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ABSTRACT 

Photocatalysis, a technology that can convert solar energy into chemical energy, exhibits tremendous potential for addressing the 
current environmental pollution and energy crisis. In the past decades, a variety of regulating strategies, including element doping, 
defect construction, and band engineering, have been developed to improve the performance of photocatalysis. However, single- 
mode photocatalysis has reached its performance limitation. To further enhance the photocatalytic performance, an emerging 
strategy is to construct multi-energy-integrated photocatalysis. This strategy has been proven to broaden the light absorption 
range and enhance the charge separation efficiency. In this review, different types of external energy, including thermal energy, 
electrical energy, magnetic energy, mechanical energy, and microwave energy for enhancing the performance of photocatalysis, 
are classified. The fundamental reinforcement mechanisms and advantages of external energy–driven photocatalysis are critically 
discussed. The state-of-the-art progress of the utilization of external fields in photocatalytic water splitting, pollutant degradation, 
and chemical synthesis is summarized. Finally, the challenges and future prospects of this promising field are demonstrated. 
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 Introduction 

ince excessive emissions of greenhouse gases lead to climate
hange and environmental crises, carbon neutrality as a global
oal has received a positive response in recent years [ 1 ]. It is cru-
ial to limit global warming to 1.5◦C or 2◦C above pre-industrial
evels, as outlined in the Paris Agreement [ 2 ]. Consequently,
eplacing conventional fossil fuels through harnessing renewable
nergy such as solar, wind, and geothermal energy, or applying
uel cells to convert the chemical energy stored in fuels to
lectricity, is a promising strategy to solve the climatic and
nvironmental issues [ 3–5 ]. Among these renewable energies,
olar energy has been considered as a vital alternative to con-
entional fossil energy due to its clean, safe, and sustainable
eatures. Converting solar energy at low cost and with high
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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efficiency is of great importance. It is particularly transformative
for remote or underserved areas, providing electricity and clean
fuels where grid infrastructure is absent [ 6, 7 ]. Photocatalysis is
a direct solar energy conversion technology, which can directly
transform the incident photons into valuable chemicals [ 8–11 ]. At
present, photocatalysis technology has been applied in the field of
water splitting, carbon dioxide (CO2 ) reduction, organic pollutant
degradation, as well as organic chemical synthesis [ 12–16 ]. 

The photocatalytic process is composed of three crucial steps:
(1) generation of photogenerated electron–hole pairs by solar
energy absorption, (2) charge separation and transport in the
bulk and at the surface of a semiconductor photocatalyst, ( 3 )
redox reaction at the photocatalyst surface. The ultimate solar
energy conversion efficiency depends on the separation efficiency
se, which permits use, distribution and reproduction in any medium, provided the 
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f each step. To significantly improve the solar energy conver-
ion efficiency of these three fundamental steps, considerable
ffects have been made [ 17 ]. Owing to the developments of new
aterials, the light absorption range of semiconducting materials
as been extended to visible light and even the full spectrum,
uch as Ta3 N5 [ 18 ], SrTiO3 [ 19 ], and perovskite-based materials
 20–22 ]. Emerging materials exhibit a higher theoretical solar
nergy conversion efficiency due to their suitable band structure
nd unique physical and chemical properties compared with
he conventional photocatalysts, including metal oxides (e.g.,
iO2 , Fe2 O3 , WO3 , Cu2 O, BiOI, BiVO4 ) [ 23–25 ] and carbon-
ased materials (e.g., g-C3 N4 , GO, rGO) [ 26–28 ]. In addition,
nergy band engineering strategies, including element doping
nd heterojunction construction, are utilized in conventional
hotocatalytic semiconductors and show excellent improvement
n broadening the light absorption range [ 29, 30 ]. 

ffective charge separation and transport in photocatalysis play a
ital role in improving the whole photocatalytic efficiency [ 31 ].
revious research has confirmed that heterogeneous element
oping [ 32 ], defect construction [ 33 ], and crystal facet engineer-
ng [ 34 ] are effective strategies for restraining the recombination
f photoexcited electrons and holes in bulk semiconductors
 35–38 ]. In particular, an increasing number of research works
ocused on defect engineering, such as the generation of oxygen
acancies, metal atom vacancies, and sulfur vacancies in lattices
 39, 40 ]. These vacancy defects can create localized electronic
tates within the bandgap, where charge carriers are trapped
y these states, leading to an effective spatial separation of the
hotogenerated electron–hole pairs. For example, an optimized
umber of vacancy defects in BiVO4 photocatalysts can improve
he electronic conductivity and charge separation efficiency.
s a result, a much higher photocatalytic performance can be
bserved in water splitting [ 41 ]. Moreover, defect engineering
n the active sites of the semiconducting surface would sig-
ificantly facilitate the adsorption of reactants or desorption of
roducts, thus enhancing surface reaction kinetics. However,
ingle-mode photocatalysis cannot fully utilize solar energy and
s limited by an inadequate kinetic response and suppression
f charge transfer. Additionally, current regulation strategies
or light absorption, charge separation, and reaction kinetics
enerally cause changes in morphology, composition, and crystal
tructure by complex preparation methods. It is difficult to
mprove the single energy band alignment without introducing
ther drawbacks, such as carrier recombination centers and
rystal deformation. Therefore, the introduction of other energy
ources into photocatalysis to form multi-energy integrated pho-
ocatalysis systems has attracted considerable attention in recent
ears. For example, a Cs3 Sb2 I9 photocatalyst was developed to
educe CO2 to CH4 and CO at a high efficiency by synergis-
ic photothermal catalysis and exhibited a higher production
ate of 95.7 µmol g− 1 h− 1 without any sacrificial agents com-
ared to the single-mode photocatalysis system counterparts
1.1 µmol g− 1 h− 1 ), implying a tremendous potential of multi-
nergy integrated photocatalysis systems in the field of CO2
eduction [ 42 ]. 

esides the excitation energy of solar light, other external energy,
omposed of thermal energy, electrical energy, magnetic energy,
echanical energy, and microwave (MW) energy, can also be
pplied to photocatalysis [ 43 ]. Since the introduction of other
of 37
energies usually relies on external fields, the effects of multiple
energies on the physical–chemical properties of semiconductors
are negligible. In the presence of external energy, the light
absorption range, charge carrier separation, surface reaction
kinetics, and selectivity for desired chemicals can be improved in
comparison to single-mode photocatalysis [ 43 ]. The fundamental
mechanisms of different external energies for improving the
photocatalytic performance are significantly different. Thermal
and MW energy can heat semiconductor materials with overall
heating and local heating, respectively. Elevated temperatures
effectively enhance the mobility of charge carriers, thus leading
to the restricted recombination of electron–hole pairs. Electric
and mechanical energy can generate a charge separation field,
called the built-in electric field and the built-in polarizing electric
field, respectively. Benefiting from the charge separation field,
the recombination of electrons and holes can be significantly
inhibited. Lorentz force and changed spin state induced by
magnetic energy also have a strong power to drive the separation
of photogenerated electrons and holes [ 44 ]. Considering the
electrical energy as an example, an external electric field creates
a space charge layer (SCL) at the photoelectrode/electrolyte
interface due to the change of the Fermi level, where the band
bending effectively improves the separation and transfer of the
photogenerated electrons and holes [ 45 ]. Based on the important
role of an externally applied bias for separating charges and
inhibiting recombination, a photoelectrochemical (PEC) system
was established and exhibited tremendous potential in the area of
water splitting and chemical synthesis. The latest research results
show that a perovskite-based PEC system can simultaneously
conduct ammonia (NH3 ) production and glycerol oxidation at
the cathode and anode, respectively. Amazingly, due to the
high photovoltaic voltage and narrow bandgap of perovskite-
based semiconductors, the entire PEC device is bias-free without
the input of external electric energy. The photocurrent density
of the PEC NH3 production system coupled to the glycerol
oxidation device reaches a photocurrent density of 21.2 mA cm− 2 

without any applied voltage, which is obviously higher than the
theoretical photocurrent density of WO3 (4.8 mA cm− 2 ), BiVO4 
(7.5 mA cm− 2 ), and Fe2 O3 (12.6 mA cm− 2 ) with a bias of 1.23 V vs.
reversible hydrogen electrode (RHE) [ 46 ]. 

In addition, magnetic-field-induced Lorentz force can also pro-
vide enough driving forces for separating the photoexcited
electrons and holes, thus enhancing the photocatalytic efficiency.
Essentially, the separation of charge carriers originates from
the oppositely moving direction of electrons (negative charge)
and holes (positive charge), which then react with reactants
to participate in redox reactions [ 47 ]. The external Lorentz
force could induce the spatial separation of electrons and holes
because charges with opposite electronic properties have opposite
migration directions. As an emerging route, the utilization of
thermal-assisted photocatalysis has received increasing attention
recently. Some metals, such as Au, Pt, and their alloy particles
that can respond to infrared (IR) light, were successfully loaded
on the photocatalyst surface. Their localized surface plasmon
resonance (LSPR) effect upon the irradiation of solar energy
enables electrons to enrich and absorb photons in a space far
larger than the geometric cross section, thus improving photocat-
alytic performance [ 48 ]. Owing to the significant improvement of
external energy input on light absorption, charge separation, and
reaction selectivity in photocatalysis, a large number of reviews
Exploration, 2026
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FIGURE 1 Schematic of the multi-energy integrated photocatalysis. 
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bout single-energy field coupled photocatalysis have been pub-
ished. Li and coworkers summarized the recent progress of
agnetic field-coupled photocatalysis, revealing the effects of
agnetoresistance (MR), Lorentz force, and spin polarization
n crucial processes in photocatalysis [ 49 ]. Fang and cowork-
rs first defined thermo-assisted photocatalysis, thermo-photo
ocatalysis, and photo-promoted thermal catalysis, summarizing
arious thermal-field-coupled photocatalytic mechanisms. How-
ver, little attention has been paid to multi-energy integrated
hotocatalysis [ 48 ]. Moreover, critical analysis and discussion of
he basic mechanisms of the multi-energy field for enhancing
hotocatalytic performance are necessary. 

