). Bicarbonate ions (HCO;™) were identified as
the active dissolved CO, species driving the reduction reaction,
with the system showing nearly 100% selectivity for CO pro-
duction under optimal conditions. The study also examined
the impact of CO, concentration, catalyst loading, and the use
of a hole scavenger to optimize the reduction process.

Nitrogen fixation. Nitrogen fixation, the conversion of nitro-
gen gas (N,) into ammonia (NH3), is essential for fertilizer pro-
duction and hydrogen storage/transport solutions."’
Traditional methods like the Haber-Bosch method require
high temperatures and pressures, making them energy-inten-
sive and environmentally harmful.'*® Piezocatalysis and photo-
piezocatalysis offer greener alternatives by utilizing mechanical
energy and light to drive nitrogen fixation under ambient con-
ditions, reducing environmental impact and energy consump-
tion. The mechanism of nitrogen reduction reaction involves
the following steps:

(i) Charge generation and separation: photons and mechan-
ical stimuli excite electrons, and piezoelectric potential from
mechanical vibrations separates charges effectively.

(i) N, adsorption and activation: N, molecules adsorb onto
the catalyst surface, in which the strong triple bond in N, is
weakened through interaction with active sites, facilitated by
electron transfer.

(iif) Stepwise protonation and electron transfer: the acti-
vated N, undergoes stepwise protonation and electron transfer
as follows: (iii-a) N, + e + H" — N,H,, (iii-b) N,H, + e + H' —
NH; + NH,, (iii-c) NH, + e + H" — NH;.

2954 | Nanoscale, 2025, 17, 2931-2960
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Three distinct mechanisms describe the stepwise reduction
pathways of N,. The dissociative pathway involves the dis-
sociation of N, molecules into two nitrogen atoms upon
adsorption, with each atom undergoing successive hydrogen-
ation to form NH;. In contrast, the associative distal pathway
retains the N, molecules intact during adsorption, where pro-
tonation and hydrogenation occur sequentially at one nitrogen
atom while the other nitrogen atom remains largely unmodi-
fied until NH; is released. Meanwhile, the associative alternat-
ing pathway features alternate protonation and hydrogenation
of both nitrogen atoms in the adsorbed N, molecule, leading
to the stepwise formation of intermediate species.

A study on the piezocatalytic and photopiezocatalytic nitro-
gen fixation capabilities of CuS/KTa, ;5Nb,50; (KTN) nano-
composites demonstrated the effectiveness of combining Cus,
an efficient electron acceptor, with the piezoelectric material
KTN.'® Under ultrasonic vibrations, the piezoelectric potential
generated in KTN enhanced charge separation and directed
electrons toward the CuS active sites, where nitrogen mole-
cules were reduced to ammonia. The system showed a 7.4-fold
increase in piezocatalytic NH; production compared to KTN
alone, highlighting the importance of heterojunction for-
mation. Similarly, a study on Ag,S/KTa, sNb, 505 (KTN) hetero-
junction demonstrated effective nitrogen fixation through a
combined photo-piezocatalytic mechanism."®® The Ag,S
formed a Type-II heterojunction with KTN, facilitating efficient
charge separation under both light and mechanical stimu-
lation (Fig. 14(c)). The piezoelectric potential generated in KTN
under ultrasonic vibrations worked synergistically with photo-
excited electrons from Ag,S under visible light, significantly
increasing NH; production.

As another example, the Bi,S;/KTa 75Nbg 25035 (KTN) nano-
composite demonstrated high efficiency in piezocatalytic nitro-
gen reduction to ammonia (NH;).'"®" The synergistic inter-
action between Bi,S; and KTN played a crucial role, with Bi,S;
acting as an electron trapper, capturing piezo-induced elec-
trons generated in the KTN phase and effectively preventing
electron-hole recombination. This prolonged charge carrier
lifetime enhanced catalytic activity. Additionally, Bi,S; signifi-
cantly improved surface adsorption of N,, as confirmed by
temperature-programmed desorption (TPD) analysis, facilitat-
ing N, activation and subsequent reduction. Under ultrasonic
vibration, the piezoelectric properties of KTN generated an
electric field that drove efficient charge separation, with the
separated charges participating in the stepwise reduction of N,
to NH;. The optimal Bi,S;/KTN composite achieved an
ammonia production rate of 14.9 pmol g~* h™, outperforming
pure KTN and Bi,S;. This study highlights the potential of
combining piezoelectric and catalytic synergies for sustainable
ammonia synthesis under ambient conditions.