n this review, we critically analyze and discuss recent progress
n the application of different types of energy fields in photocatal-
sis, comprising thermal, electrical, magnetic, mechanical, and
W energy. This multi-energy integrated photocatalysis shows

mmense potential for practical photocatalysis applications, such
s clean energy production, CO2 reduction, organic pollutants
egradation, valuable chemical synthesis, and artificial nitrogen
ixation. In addition, an in-depth investigation into fundamental
echanisms underlying the influence of the multi-energy field
n crucial photocatalytic steps is highlighted, as shown in
igure 1 . Finally, the future prospects for developing multi-energy
ntegrated photocatalysis are presented. 
xploration, 2026
2 Mechanisms and Limitations of Conventional 
Photocatalysis 

2.1 Working Principle of Photocatalysis 

Photocatalytic reactions are heavily dependent on the wavelength
of solar light and the band structure of semiconductor photocat-
alysts. The fundamental photocatalytic process can be classified
into three steps: (1) light absorption; (2) photogenerated carrier
transfer and separation; and (3) surface chemical reactions (i.e.,
oxidation semi-reaction and reduction semi-reaction) [ 50, 51 ]. As
shown in Figure 2 , when a semiconductor is irradiated by the
light energy in terms of photons, electrons in the valence band
(VB) will be excited to the conduction band (CB) if the energy
of the incident light is greater than the bandgap energy of the
semiconductor materials. Owing to the transition of electrons
from the VB to the CB, holes would be left in the VB. In an ideal
situation, all the excited holes and electrons are transferred to
the oxidation sites and reduction sites on semiconductor surfaces
to participate in the oxidation semi-reaction and reduction semi-
reaction, respectively. However, large amounts of electron–hole
pairs undergo recombination, thus reducing the photocatalytic
efficiency. The recombination of electrons and holes is mainly
divided into bulk recombination and surface recombination [ 52 ].
Before photoexcited carriers reach the surface, defects in the
3 of 37

reative C
om

m
ons L

icense



FIGURE 2 Schematic illustration of the working principles and challenges of conventional photocatalysis. (A) AM 1.5 G solar spectrum on the 
basis of the ASTM G173-03 reference spectrum [ 60 ]. Copyright 2020, Royal Society Chemistry. (B) Electron energy diagram of an n-type semiconductor 
and different charge recombination pathways by shallow energy level or surface state [ 60 ]. Copyright 2020, Royal Society Chemistry. (C) Phase diagram 

based on the binding energies of O* versus OH* [ 75 ]. Copyright 2017, American Chemical Society. (D) Schematic diagram of stability variation for 
photoelectrodes with the change of semiconductor redox potentials ( ϕox and ϕre ) [ 81 ]. Copyright 2012, American Chemical Society. 
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rystal lattice trap charge carriers, leading to serious recombi-
ation. In addition, the poor charge mobility of semiconductors
s also a reason for recombination. For instance, Fe2 O3 as a
emiconductor can absorb a wavelength of lower than 590 nm in
 solar spectrum, obviously greater than rutile TiO2 ( ≤ 413 nm)
nd BiVO4 ( ≤ 520 nm) [ 53 ]. Nevertheless, the photocatalytic
erformance of rutile TiO2 and BiVO4 is significantly higher
han that of Fe2 O3 . This abnormal phenomenon originates from
ifferent hole mobility, where the hole mobility of Fe2 O3 (0.0001
m2 V− 1 s− 1 ) is remarkably lower than that of BiVO4 (0.02–0.044
m2 V− 1 s− 1 ) and rutile TiO2 (1 × 10− 4 –1 × 10− 3 cm2 V− 1 s− 1 )
 54 ]. If the photogenerated electrons and holes reach the surface
imultaneously and do not find suitable reactants, the electrons
nd holes tend to recombine quickly, either radiatively (emit-
ing light) or non-radiatively (releasing heat). The whole solar
nergy conversion efficiency ( ηtotal ) can be calculated through the
quation [ 54 ] 

𝜂total = 𝜂absorption × 𝜂separation × 𝜂reaction (1)

here ηabsorption represents the fraction of photogenerated carriers
xcited by incident solar energy, ηseparation is defined as the fraction
f charges reaching the semiconductor/solution interface, and
separation is the reaction efficiency. 
of 37
2.2 Current Challenges of Photocatalysis 

Although practical applications of photocatalysis have made
tremendous progress in the field of water splitting, pollutant
degradation, and CO2 reduction during the last three decades,
photocatalysis still faces a variety of challenges, which can
be summarized as four aspects according to the fundamental
photocatalytic steps [ 55 ]. The first challenge is limited light
absorption. A number of photocatalysts (e.g., TiO2 ) primarily
absorb ultraviolet (UV) light, which occupies only 4% of the
solar spectrum, seriously wasting the visible light (45% of the
solar spectrum) [ 56 ]. The second challenge is the charge separa-
tion. Photogenerated charge carriers tend to recombine rapidly
(nanosecond timescales), reducing their availability for complex
redox reactions [ 57 ]. The third challenge is selectivity and reac-
tion kinetics. Common photocatalysis reactions, including CO2 
reduction or water splitting, often generate mixed products (e.g.,
CO, CH4 , HCOOH in CO2 reduction) and form undesired side
reactions (e.g., Cl− oxidation in seawater splitting), which reduce
the productivity of the target products [ 58 ]. The fourth challenge
is material stability and durability. A variety of semiconductors
(e.g., Cu2 O and CdS) can be degraded under extended irradiation
or harsh reaction conditions such as acidic/alkaline electrolytes.
The instability of semiconductors in actual operation limits their
Exploration, 2026
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urther commercial applications [ 59 ]. In this section, we will
ntroduce and discuss the above-mentioned four main challenges
f photocatalysis and briefly summarize the relevant strategies. 

.2.1 Limited Light Absorption 

he sun emits electromagnetic waves ranging from X-rays to radio
aves, but the most intense solar energy exists in the visible
ight range. As represented in Figure 2A , the spectral wavelength
rom 400 to 1000 nm occupies an overall spectral irradiation
nergy of approximately 70%. Furthermore, 43% of the solar
nergy is visible light with a wavelength ranging from 400 to
00 nm [ 60 ]. Semiconductor photoabsorbers can absorb solar
nergy in the form of incident photons and convert them into
harge carriers (i.e., photogenerated electrons and holes). The
onversion efficiency from incident photons to charge carriers
s defined as the quantum efficiency (QE), which is a crucial
arameter that describes the device’s sensitivity to light and can
e calculated by the following equation [ 61 ]: 

QE ( 𝜆) = number of electrons or hole collected 

number of incident photons 
(2)

ssuming that semiconductors can absorb the solar energy with
00% of QE, the rutile TiO2 can only absorb the UV light up to
00 nm, corresponding to a solar-to-hydrogen (STH) efficiency of
bout 2% [ 62 ]. Broadening the light absorption wavelength up to
00 and 1000 nm could significantly increase the theoretical STH
o 25% and 47%, which satisfies the commercial requirements for
olar hydrogen production (STH > 10%) [ 63 ]. Therefore, to achieve
 highly efficient photocatalytic system, it is crucial to focus on
xtending the light absorption wavelength to the visible light
egion or even the near-IR region. However, large-scale hydrogen
roduction using photocatalytic technology is still a challenge.
urrent photocatalytic performance is usually measured in a
mall-scale photocatalysis device, which can obtain a higher
hotocatalytic efficiency than a large-scale photocatalysis system.
or instance, Domen and coworkers designed a 100 m2 array of
anel reactors to produce hydrogen, reaching a STH of 0.76%
 64 ]. It can be found that the photocatalytic efficiency will
ecrease with the increase of the reaction area, which limits
he development of commercial applications. Therefore, a large-
cale hydrogen production apparatus with a higher STH requires
urther research. 

.2.2 Charge Separation 

 kinetic competition between desired catalysis reactions and
he recombination of photoexcited electron–hole pairs is the
iggest challenge for designing highly efficient photocatalysts
nd devices, especially compared with solar cells, where the elec-
rons and holes are extracted on a timescale from nanoseconds
o microseconds [ 65–67 ]. To promote the electrons and holes
eaching the redox-active sites, enhancing the charge separation
nd transfer efficiencies has been considered as a promising
ethod in recent years. The primary work is to understand
he mechanism of recombination. The recombination process
enerally occurs via radiative (band-to-band) recombination, that
s, recombination by defects in crystal lattices [ 68 ]. As shown
xploration, 2026
in Figure 2B , some of the photoexcited electrons and holes
are transferred to the reduction sites and oxidation sites on a
semiconductor surface. Meanwhile, a large portion of electrons
and holes recombine through the “shallow” states arising from
crystal defects in the forbidden gap [ 60 ]. It should be noted that
these “shallow” states that are energetically close to the CB (or
the VB) can also increase the conductivity of semiconductors,
facilitate the formation of built-in electric fields in the SCL, and
enhance visible light absorption [ 69 ]. 

The other bulk charge recombination is the Schottky–Read–Hall
recombination process, where photoexcited carriers in bulk are
trapped in the intra-bandgap states, which can mediate the bulk
charge recombination. Different semiconductors typically exhibit
different bulk recombination kinetics. For instance, anatase TiO2 
exhibits a bulk recombination rate 100–1000 times slower than
hematite (Fe2 O3 ), which can be attributed to the localized Fe-
centered d- d nature of the optical transition in hematite [ 60 ].
Besides, the extracted electrons and holes from the semiconduc-
tor bulk would undergo a surface recombination process due
to the different surface reaction kinetics. As an example, the
timescale of water oxidation semi-reaction induced by holes is
between milliseconds and seconds, nearly four times the magni-
tude of the water reduction semi-reaction induced by electrons.
The left holes are trapped in the surface states, leading to a
potential drop across the Helmholtz layer and a band edge unpin-
ning at the same time [ 70, 71 ]. It further contributes to serious
surface charge recombination, resulting in slow charge separa-
tion and transport. With the development of new characteristic
technologies composed of time-resolved X-ray spectroscopy and
in situ spectroscopic research, a deeper understanding of the
recombination kinetics has been achieved. Current research
should focus on designing appropriate compound semiconductor
materials based on kinetic studies. 

2.2.3 Selectivity and Reaction Kinetics 

Photocatalytic reactions, such as water splitting and pollutant
removal, end with the consumption of photogenerated charge
carriers reaching the surface active sites. Previous research has
confirmed that sluggish surface reaction kinetics would cause
negative effects on the overall photocatalysis performance [ 72,
73 ]. As an example, slower water oxidation kinetics by the pho-
toexcited holes can induce a fast charge recombination due to the
serious accumulation of holes on the photocatalyst surface. More-
over, accumulated holes oxidize semiconductors, leading to poor
photostability. To systematically investigate the surface kinetics,
transient absorption spectroscopy technologies were applied in
classic photocatalysis semiconductors, including WO3 , TiO2 , and
Fe2 O3 . Experimental results illustrated that the average timescale
to oxidize water molecules in TiO2 required 0.3–1 s at the surface.
Similar measured results were observed in WO3 and Fe2 O3 , in
which the water oxidation kinetic timescale for WO3 and Fe2 O3 
was < 1 ms and 3 s, respectively [ 74 ]. Therefore, the slow timescale
for water oxidation is a major challenge in photocatalytic water
splitting. In addition to producing oxygen, water molecules can be
oxidized to H2 O2 or ⋅OH radicals through two-electron and single-
electron reactions. By calculating the absorption free energy of
the relevant reaction intermediate in one- ( ⋅OH radicals), two-
(H2 O2 ), and four-electron (O2 ) water oxidation reactions for
5 of 37
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ifferent metal oxides, the two-dimensional selectivity diagram
or three products can be obtained according to the binding
nergies of O* versus OH*, as shown in Figure 2C . The selectivity
iagram is divided into three regions: O2 evolution (highlighted
n the blue region); H2 O2 evolution (highlighted in the green
egion); and ⋅OH radicals (highlighted in the red region). It
learly reveals that a higher O* adsorption energy and a higher
H* absorption free energy are beneficial for the production of
2 O2 and ⋅OH radicals, respectively. TiO2 , which is close to the
order of OH* absorption energy (red region) in H2 O2 evolution
green region), is known to produce H2 O2 and degrade organic
ollutants by producing the ⋅OH radicals [ 75 ]. 

ecently, CO2 reduction by photocatalytic technologies received
uge attention, but the selectivity for desired products, such as
ethane (CH4 ), methanol (CH3 OH), formic acid (HCOOH), and
ormaldehyde (CH2 O), remains a tremendous challenge. Previ-
us reports have shown that nanoparticle (NP) size, crystallinity,
nd crystal plane would result in different selectivity for CO2
eduction. For instance, g-C3 N4 /Pt (111) photocatalysts exhibited
 higher selectivity toward CH3 OH in comparison to g-C3 N4 /Pt
100) due to better CO2 absorption and CH3 OH desorption [ 76 ].
imilar selectivity challenges can be found in biomass conversion
y photocatalysis and photoelectrocatalysis. Specifically, in the
rocess of glycerol oxidation toward value-added chemicals,
ealizing C–OH oxidation to C = O oxidation without breaking
own other functional groups is a desired chemical reaction,
ut the C–C bond cleavage and oxidation to carboxyl as a side
eaction significantly decreases the selectivity toward the higher
alue-added chemicals. Therefore, a deeper understanding of the
echanism of C–C cleavage should be deeply studied [ 77 ]. 

.2.4 Stability and Durability 

he photocatalytic performance has made great progress in
ater splitting, CO2 reduction, biomass oxidation, and pollutant
egradation. In the case of the BiVO4 photoanode, Yang and
oworkers designed a Fe-N co-doped BiVO4 photoanode (Fe-N-
iVO4 ) through an N-coordinated Fe precursor with a surface
atalyst (FeNiOOH), which exhibited a photocurrent density
f 7.01 mA/cm2 at 1.23 V vs. RHE and a 20 h stability [ 78 ].
ince BiVO4 as photoanodes can reach a theoretical photocurrent
ensity of approximately 7.5 mA/cm2 at 1.23 V vs. RHE according
o its light absorption wavelength ( < 520 mm), it is difficult to
urther increase the photocurrent density. Aside from bismuth
Bi)-based semiconductors, the photocurrent density of some
etal sulfides has reached a photocurrent density as high as
5.4 mA/cm2 , which has satisfied the lowest standard of practical
ommercialization for solar energy hydrogen production (STH >

%) [ 79 ]. Therefore, ensuring long-term operational stability is
n urgent issue that needs to be solved. The failure mechanism
f photocatalysts mainly originates from photoinduced corrosion
degradation or decomposition) under illumination [ 80 ]. 

hen photocatalysts are in contact with the solution, the pho-
ogenerated holes not only can oxidize the reactants but also
an oxidize themselves. The photogenerated electrons have a
imilar result, where they can be utilized to reduce reactants or
hemselves. Whether photogenerated carriers are used to cor-
ode themselves is dependent on the thermodynamic oxidation
of 37
potential ( ϕox ) and thermodynamic reduction potential ( ϕre ) of
a semiconductor itself, which are intrinsic physical chemistry
properties of semiconductors and can be changed through the
pH value. From the perspectives of band structure, the redox
potentials of photocatalytic water splitting can be divided into
the oxygen evolution potential ( ϕ(O2 /H2 O), 1.23 V vs. RHE)
and the hydrogen evolution potential ( ϕ(H+ /H2 ), 0 V vs. RHE).
In general, a photocatalytic water splitting reaction can occur
when the VB and CB of a semiconductor are higher than the
ϕ(O2 /H2 O) and lower than the ϕ(H+ /H2 ), respectively. However,
photogenerated holes tend to oxidize themselves instead of
oxidizing water molecules if the ϕox is higher than the ϕ(O2 /H2 O),
while photogenerated electrons tend to reduce themselves instead
of reducing water molecules if the ϕre is lower than the ϕ(H+ /H2 ).
Generally speaking, the stability of photocatalysts relies on the ϕox 
relative to the ϕ(O2 /H2 O), and the ϕre relative to the ϕ(H+ /H2 ), as
shown in Figure 2D [ 81 ]. It should be noted that the water redox
potentials of ϕ(O2 /H2 O) and ϕ(H+ /H2 ) depend on the pH value
on the basis of the Nernstian equation, and the semiconductor
redox potentials of ϕox and ϕre are determined by the specific
reactions. Therefore, regulating the pH values of a solution may
be a promising method to inhibit the serious photocorrosion for
semiconductor photocatalysts. At present, a universal method to
restrict photocorrosion is to improve interfacial charge separation
and transport because it can effectively inhibit the accumulation
of carriers on the semiconductor surface, especially for metal
oxides, including BiVO4 , WO3 , and Fe2 O3 [ 82–85 ]. For large-
scale commercialization, current stability still cannot meet the
commercial standard compared with silicon-based solar cells,
which can stably operate for over 20 years. Hence, more attention
should be focused on device stability. 

3 Fundamental Mechanisms and Merits of the 
External-Energy Photocatalytic Process 

The applications of external-energy fields to effectively improve
the photocatalytic performance have been regarded as a conve-
nient and contactless technology. Compared with the conven-
tional methods that focus on the modification of semiconductor
materials, external-energy fields mainly focus on the promoting
effects of external energy on the behavior of charge carriers,
which can significantly enhance interfacial charge separation and
reaction kinetics. Up to now, thermal energy, electrical energy,
magnetic energy, mechanical energy, and MW energy have
been introduced into photocatalysis and exhibited enhancements
in photocatalytic performance from different aspects. In this
section, fundamental mechanisms and merits of five energy fields
for improving the photocatalytic performance will be clearly
summarized and discussed. 

3.1 Thermal Field Effects on Charge Separation 

and Selectivity 

Thermal energy plays a vital role in thermo-assisted photocatal-
ysis for improving the photocatalytic activity. Firstly, heating can
provide additional energy to overcome the recombination barrier
between photogenerated electrons and holes, thereby enhancing
the charge separation efficiency. Through three fundamental
mechanisms: (1) plasmonic photothermal effect; (2) nonradiative
Exploration, 2026
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elaxation in excited semiconductors; and (3) thermal vibrations
f molecules in a light-to-heat conversion process, where the
olar energy is successfully converted to thermal energy, thus
ffectively increasing the temperature of photocatalysts [ 86 ].
ith an elevated temperature, the mobility of charge carriers

ncreases to a high level, leading to a reduced likelihood of
ecombination and ensuring more photogenerated electrons and
oles participate in redox reactions. Secondly, thermal energy can
ffectively enhance the mass transfer during photocatalysis, such
s diffusion of reactants and products by liquid and gas media,
dsorption, and desorption on the photocatalyst surface [ 87 ]. The
iffusion coefficient in the liquid phase ( DL ) is dependent on
he temperature and can be calculated by the Stokes-Einstein
quation [ 48 ]. 

𝐷L = 7 . 4 × 10 − 8 
𝑇( 𝜓𝑀 ) 

0 . 5 

( 𝜇𝑉 ) 
0 . 6 

(3)

n which T , ψ, M , m , μ, and V refer to the temperature, the solute–
olvent interaction factor, the molecular weight of solvent, the
iscosity of solvent, and the molar volume of solute at a boiling
oint, respectively. It is obvious that the diffusion coefficient ( DL )
ncreases with elevated temperature. 

imilar to the diffusion coefficient in the liquid phase, the gas
hase diffusion coefficient ( DG ) also increases with the elevated
emperature, and it can be calculated through the Chapman–
nskog equation [ 48 ]. 