Reduction of heavy metal ions. Heavy metal ion reduction,
which converts toxic and soluble metal ions into less toxic or
insoluble forms, is crucial for mitigating water contamination
and protecting ecosystems. Traditional methods, such as
chemical precipitation and adsorption, often suffer from sec-
ondary pollution and high energy consumption.*®* In contrast,
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advanced techniques like piezocatalysis and photo-piezocataly-
sis offer eco-friendly and energy-efficient alternatives, utilizing
mechanical energy and light under ambient conditions. For
instance, BiFeO;@1In,Se;, KNbO3;/MoS,, and In,Se;@SnSe have
demonstrated efficient catalytic performance in reducing
heavy metal ions such as Cr(vi) and U(vi) into insoluble species
in aqueous phases."® The reduction mechanism involves
photon- and/or mechanical stress-induced electrons, which
participate in redox reactions as follows:

metal™" + ne” — metal™ "

In KNN-based systems, KNbO3;/MoS, (KN-MS) heterojunc-
tions have shown remarkable photo-piezocatalytic perform-
ance.'® These heterojunctions leverage the binary piezoelec-
tric properties of orthorhombic (0-KN) and cubic (c-KN)
phases in KNbO;. Among various configurations, the
0-KN-MS-3 sample achieved a 99.8% efficiency for Cr(vi) degra-
dation, with a reaction rate constant of 0.00877 min~", which
is 7.9-fold higher than that of ¢c-KN/MS-3 that of KN. In con-
trast, c-KN/MS-3, which lacks piezoelectric properties, exhibi-
ted less than 87% degradation efficiency. This enhanced per-
formance is attributed to the stronger piezoelectric polariz-
ation in the binary piezoelectric o-KN/MS heterojunction,
which promotes continuous charge carrier separation within
0-KN and MoS,, as well as at their interface. This study high-
lights the potential of KNN-based piezo- and photo-piezocata-
lysts in heavy metal remediation, addressing one of the most
pressing environmental challenges.

6. Outlook and challenges

In this review, we have highlighted recent advancements in
KNN-based piezocatalysis and photo-piezocatalysis, focusing
on material design strategies to optimize catalytic perform-
ance. We explored the fundamental properties of KNN perovs-
kites, the mechanisms driving piezocatalysis and photo-piezo-
catalysis, and various optimization strategies such as phase
boundary engineering, defect engineering, morphology
control, heterojunction formation, and metal deposition/
loading. We also discussed key applications, including organic
pollutant degradation, hydrogen production, oxygen evolution,
CO, reduction, and nitrogen fixation. However, as this field
progresses, several challenges must be addressed to achieve
widespread adoption and scalability of these technologies.

Piezocatalysis and photo-piezocatalysis hold great promise
for addressing global challenges in environmental remediation
and sustainable energy production. One exciting prospect is
using KNN-based piezoelectric materials in self-powered cata-
lytic systems, where mechanical vibrations from natural
sources like wind or waves are converted into chemical energy.
Such systems could offer environmentally friendly and energy-
efficient solutions. The combination of piezoelectric properties
with photocatalysis opens avenues for maximizing charge sep-
aration and minimizing recombination losses, thus improving
catalytic efficiency.

This journal is © The Royal Society of Chemistry 2025
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As KNN-based materials evolve, integrating them into
renewable energy systems becomes a key research direction.
For example, piezoelectric materials could be incorporated
into large-scale hydrogen production systems or environmental
sensors that harvest mechanical energy from their surround-
ings. With improved piezoelectric response and light absorp-
tion, KNN-based materials have the potential to drive solar-
driven processes such as water splitting or CO, reduction,
making them more practical for renewable energy
applications.