𝐷G = 1 . 86 × 10 − 3 
𝑇3∕2 

√
1∕𝑀1 + 1∕𝑀2 

𝑃𝜎2 Ω
(4)

here T , M1 , M2 , P , σ, and Ω represent the temperature, the
olecular weight of solute gas, the molecular weight of solvent
as, the pressure of the system, the average collision diameter, and
he temperature-dependent collision integral, respectively. 

ue to different interfacial friction resistance between the liquid
hase and gas phase, the diffusion coefficient can undergo a
ignificant enhancement when the liquid is evaporated into gas
t a rising temperature. For instance, the DL of hydrogen in
ater (100◦C) is 5.03 × 10− 5 , while in the steam phase, the DG
s 2.65 × 10− 3 . The 50-time enhancement in diffusion coefficient
ontributes to the improvement of mass transfer, resulting in
n improved photocatalytic performance [ 88 ]. Especially for
nsoluble gaseous reactants, including methane (CH4 ) and carbon
ioxide (CO2 ), the stronger mass transfer can easily facilitate the
ontact of gaseous reactants with the photocatalyst surface. 

hirdly, the introduction of thermal energy into a photocatalytic
ystem is a promising strategy for promoting surface species
ransfer, which is the key mediator for oxidation and reduction
emi-reactions. Given a case of CO2 reduction, protons generated
n the oxidation semi-reaction are transferred to the active
eduction sites to participate in the CO2 reduction semi-reaction.
he rate-limiting step during the CO2 reduction process is proton
ransfer instead of electron transfer, which can be attributed
o a smaller time scale of hundreds of microseconds for the
roton transfer compared with a few picoseconds for the electron
ransfer [ 89 ]. 
xploration, 2026
Finally, raising the temperature can significantly inhibit the neg-
ative effects of byproducts on catalytic activities, which have been
investigated in CO2 hydrogeneration. The continuous removal of
byproducts adsorbed on the catalyst surface enables the refresh of
active sites, thus effectively promoting the catalytic performance.
Upon conducting CO2 hydrogenation, a small amount of water
(5 or 10 µL) as a byproduct can effectively decrease the CH4 
production rate within all temperatures (Figure 3A ), indicating
that the strong absorption of water molecules on a catalyst surface
leads to the failure of the catalysts. However, an evident increase
in CH4 production rate can be observed when the temperature
increases to over the boiling point of water, which can be
attributed to the desorption of water molecules from the catalyst
surface [ 90 ]. For selective catalytic oxidation of NH3 (NH3 -SCO),
a cost-effective way to control NH3 pollution, the photothermal
effect has been confirmed to significantly enhance the selectivity
of targeted products. The cryptomelane nanowires were prepared
for photothermal NH3 -SCO, and achieved an excellent NH3 
(91.7%) conversion and N2 selectivity (94.7%). The study on the
mechanism revealed that the photothermal effect enables the
activation of NH3 into ∙NH2 by photogenerated holes, which was
a key step in the photo-iSCR mechanism (photo-assisted internal
selective catalytic reduction) [ 91 ]. 

3.2 Electrical Field Effects on Interfacial Charge 
Separation 

According to the conformation of photocatalysts in electrolytes,
photocatalysis can be divided into two types: (1) powder sus-
pension system, and (2) photoelectrode system. Since the pho-
toelectrode system needs an input of external electrical energy,
it is denoted as a PEC system [ 92 ]. The advantage of the PEC
system compared with the powder suspension system is the
outstanding charge separation efficiency due to the tunable
intensity of the built-in electric field [ 93 ]. Considering an exam-
ple of photoanodes (n-type semiconductors) utilized in water
oxidation semi-reactions, electrons flow away from the semicon-
ductor/electrolyte when photoanodes are immersed in solution.
Owing to a higher Fermi level of n-type semiconductors in
comparison to the redox potential and a new charge equilibration
due to the electron migration, a SCL, a region that is depleted
of electrons, is formed on the photoanode surface. At the same
time, equal negative charges accumulate on the electrolyte near
the electrode surface, thus forming the Helmholtz layer. The SCL
gives a desired direction of movement for electrons and holes
at the semiconductor/electrolyte interface, where electrons are
transferred to the counter electrode, occurring in a reduction
reaction, while holes migrate to the electrolyte, participating
in the water oxidation reaction, as shown in Figure 3B [ 45 ].
In the dark, photoanodes require an external bias more than
1.23 V versus the RHE. In practice, an additional overpotential
( ηs ) is required to overcome dynamic barriers (gray curve in
Figure 3C ). Under the irradiation of visible light, an applied
external bias is decreased due to the generation of photogenerated
electrons and holes, which provides an additional photovoltage
to overcome the energy barrier. The blue curves in Figure 3C
represent the ideal photocurrent density curve without the charge
recombination process. However, owing to the intrinsic crystal
defects and slow mobility of semiconductor materials, a variety of
photocatalysts suffer from serious charge recombination, thereby
7 of 37
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FIGURE 3 (A) Temperature-dependent curves of CH4 production rate under the addition of trace amounts of H2 O (0–10 µL) with a light intensity 
of 200 mW cm− 2 . The reaction time is 1 h [ 90 ]. Copyright 2017, Royal Society Chemistry. (B) Schematic diagram of PEC water splitting, in which the 
space charge layer creates a band bending region that can promote photogenerated electron–hole pairs transport and separation at the electrode surface 
[ 45 ]. Copyright 2021, Nature. (C) Potential–current curves of photoanodes without the illumination (a), with illumination (b), and upon illumination 
without charge recombination (c). Copyright 2021, Nature [ 45 ]. (D) Schematic diagram of the moving direction of electrons and holes with and without 
an external magnetic field. Copyright 2021, Cell [ 99 ]. (E) Schematic of the bubbles dynamics, including generation, growth, and collapse [ 107 ]. Copyright 
2021, Elsevier. (F) Selective heating on hot spots by a microwave field [ 99 ]. Copyright 2021, Cell. 
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ecessitating greater overpotentials, as illustrated in an orange
urve (Figure 3C ) [ 45 ]. Therefore, suppressing the recombina-
ion of charge carriers is a promising strategy for improving
hotocatalytic activities. 

he width of SCL is related to the degree of band bending, which
ndicates the ability of charge separation. The wider the SCL, the
tronger the charge separation ability. On the positive influence
f band bending on charge separation, an effective method to
nhance charge separation is to broaden the width of the SCL. In
he past decades, introducing external electronic energy (external
pplied bias) has been considered a significant method to regulate
he width of SCL. By controlling the magnitude of applied voltage,
e can achieve different charge separation capabilities and
hotocurrent densities. A detailed demonstration is discussed
n Section 4.2. In conclusion, external electrical energy plays
 vital role in suppressing charge separation in a PEC device.
he intensity of the built-in electric field caused by the band
ending is dependent on external electrical energy. In addition,
he obtained current-voltage curves provide a useful metric for
nitial assessment of photoelectrodes [ 94 ]. 

.3 Magnetic Field Effects on Charge Separation 

n external magnetic field usually has some significant effects
n improving the charge separation efficiency and enhancing
nterfacial charge transfer. For some metal oxides and semi-
onductors, their resistance can vary with a changed applied
agnetic field, which is denoted as the MR effect [ 95, 96 ]. MR
ffect is classified into two types: (1) positive MR; (2) negative
R. The materials with positive MR indicate that their MR
nhances as the external magnetic intensity increases. On the
of 37
contrary, negative MR implies that the MR decreases as the
external magnetic intensity increases [ 97 ]. It is obvious that
the semiconductor with negative MR can effectively promote
charge carrier transport due to the reduced interfacial resistance.
Three basic theories, including the Kondo effect [ 98 ], the spin-
glass state [ 99 ], and the Weyl effect [ 100 ], can explain the
materials exhibiting a strong negative MR effect. Among these
theories, the Kondo effect is a well-developed theory through
systematic and comprehensive research. According to the existing
research results, the scattering of trace magnetic impurities in
nonmagnetic metals may contribute to the Kondo effect [ 101 ].
At a low temperature, the interaction between electrons in the
CB of nonmagnetic metals and localized magnetic moments of
magnetic impurities reduces the resistance [ 102 ]. In addition
to the MR effect caused by an applied magnetic field, the
introduction of an external magnetic field also influences the
practical movement of photogenerated electrons and holes by the
Lorentz force. As illustrated in Figure 3D , moving electrons and
holes in an applied magnetic field migrate to opposite directions,
significantly inhibiting the recombination of the electron–hole
pairs. Therefore, the Lorentz force arising from a magnetic
field is expected to regulate the moving direction of charge
carriers, further boosting the charge separation efficiency and
photocatalytic activities. 

Another important effect of a magnetic field on the photocatalytic
performance is spin polarization. Since the photocatalytic activity
is heavily dependent on its electronic structure, the change of
spin state can manipulate the charge recombination process.
For example, the photoexcited electrons with a spin-up state are
transferred to CB, while leaving the holes with a spin-up state
in VB. In this case, the electrons and holes tend to recombine
due to the singlet state, that is, the total spin number is equal
Exploration, 2026
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o 0. When a small amount of magnetic energy is injected into
hotocatalysts, the spin direction of electrons changes to the
pin-up state, which is identical to the spin direction of holes.
wing to the trilinear state (the total spin number is equal to 0),
he recombination of the photogenerated electrons and holes is
estricted [ 103 ]. Additionally, spin polarization can promote the
rbital interaction between the active sites on the catalyst surface
nd reactants/intermediates. The strong interaction induces the
ormation of the reactive oxygen species on the catalyst surface,
hus effectively enhancing the reactive activity [ 104 ]. 

.4 Mechanical Field Effects on Reaction 

inetics and Charge Separation 

echanical energy is commonly introduced into a photocatalysis
ystem through high-frequency ultrasonic vibration. Ultrasonic
adiation can produce a “ca vitation effect” in the liquid, which
as a significant effect on mass transfer and chemical reactions
 105 ]. Cavitation effect refers to the formation, growth, and
ollapse of gas or bubbles within the liquid. Under ultrasonic
adiation, the liquid is subjected to a rapid change in pressure,
esulting in localized low-pressure zones where the liquid pres-
ure is lower than its vapor pressure. Therefore, a variety of
icrobubbles are produced in the liquid [ 106 ]. The schematic dia-
ram of the bubble dynamics is shown in Figure 3E , in which the
icrobubbles will undergo formation, expansion, oscillation, and
ollapse in the liquid phase. After the bubbles burst, they release a
ignificant amount of energy, which can produce effects including
ntense local heating, shock waves, shearing force, and even high-
peed liquid jets. The local pressure and temperature can even
each 500 atm and 5000 K. The input of huge mechanical energy
s beneficial for difficult surface chemical reactions with a high
arrier. It can break the O–H bond in the H2 O molecules and pro-
uce hydroxyl radicals, which are the crucial intermediate active
ubstance for degrading organic pollutants. In addition, the shear-
ng force of the ultrasonic wave can effectively inhibit the particle
ggregation in liquid, thus creating more active sites [ 107 ]. 

he above-mentioned mechanism is based on the influence of the
avitation effect on the liquid phase. For some piezoelectric mate-
ials with nanorod-like structures or 2D-dimensional nanosheet-
ike structures, ultrasonic vibration leads to the mechanical
eformation of materials by external stress. Then, the mechanical
eformation can create a built-in polarizing electronic field,
hus promoting effective charge separation and transfer. The
olarizing electronic field originates from deviations in the crystal
enters of the positive and negative charges under ultrasonic
adiation. The past applications for mechanical energy mainly
ocused on ultrasonic fields, but large-scale commercialization
s difficult due to the high intensity of energy input. Therefore,
eveloping other forms of mechanical strain is the current
esearch hotspot. Our group successfully introduced Bi vacan-
ies into the bismuth vanadate (BiVO4 ) lattices and created
 lattice strain by using a metal-organic deposition method.
nder AM 1.5 G illumination, the photocurrent density of a
train-induced BiVO4 photoanode reached 6.20 mA cm− 2 at
.23 V vs. RHE. Density functional theory (DFT) revealed that
attice strain induced by the Bi vacancies causes the deformation
f a small number of VO4 tetrahedra and creates a built-in
lectric field, effectively promoting photogenerated electron–hole
xploration, 2026
pair separation [ 108 ]. Compared with conventional mechanical
energy induced by external ultrasonic waves, constructing a strain
field by introducing atom defects may be a more practical and
economical strategy. 

3.5 Microwave Field Effects on Reaction Kinetics

MW radiation is a common rapid heating method, which has a
higher thermal efficiency and shorter reaction time compared
with conventional heating methods. Therefore, MW radiation is
widely and frequently used in the field of fast synthesis, especially
for high-volume synthesis in a short time, such as covalent
organic framework [ 109 ], and metal oxides [ 110 ]. Owing to the fast
thermal effect, MW radiation can also be directly applied in pho-
tocatalytic reactions composed of organic pollutant degradation
and organic synthesis. The improved photocatalytic performance
originated from thermal and nonthermal effects caused by an
external MW field. Previous studies have distinguished thermal
and nonthermal effects through introducing a cooling system
and confirmed that non-thermal effects can effectively enhance
the organic degradation efficiency [ 44 ]. However, it is difficult to
investigate the influence of non-thermal effects on semiconductor
properties and chemical reaction kinetics. 

In this article, we mainly discuss the beneficial effects of thermal
effects on photocatalysis. Similar to thermal-assisted photocatal-
ysis, microwave-assisted photocatalysis using thermal effects
makes full use of the thermal energy to affect the photocatalysis
process. The difference is that heat conduction in microwave-
assisted photocatalysis is faster than that in thermal-assisted
photocatalysis. According to the selective and fast heating of a
MW field, the hotspot effect has been proposed to demonstrate
the microwave-assisted mechanism. As shown in Figure 3F , a
variety of catalytically active sites are located on the photocatalyst
surface. Traditional photothermal effect can homogeneously heat
the whole photocatalyst particle; in contrast, the microwave-
assisted heating strategy only quickly heats the local surface
hotspots instead of the whole particle. Therefore, some side
reactions can be significantly inhibited [ 99 ]. As an example, via
microwave-assisted selective heating, polymeric nickel and irid-
ium dual catalysts can selectively conduct Buchwald–Hartwig-
type amination of aryl chlorides and obtain a high conversion
rate. Additionally, tremendous MW energy can break the hydro-
gen bonds between water molecules, enhancing the desorption of
water molecules at the semiconductor surface. The boosted water
molecules desorption is favorable for the exposure of active sites
at the surface, improving chemical reaction kinetics [ 111 ]. 

In summary, external energy fields play an important role
in enhancing charge separation, improving surface reaction
kinetics, and increasing selectivity of the target products. For
the thermal field, the elevated temperature on the surface of
photocatalysts by the photothermal effect can significantly inhibit
the recombination of the photogenerated carriers, improving the
photocatalytic efficiency with an increased mobility of charge
carriers. Additionally, by regulating the magnitude of the tem-
perature, the selectivity for target products can be increased.
However, elevated temperatures may destabilize photocatalysts,
causing sintering, phase changes (e.g., anatase-to-rutile in TiO2 ),
or reduced active sites. For the electric field, externally applied
9 of 37
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oltages change the charge distribution of the SCL. The built-in
lectric field induced by a suitable bias enables a strong separation
f photogenerated carriers on SCL, where holes are transferred
o the active sites, and electrons are transferred to the counter
lectrode. MR effect, Lorentz force, and spin polarization caused
y a magnetic field have been considered as effective methods to
ontrol the motion behavior of charge carriers. Especially for the
orentz force, it makes electrons and holes migrate in opposite
irections, resulting in a rapid separation of photogenerated
arriers. The current challenge in magnetic-field-assisted pho-
ocatalysis is the rational reactor design. Developing a uniform
agnetic field distribution across the reactor is still difficult.
ltrasonic vibration generally leads to a cavitation effect in the
iquid phase and mechanical deformation of materials, introduc-
ng a mechanical field. The cavitation effect releases tremendous
nergy by the collapse of microbubbles, which could activate
he intermediate active substance. Mechanical deformation of a
pecial nanostructure generates a built-in polarizing electric field,
eading to a favorable separation of charge carriers. Similar to a
agnetic field, the reasonable design of an external device that
an produce uniform ultrasonic vibration without damage to the
aterials themselves is a challenge for mechanical-field-assisted
hotocatalysis. For an MW field, it can heat local materials
apidly and selectively instead of the whole materials, called the
otspot effect. The microwave-assisted selective heating strategy
s beneficial for activating the intermediate products and reducing
he reaction barrier. Nevertheless, uniform MW distribution is
ifficult to achieve in large-scale reactors, which limits its com-
ercial applications in the future. For commercial applications,
agnetic-field-assisted photocatalysis has the potential due to
ts scalability and recyclability. For high-efficiency, cutting-edge
pplications, MW and electric fields show greater potential if
aterial and reactor challenges are addressed. Ultimately, hybrid
ystems integrating multiple fields will likely dominate the future
f photocatalysis, balancing efficiency, cost, and sustainability. 

 Emerging External-Energy Integrated 

hotocatalysis 

.1 Thermal Energy 

hermal energy has been the most frequently used in diverse
ields, such as energy conversion and chemical reactions.
ecently, thermal energy has been introduced into the field of
hotocatalysis and exhibits a remarkably improved photocatal-
sis performance. Enhanced performance caused by thermal
nergy can be attributed to two important mechanisms. On the
ne hand, the thermal energy enhances the kinetic driving force
nd facilitates mass transformation by improving the charge
arrier mobility and the population of electrons in the excited
tate, thus speeding up the reaction process [ 112 ]. For instance,
 hollow core-shell Au/g-C3 N4 @Ag3 PO4 photocatalyst exhibited
 higher hydrogen evolution rate and tetracycline degradation
fficiency in comparison to the pristine g-C3 N4 counterpart,
hich can be attributed to a local high-temperature environ-
ent through the hollow core-shell structure where the carrier
eparation ability of the Au/g-C3 N4 @Ag3 PO4 photocatalyst can
e effectively enhanced [ 113 ]. On the other hand, the increase
n the reaction temperature can tune the redox potential of
emi-reactions, which can broaden the application range of
0 of 37
narrow-band-gap semiconductors. As an example, Han and
coworkers predicted temperature-dependent behavior of redox
potentials on water splitting, ammonia synthesis, and carbon
dioxide reduction reactions over a temperature range from 298.15
to 1500 K by using a simple thermodynamic approach. It was
found that NH3 synthesis and CO2 reduction exhibited varying
redox potentials with a gradually increased reaction temperature,
and the corresponding experiments also confirmed this result
[ 114 ]. In a thermal-assisted photocatalytic system, thermal energy
can be obtained from either an external heating field or a
photothermal effect of the photothermal catalyst, which can
convert the solar light into thermal energy [ 115 ]. The light-to-heat
conversion abilities of various materials are primarily determined
by the responses of their electronic or bandgap structures to
light radiation. There are three fundamental mechanisms: (1)
plasmonic photothermal effect; (2) nonradiative relaxation in the
excited semiconductors; and (3) thermal vibrations of molecules
in a light-to-heat conversion process [ 116 ]. 

The LSPR effect, an optical phenomenon appearing in metallic
structures down to the subwavelength-sized dimensions, refers
to the collective oscillations of the conduction-band electrons
restricted inside highly conductive nanostructures. These oscilla-
tions originate from the interaction of light with the conducting
NPs smaller than the incident wavelength [ 117 ]. When the
frequency of the input photon coincides with the overall vibra-
tional frequency of the electrons at the surface of the NPs,
LSPR excitation in metallic nanostructures can contribute to the
absorption of photons, especially in the NIR region (Figure 4A )
[ 118 ]. After an LSPR excitation process, relaxation typically takes
place either through radiative photon re-emission (scattering)
or non-radiative excitation of energetic hot charge carriers. The
hot charge carriers then collide with low-energy electrons and
convert the electron energy into heat energy. At the same time,
low-energy electrons couple with the metallic lattice through
electron–phonon scattering, leading to a lattice thermalization of
the nanostructure [ 119 ]. 