Despite the potential, several challenges remain:

6.1 Balancing ferroelectricity and charge carrier
concentration

A critical challenge lies in balancing the trade-off between
maintaining ferroelectric properties and increasing charge
carrier concentrations for efficient catalysis. While KNN
materials are insulators, efficient catalysis requires a sufficient
number of free-charge carriers. Doping or defect generation
can improve catalytic activity, but these often reduce the ferro-
electric properties that are essential for generating piezoelec-
tric potential. Future research should focus on developing
material designs that maintain a balance between piezoelectri-
city and charge carrier concentration.

6.2 Understanding fundamental mechanisms

The fundamental mechanisms behind piezocatalysis are still
not fully understood. It is particularly important to differen-
tiate piezocatalysis from sonocatalysis, especially in systems
that utilize ultrasound. While theories such as energy band
theory and screening charge theory explain certain aspects of
piezocatalysis, more research is needed to explore the localized
surface polarization effects that drive catalytic reactions.
Understanding how piezoelectric potential varies at the nano-
scale and how it impacts energy band structure and catalytic
activity is crucial for future progress.

6.3 Resonance frequency matching

Achieving resonance frequency matching is essential for maxi-
mizing the piezoelectric potential generated under mechanical
stress. Most current studies use ultrasonic frequencies that do
not align with the natural resonance frequencies of the
materials, potentially limiting catalytic efficiency. Future
research should focus on matching applied frequencies to
enhance catalytic activity.

6.4 Material stability and durability

The stability and durability of catalysts under continuous
mechanical or light-induced stress present another challenge.
Material degradation can reduce the piezoelectric response
over time, diminishing -catalytic performance. Developing
more robust, long-lasting materials through cost-effective pro-
duction methods will be crucial for large-scale applications. In
the case of heterojunction systems, such as S-scheme and
metal-decorated configurations, mechanical stress can exacer-
bate stability issues. Repeated deformation, vibration, or ultra-
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sonic stimulation may result in interfacial delamination,
phase degradation, or detachment of metal nanoparticles,
further impairing performance. Strategies to address
these challenges include strengthening mechanical bonds
between components and employing robust deposition
methods to enhance material durability. Continued advance-
ments in these areas are essential for ensuring the long-term
stability of heterojunction-based piezo- and photo-piezocataly-
tic systems.

6.5 Synergy between piezoelectricity and photocatalysis

The interplay between piezoelectric potential and photo-
catalytic process is still not fully understood. Future studies
should focus on optimizing the synergy to further enhance
catalytic performance. This includes investigating how
different material designs (e.g:, heterojunction formation,
defect engineering) can maximize both the piezoelectric effect
and light absorption to generate more efficient charge carriers.

To address the challenges, advanced characterization tech-
niques are essential. Real-time, in situ measurements of piezo-
electric potential, surface polarization, and charge carrier
dynamics at the nanoscale will be critical for understanding
how these properties evolve during catalytic processes.
Additionally, improved methods for distinguishing piezocataly-
sis from sonocatalysis will help clarify their respective contri-
butions to overall catalytic activity.

There is great potential in designing multifunctional piezo-
and photo-piezocatalytic systems that integrate other
catalytic mechanisms, such as plasmonic or electrocatalytic
processes. For example, combining piezoelectric materials
with plasmonic nanoparticles could enhance light absorption
and promotes more efficient charge separation. These
approaches remain largely unexplored for KNN-based
materials.

Finally, further research should explore integrating piezo-
electric materials into renewable energy systems. For example,
self-powered systems for water splitting or CO, reduction that
harness mechanical energy from environmental vibrations
could provide energy-efficient solutions. Developing scalable
and durable KNN-based materials for real-world applications
will be essential, including designing materials that maintain
their piezoelectric properties under prolonged stress and light
exposure, as well as finding cost-effective methods for large-
scale production.
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