For non-plasmon semiconductors, the photothermal effect can
also arise in the form of nonradiative relaxation. Under light
irradiation, the non-plasmon semiconductor absorbs photons
larger than its bandgap energy, which excites electrons to jump
from the VB to the CB, even to energy levels above the CB
minimum. Afterward, the electrons return to the edge of the CB
by nonradiative relaxation and release thermal energy, leading to
a localized temperature increase in the lattice (Figure 4B ) [ 120 ].
Unlike LSPR and nonradiative relaxation, thermal vibrations of
molecules tend to occur in carbonaceous and polymeric materials
with abundant conjugated π-bonds. Therefore, conjugated π-
bonds play a vital role in the thermal vibration mechanism of
molecules. Upon photon absorption, the loosely held electrons
in the conjugated system can be excited from the ground state
(the highest occupied molecular orbital (HOMO)) to a higher
energy state (the lowest unoccupied molecular orbital (LUMO))
[ 121 ]. Then the excited electrons are restored to the ground
state through vibrational-electronic coupling, which releases
the excess energy in the form of thermal energy (Figure 4C ).
In addition, semiconductor materials with conjugated π-bonds
can exhibit increased surface interactions with the surrounding
medium (such as water or biological tissues), which efficiently
enhances heat transfer and the efficiency of photothermal conver-
Exploration, 2026
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FIGURE 4 Three mechanisms of the photothermal effect with a corresponding light absorption range. (A) Plasmonic localized heating. (B) 
Nonradiative relaxation in semiconductors. (C) Thermal vibrations of molecules [ 118 ]. Copyright 2022, Wiley. 
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ion. The surface area and morphology of the conjugated systems,
ike in NPs, can be engineered to optimize these interactions [ 89 ].

ubsequently, we will introduce photothermal-assisted pho-
ocatalysis based on the above-mentioned three fundamental
echanisms. The involved applications of photothermal-assisted
hotocatalysis include hydrogen production, CO2 reduction, and
ollutant degradation. A variety of photothermal materials, such
s noble NPs (Au NPs, Ag NPs), transition metal materials
MnO2 , Co3 O4 ), and carbon-based materials (g-C3 N4 , RGO), are
lso involved [ 122 ]. Their energy alignment, electronic structure,
nd optical properties can effectively convert light into ther-
al energy, thereby significantly improving charge transfer and
eaction kinetics. 

.1.1 Plasmonic Metals for Thermal-Assisted 
hotocatalysis 

lasmonic metals with excellent light-to-heat conversion proper-
ies due to the LSPR effect have attracted a lot of attention in the
ield of photocatalysis. On the one hand, thermal energy is gen-
rated through the above-mentioned mechanisms to increase the
emperature of the system, thus accelerating the photocatalytic
inetics. On the other hand, the energetic hot carriers generated
ollowing the excitation can be adsorbed on reaction substrates
o drive chemical reactions, thus significantly enhancing the
eaction dynamics and reaction selectivity [ 120 ]. The LSPR effect
as been found in a variety of semiconductor nanocrystals (NCs),
ncluding metal oxides (like WO3-x , ZnO, In2 O3 ) [ 123 ] and sulfides
like Fe1–x S2 , MoS2 ) [ 124 ]. LSPR can be turned across a wide
ange of the optical spectrum from visible to far-IR through
ontrolling the carrier concentration in the semiconductor NCs.
or instance, Cu7 S4 NCs showed strong NIR absorption and
chieved a maximum photothermal conversion efficiency of
7.1% from self-doping, which resulted from the LSPR effect of
he Cu2-x S NCs [ 125 ]. 

ince the LSPR effect only occurs when the surface plasmons
re restricted within a small volume, only NPs with a small
xploration, 2026
size that is comparable in size to the wavelength of the incident
light can take advantage of the interaction between the solar
light and the reaction substrates to improve the photocatalytic
performance. The most widely and frequently used NPs are Au
NPs and Ag NPs, which can absorb and scatter light throughout
the visible and NIR regions (i.e., Ag NPs with the LSPR can
absorb the light with a wavelength ranging from 300 to 1200 nm)
[ 126 ]. Although Ag NPs exhibit an outstanding light absorption
ability, stability is still a challenging issue because Ag NPs are
susceptible to oxidation, leading to degradation of the plasmonic
properties. An alternative solution is to use gold (Au) NPs,
which exhibit excellent stability due to their chemically inert and
oxidation-free features. For example, Au NPs supported on two-
dimensional TiO2 nanoflakes show impressive photocatalytic
performance for bio-derived glycerol photothermal reforming
hydrogen production [ 127 ]. The 2D Au/TiO2 nanoflake photother-
mal catalyst was fabricated by a hydrothermal and deposition
precipitation method. A series of optical characterizations and
kinetic calculations found that the introduction of Au NPs has a
negligible effect on the bandgap of TiO2 , and has a remarkable
improvement for the transfer of photogenerated carriers. The
loading of Au NPs constructs a Schottky barrier between the
semiconductor surface and solution, which effectively inhibits
the recombination of the photogenerated electron–hole pairs
under ultraviolet light. 

As shown in Figure 5A , the spectral absorption wavelength of
TiO2 is less than 400 nm, while 2D Au/TiO2 nanoflake exhibits
an additional peak between 500 and 650 nm, which can be
attributed to the LSPR effect caused by Au NPs. This extended
light absorption contributes to the increase in temperature. Under
the radiation of an Xe lamp without a filter, the temperature of
2D Au/TiO2 nanoflake increases from 23.8◦C to 48.1◦C within 80
min, resulting in enhanced photocatalytic kinetics and reduced
interfacial resistance (Figure 5B ). The photocatalytic reforming
performance of the 2D Au/TiO2 nanoflakes with and without
photothermal effect is shown in Figure 5C . It can be observed
that the hydrogen yield with the photothermal effect (8.2 mmol.
G− 1 ) is obviously higher than its counterpart without the pho-
tothermal effect (5.2 mmol. G− 1 ) after reaction for 3 h. Under
11 of 37
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FIGURE 5 (A) UV–Vis plot of TiO2 nanoflakes (T-NFs) and Au decorated TiO2 nanoflakes (AT-NFs). (B) Temperature curves of AT-NFs and 
ambient temperature within 150 min. (C) Photocatalytic performance of glycerol reforming in 10 vol% glycerol and pure water during 3 h irradiation. (D) 
Schematic mechanism of glycerol photothermal reforming and carrier migration route during irradiation [ 127 ]. Copyright 2022, Elsevier. TEM images 
of (E) pristine Al nanocrystals (Al NCs) and (F) Cu2 O wrapped Al NCs. Scale bars in (E) and (F) are 50 nm. (G) HRTEM image of Al/Al2 O3 /Cu2 O 

nanostructure. Scale bar in (G) is 5 nm. (H) Comparison of steady-state temperature curves for oxide-supported plasmonic nanoparticles and pure oxide 
with and without irradiation. (I) Schematic band structure of Al@Cu2 O for plasmon-mediated carrier generation for injection into the unoccupied 
state of CO2 for C–O bond activation. (J) Schematic illustration of plasmon-induced carrier-driven reverse water-gas shift (rWGS) on Al@Cu2 O [ 129 ]. 
Copyright 2017, Nature Publishing Group. 
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he whole process of glycerol photothermal reforming hydrogen
roduction, as shown in Figure 5D , Au NPs play a crucial role
n converting H+ to hydrogen. The formed Schottky barrier is
avorable for the transfer of photogenerated electrons from the
B to Au NPs, in which H+ ions are reduced to hydrogen.
2 of 37
In addition, hot carriers caused by the LSPR effect efficiently
facilitate each reaction pathway, including vital conversion from
long-chain intermediates (such as glyceraldehyde) to short-chain
intermediates (such as methanol, acetaldehyde, and carboxylic
acid) [ 127 ]. 
Exploration, 2026
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urrently, earth-abundant metals, including Al and Cu, have
hown the potential to replace Au and Ag as photothermal
atalysts because of their LSPR performances comparable to those
f Au and Ag while having a lower cost. Al nanostructures exhibit
n excellent light-to-heat conversion efficiency in the UV–Vis
egion due to the strong plasmonic effect [ 128 ]. Although Al
s highly susceptible to being oxidized, the passivation layer of
luminum oxide formed can effectively inhibit the failure of the
SPR effect. An embedded aluminum in cuprous oxide antenna-
eactor heterostructures (Al@Cu2 O) for the reverse water-gas
hift (rWGS) reaction under milder illumination was reported.
he geometry of the Al@Cu2 O antenna reactor takes advantage
f the LSPR effect of aluminum to provide energetic hot carriers.
igure 5E–G clearly shows the TEM images of the Al NPs
ith and without a Cu2 O shell around the Al core. Under the
llumination of visible light with a light intensity of 10 W cm− 2 ,
he surface temperature on the γ-Al2 O3 catalyst is lower than
0◦C (Figure 5H ). After decorating some plasmonic NPss into
he pure oxide support, the average surface temperature increases
o 150◦C, which is 2.5 times higher than that of the pure γ-
l2 O3 . Consequently, the outstanding photothermal performance
an be attributed to the photothermal energy from electron–
lectron scattering in the hot-carrier decay pathway. Compared
o conventional photothermal materials, such as Ag NPs and Au
Ps, Al has a higher Fermi level and a suitable band alignment
o that plasmon-induced hot electrons can transfer from Al to
he Cu2 O layer (Figure 5I ) with a non-competing direct excitation
athway (interband transitions) at higher photon energies. It is
ital for driving difficult chemical reactions (i.e., carbon dioxide
eduction and artificial nitrogen fixation reactions), in which
ntibonding orbitals of these molecules are only accessible by
ighly energetic carriers [ 129 ]. 

he most difficult step in plasmon-induced carrier-assisted rWGS
s CO2 activation, which can be attributed to the difficult electron
njection into CO2 caused by the negative electron affinity ( − 0.6
V ± 0.2 per CO2 molecule in gas-phase). The introduction of Cu2 O
s in favor of the charge redistribution, thereby enhancing carrier
ransfer from the metal surface to the absorbed CO2 , and reducing
he energy barrier for transient electron transfer to unoccupied
tates of the adsorbed CO2 (Figure 5J ) [ 129 ]. Recently, plasmon hot
arriers induced by LSPR effects have been confirmed to be favor-
ble for photocatalytic reactions, especially for CO2 reduction.
 plasmonic nanohybrid system comprising NiO/Au/ReI ( phen-
H2 )(CO)3 Cl ( phen-NH2 = 1,10-phenanthrolin-5-amine) was
esigned to reduce CO2 . The molecular catalyst (ReI ( phen-
H2 )(CO)3 Cl) on the plasmonic Au surface effectively facilitates
he selective extraction of hole electrons and catalytic perfor-
ance. Mechanism research reveals a sequential reduction of the
henium complex with two protonations between these reduction
teps [ 130 ]. 

.1.2 Transition Metals for Thermal-Assisted 
hotocatalysis 

ost of the photocatalytic semiconductors can only respond
o UV light due to the wide bandgap, while the visible-NIR
egion, which accounts for the majority of the solar spectrum,
s not fully utilized. Loading transition metal materials with a
trong photothermal effect on semiconductors can effectively
xploration, 2026
expand the utilization of the solar spectrum from UV light to
NIR light. Owing to the extended light absorption, photoinduced
non-radiative relaxation of the charge carriers upon irradiation
of solar light can convert the light energy into thermal energy,
thus increasing the surface temperature of the photocatalysts.
In addition, suitable band alignments between transition met-
als and semiconductors can facilitate charge separation and
transportation. For example, graphitic carbon nitride (g-C3 N4 ),
a promising non-metallic organic photocatalyst, has attracted
extensive attention due to its unique electronic structure and light
absorption capacity in the visible region [ 99, 131 ]. However, rapid
charge recombination and inadequate visible light absorption
limit its applications. 

MnO2 , a narrow band gap transition metal oxide, has been proven
to be an excellent photothermal material. Rong and coworkers
grew α-MnO2 nanowires on the surface of 2D g-C3 N4 nanosheets,
forming a Z-scheme heterojunction. The as-synthesized α-
MnO2 /g-C3 N4 composites have a higher photocatalytic efficiency
for degrading formaldehyde (HCHO) at room temperature com-
pared to their counterpart (pure g-C3 N4 ). Schematic mechanism
of the HCHO degradation (Figure 6A ) clearly reveals that the
photogenerated holes in g-C3 N4 were not able to generate ⋅OH,
and the photogenerated electrons in α-MnO2 cannot effectively
produce ⋅O2 

− radicals due to the thermodynamic restriction.
When combining α-MnO2 with g-C3 N4 to construct a Z-scheme
heterojunction [ 132–135 ], the enhanced thermal energy caused
by the photothermal effect enables an obvious ⋅OH signal on g-
C3 N4 , and ⋅O2 

− signal on α-MnO2 in the electron paramagnetic
resonance (EPR) spectra (Figure 6B,C ), achieving a complete
conversion of HCHO under solar illumination with an intensity
of 191 mW/cm2 . Consequently, the thermal energy generated from
light radiation can accelerate the migration of the photogenerated
electrons and restrict the recombination of the photogenerated
electron–hole pairs. On the other hand, the photothermal effect
can decrease the activation energy of lattice oxygen, resulting in
the generation of more surface-active oxygen species [ 136 ]. 

Recently, the minority carrier hopping mechanism occurring in
some semiconductors (i.e., BiVO4 [ 137 ], TiO2 [ 138 ], and α-Fe2 O3 
[ 139 ]) has been proven to be activated at an elevated temperature.
The introduction of transition metal oxides as a photothermal
conversion material is a promising strategy to make full use
of the activated minority carrier hopping mechanism, thereby
effectively improving interfacial charge transfer and chemi-
cal reaction kinetics simultaneously. The judiciously designed
NiOOH/FeOOH/Co3 O4 /BiVO4 photoanode, in which the Co3 O4 
is a photothermal layer inserted between BiVO4 and the surface
co-catalyst (NiOOH/FeOOH) [ 140 ], exhibits an outstanding pho-
tocatalytic performance with a photocurrent density of 6.34 mA
cm− 2 at 1.23 VRHE . Time-dependent temperature curves of Co3 O4 
and the electrolyte solution in Figure 6D indicate that Co3 O4 has
an excellent photothermal effect, in which the temperature of the
Co3 O4 layer increases from 23 to 60◦C within 60 s. After loading
the Co3 O4 layer on BiVO4 photoanodes, the Co3 O4 /BiVO4 also
exhibits a remarkable photothermal effect in comparison to pure
BiVO4 photoanodes (Figure 6E ). Another noteworthy point is the
influence of the photothermal effect on the release of formed
oxygen bubbles, which is an important process in the water
oxidation reaction. In the case of NiOOH/FeOOH/Co3 O4 /BiVO4 ,
the photoanodes with photothermal effects have a smaller bubble
13 of 37
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FIGURE 6 (A) Band alignment and reaction mechanisms of α-MnO2 /g-C3 N4 for the degradation of HCHO under solar-light irradiation; 
DMPO spin-trapping EPR signals of (B) ⋅O2 

– and (C) ⋅OH over g-C3 N4 , α-MnO2, and α-MnO2 /g-C3 N4 composite [ 136] . Copyright 2023, Elsevier. 
(D) Time-dependent temperature curves of pure Co3 O4 and electrolyte. (E) Time-dependent temperature curves of BiVO4 , Co3 O4 /BiVO4 , and 
NiOOH/FeOOH/Co3 O4 /BiVO4 photoanodes under AM 1.5 G illumination with or without constant NIR light irradiation. (F) Digital images of the 
NiOOH/FeOOH/Co3 O4 /BiVO4 composite photoanode and corresponding size distribution of generated oxygen bubbles: (F) without NIR irradiation, 
and (G) with NIR irradiation [ 141 ]. Copyright 2021, Wiley. (H and I) Mechanism of the improved PEC performance of the NiCo2 O4 /BVO photoelectrode 
through the photothermal effect [ 142 ]. Copyright 2021, American Chemical Society. (J) Ultraviolet–visible diffuse reflection spectra (UV–Vis DRS) of 
carbonized wood-protonated g-C3 N4 (CW-HCN) and pure HCN; (K) Schematic diagram of the combined photothermal–photocatalytic water steam 

evaporator to produce hydrogen [ 145 ]. Copyright 2023, Elsevier. 
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dhesion and radius under the irradiation of an NIR light,
hich is favorable for the removal of bubbles (Figure 6F,G ) [ 141 ].
xcept for Co3 O4 , NiCo2 O4, as a spinel-type metal oxide, can also
ignificantly improve water oxidation activity when photoanodes
re irradiated by NIR light (Figure 6H ). The mechanism for the
ignificantly improved PEC performance due to the photothermal
ffect is illustrated in Figure 6I . Under the elevated temperature,
he photogenerated electrons and holes can be quickly transferred
rom the BiVO4 bulk to NiCo2 O4 , effectively restricting the
ecombination of the photogenerated carriers [ 142 ]. 

.1.3 Carbon-Based Materials for Thermal-Assisted 
hotocatalysis 

arbon-based materials, including graphite, carbon nanotubes,
nd graphene, are common photothermal materials with a wider
pectral absorption range and higher photothermal conversion
fficiency compared to transition metal materials. Conjugated π-
onds in carbon-based materials can significantly enable efficient
harge transport due to the improved mobility of delocalized π-
lectrons under an evaluated temperature [ 143 ]. A widely and
requently used carbon-based material is g-C3 N4 , which can
ignificantly convert photon energy to thermal energy. Since the
istinctive thermal vibration mechanism of the carbon-based
aterial, photogenerated electrons that are excited to a high
evel will return to the ground state by a non-radiative relaxation
nd release thermal energy [ 144 ]. Furthermore, the localized
emperature increases due to its low thermal conductivity, leading
o improved chemical reaction kinetics. For instance, spherical g-
3 N4 (HCN) was successfully grown on a carbonized wood (CW)
y a one-step hydrothermal method. The CW-HCN system was
ble to facilitate the conversion of water to steam production due
o the extended light absorption capability. CW, as an excellent
olar steam evaporator, can broaden the absorption wavelength
f the solar spectrum. As shown in Figure 6J , ultraviolet–visible
iffuse reflection spectra (UV–Vis DRS) clearly exhibit that the
W-HCN evaporator has an absorption wavelength of the solar
pectrum from visible to near-IR regions. When the CW is
rradiated by the solar light, transformed thermal energy by
he photothermal effect can generate water steam, which is
ransferred to the surface g-C3 N4 photocatalysts to participate
n hydrogen production (Figure 6K ). This combination of pho-
othermal evaporator and photothermal-assisted photocatalysts
fficiently utilizes IR light to drive water oxidation and achieve
ydrogen production from seawater [ 145 ]. 

nother carbon-based material used in photothermal-assisted
hotocatalysis is reduced graphene oxide (RGO), a semiconduc-
or material that can absorb the full-spectrum solar light. Owing
o an outstanding light absorption ability and catalytic activity,
t can be applied to participate in CO2 reduction to produce high-
alue fuels, such as hydrocarbons, aldehydes, and alcohols. Shang
nd coworkers designed an RGO/protonated g- C3 N4 (H- CN)
hotocatalyst with a two-dimensional S-scheme heterostructure.
pon a 5-h visible irradiation, RGO/H-CN exhibits outstanding
hermal-assisted photocatalytic reduction performance with the
roduct yields of CO and CH4 being 10.21 and 5.56 µmol/g,
espectively. In conclusion, the improved CO2 reduction per-
ormance can be ascribed to the photothermal effect of RGO,
hich not only promotes the separation of photogenerated
xploration, 2026
electron–hole pairs but also accelerates molecular motion and
enhances the adsorption/activation of CO2 [ 146 ]. The stability of
photocatalysts during high-temperature photothermal conditions
remains challenging. CuFe2 O4 @C/Cd0.9 Zn0.1 S (CFO@C/CZS) S-
scheme photocatalysts showed an excellent photothermal effect
upon irradiation of visible light, by which the temperature of
the optimized CFO@C/CZS photocatalyst increased from room
temperature to a high temperature (41.6 C). After 16 h cycle
experiment, its hydrogen evolution efficiency remained stable.
Morphological and structural characterization illustrated that the
optimized CFO@C/CZS photocatalysts exhibited an unchanged
crystal structure and elemental composition under a high-
temperature condition induced by the photothermal effect [ 147 ]. 

4.2 Electrical Energy 

Driving redox reactions using photocatalytic semiconductor
materials can be divided into a series of steps with various
timescales. Electrons in the filled VB are excited to the empty CB
and leave the same amount of holes in the VB with a timescale
of ps-ns. Then, photogenerated charges strongly interact with
the lattice to form polaron states, which is sometimes denoted
as a self-trapping process. Finally, the trapped photogenerated
charges are extracted to the semiconductor surface, where the
water redox reactions occur. As shown in Figure 7A , the photoin-
duced electrons and holes in an excited state need at least half
of the energy to achieve the whole charge separation process. At
the same time, there are multiple charge recombination pathways
resulting in the loss of charges under the excited state (decay
to ground state) over broad timescales (from ps to s), including
both bulk and surface recombination. The kinetic competition
between charge generation and recombination has been con-
sidered as the biggest challenge for developing highly efficient
semiconductor materials and the photocatalytic water splitting
system. Owing to the built-in electric field of semiconductor elec-
trodes that can efficiently separate the photogenerated electron–
hole pairs and inhibit surface recombination, the PEC system
was introduced to photocatalytic water splitting and exhibited
a high STH efficiency compared to conventional powder-based
photocatalytic systems [ 45 ]. 

In this section, we will illustrate the structures of a built-in electric
field in metal oxide photoelectrodes, demonstrating mechanisms
of separating electron–hole pairs at the photoelectrode surface
by the interfacial SCL. In addition, some regulatory methods
that can strengthen the electric field, including increasing the
external bias, loading a charge-extracted layer, and designing
surface co-catalysts, are also involved. 

4.2.1 External Applied Bias 

When semiconductor electrodes (solid phase) contact with
electrolyte (liquid phase), the Fermi level of a semiconductor
surface ( EF ) equals the water redox potential ( Eredox ) if the
semiconductor-electrolyte interface achieves equilibration by the
flow of electrons and holes. The loss of carriers at the semi-
conductor surface results in the formation of the SCL, a region
that can generate the band bending [ 148 ]. At the electrolyte side,
a double electric layer similar to a metal electrode is created
15 of 37
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FIGURE 7 (A) Schematic illustration of energy loss associated with the carrier lifetime for a photocatalysis process. Schematic diagrams of the 
band position change with the variation of electrode potentials. (B) The electrode potential shifts positively. (C) initial electrode potential. (D) The 
electrode potential shifts negatively. 
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ue to the electrostatic effect, consisting of the Helmholtz layer
nd the Gouy–Chapman layer. The band bending at SCL creates
 built-in electric field that usually promotes the separation
f photogenerated electron–hole pairs. An n-type photoanode
as a Fermi level ( EF ) that is close to the CB and higher
han the Eredox , which makes the electrons transfer from the
emiconductor to the electrolyte and leave positive charges at
he SCL region. Owing to the electrostatic effect, large amounts
f anions with negative charges accumulate on the electrolyte
ide of the semiconductor/electrolyte interface. Therefore, a built-
n electric field across the SCL and semiconductor/electrolyte
nterface with a direction to the electrolyte is formed. Typically,
he built-in electric field has a potential difference over 105 V cm− 1

nd carrier mobility between 10–1000 cm2 V− 1 s− 1 , leading to an
xcellent charge separation ability compared to the particle-based
hotocatalysis system [ 149 ]. 

he SCL thickness and the degree of band bending play a vital
ole in promoting the photogenerated charge separation at a
hotoelectrode surface. The thicker the SCL, the greater the
lectric field strength in the built-in electric field created by
he SCL. Regulating externally applied bias has been considered
 simple and effective method to change the SCL thickness
nd the degree of band bending. Applying a positive potential
n a photoelectrode corresponds to extracting electrons from a
hotoelectrode surface (anodic polarization). On the contrary,
pplying a negative potential on a photoelectrode is equal to
6 of 37
injecting electrons into the photoelectrode surface (cathodic
polarization). The extraction and injection of carriers causes
the change of the Fermi level and band bending in the SCL
region. 

Figure 7B–D qualitatively exhibits the effects of externally applied
potentials on the band bending and SCL thickness for an n-
type photoanode. The change in electrode potentials for an
ideal non-degenerate semiconductor electrode usually causes
the variation of the Fermi level in the SCL, and the Fermi
level in the semiconductor bulk remains unchanged because the
SCL can bear almost all of the external potentials. Once the
external potential is negatively shifted due to the injection of
photogenerated electrons, the Fermi level in the SCL increases to
a high level, leading to a decreased degree of band bending and
a shortened SCL thickness (Figure 7D ). It is unfavorable for the
separation of electron–hole pairs at the photoelectrode surface
because the shortened SCL thickness weakens the built-in electric
field intensity. Conversely, the positive shift of external applied
bias by extracting electrons from the SCL generally increases the
degree of band bending and the SCL thickness, which results
in greater built-in electric field strength (Figure 7B ), where the
photogenerated electron–hole pairs can be easily separated at
the photoelectrode surface. Additionally, an enhanced electric
field provides enough driving force for extracting holes from the
electrode surface to the double electric layer in which the water
Exploration, 2026
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.2.2 Charge-Extraction Layers 

he kinetic process mismatch, such as the charge excitation (ps-
s), charge extraction (ns-ms), and surface chemical reaction
ms-s), requires an overpotential that can generate a sufficiently
arge built-in electric field to drive the separation of electron–hole
airs at the SCL and restrain the charge recombination [ 150 ]. To
ecrease the energy loss due to a large overpotential on a photo-
lectrode system, the charge-extraction layer (or charge-transfer
ayer) and co-catalyst layer were designed on the photoelectrodes
o enhance the ability of the spatial charge separation [ 151 ], rather
han relying on direct semiconductor-liquid junctions separating
he photogenerated charges. For photoanodes participating in the
xygen evolution reaction (OER), the kinetics of hole transfer
nd separation largely affect the PEC performance [ 152, 153 ].
o improve the photogenerated hole kinetics at the electrode
urfaces, the hole transfer layer (HTL), such as Co3 O4 , ZnWO4 ,
uantum dots, and black phosphorene, was loaded on photoan-
des [ 154 ]. The basic function of HTL is to provide a great hole
ransfer pathway between the light-absorbing semiconductor
ayer and the cocatalyst layer, which is favorable for inhibiting the
harge accumulation and balancing carrier transport across dif-
erent layers. To effectively extract photogenerated holes from the
emiconductor layer, previous research has demonstrated that the
osition of the HOMO of an HTL is related to the hole transport
ate. The proximity of the HOMO energy level of an HTL to that of
he semiconductor layer can significantly enhance the interfacial
ole transfer rate [ 155 ]. For example, vertically well-aligned zinc
xide (ZnO) nanorods have been used as photoanodes due to
heir excellent electron transport properties and high specific
urface area. However, the serious charge recombination and
luggish OER kinetics restricted their further applications. Bi
t al. developed a facile epitaxial growth method to load ZnWO4
anoplates on the (002) facet of a ZnO photoanode, minimizing
he energy barrier for transferring holes from the semiconductor
ulk to the surface. As shown in Figure 8A , the ZnWO4 (200) as
n HTL was stacked parallel to ZnO (101). More importantly, the
nterface lattice mismatch of ZnWO4 /ZnO was less than 4.45%
ue to the applied epitaxial growth strategy. The mechanism for
nhancing the photoconversion efficiency has been presented in
igure 8B . The matched energy bands between the ZnWO4 and
nO effectively facilitate the hole transfer from ZnO to ZnWO4 .
hen, the stored photogenerated holes in ZnWO4 (HTL) could
e quickly extracted to the surface cocatalysts for highly efficient
EC water oxidation [ 156 ]. 

t is worth noting that the HTL is usually a p-type semiconductor
hat can construct a p-n junction between a photoelectrode and
n HTL. For example, black phosphate (BP), a 2D material with a
hickness of 2–20 nm, exhibits p-type semiconductor properties
nd a mobility of about 1000 cm2 V− 1 s− 1 . Due to the special
aterial properties of 2D BP, the exfoliated BP nanosheets with
00 nm thickness as an HTL were loaded on BiVO4 photoanodes
o enhance the ability of hole extraction. Firstly, the intimate
ontact between the BP nanosheets and the BiVO4 substrate
orms a strong built-in field from p-n junctions. Figure 8C clearly
isplays the VB-X-ray photoelectron spectroscopy (XPS) of BiVO4
nd BP/BiVO4 heterointerface. It is obvious that the loaded BP
anosheets profoundly affect the VB electronic structure of BiVO4
hrough the overlap of the O 2p and P 2p orbitals. In addition,
harge transfer that occurs between the O atoms and V atoms
xploration, 2026
at the built-in electric field (p/n junction) might contribute to
the upward bending of the VB, because the O 2p and V 3d
orbitals consist of the VB of BiVO4 . As shown in Figure 8D , the
band alignment of BiVO4 and BP illustrates the built-in potential
and possible band offsets of the BP/BiVO4 heterojunction. This
matched band structure can effectively facilitate the electron
transport from the CB to the counter electrode and the hole
transport from the VB to the photoanode surface [ 157 ]. 

Evaluating the capability of the hole storage was also an
issue that needed to be solved in the past. At present, tran-
sient cathodic current curves under light-off conditions have
been applied to characterize stored holes at the HTL. Our
group compared the delay of the cathodic photocurrent curves
between NiOOH/BiVO4 and NiOOH/Co3 O4 /BiVO4 , in which
Co3 O4 NPs are the HTL and NiOOH is the surface co-catalyst.
The NiOOH/Co3 O4 /BiVO4 exhibits a higher transient cathodic
current density in comparison to NiOOH/BiVO4 , which can
be attributed to the stronger built-in electric field (Figure 8E ).
The photocurrent drop from the transient state to the steady
state implies the storage ability of photogenerated holes. In
comparison, the NiOOH/Co3 O4 /BiVO4 photoanode has more
photogenerated holes than its NiOOH/BiVO4 counterpart, fur-
ther illustrating that the separated holes migrated from the BiVO4 
bulk are not involved in water oxidation, but are stored in the HTL
to improve the hole extraction [ 158 ]. 

4.2.3 Co-Catalyst Layers 

Except for the charge-extraction layer that can form an interfa-
cial electric field to promote the separation of photogenerated
electron–hole pairs, the co-catalyst layer could also provide a
stronger driving force to separate charges and suppress charge
recombination. Additionally, the co-catalyst layer, including
metal oxides, metal phosphides, and nonmetallic compounds
[ 159–161 ], not only suppresses surface recombination but also
enhances the water oxidation activity and water oxidation sta-
bility. Our group designed a variety of co-catalysts decorated
on photoanodes to improve charge transfer and extraction. A
new type of low-cost iron-cobalt oxide (FeCoOx ) was rationally
designed and deposited on BiVO4 . The prepared FeCoOx /BiVO4 
exhibits an excellent charge separation efficiency of over 90% with
a stability of 10 h, implying an outstanding PEC performance.
Figure 8F illustrates the free energy diagram of the CoOx and
FeCoOx-1 through DFT calculations. The Gibbs free energy barrier
of the rate-determining step for FeOx-1 is lower than its CoOx 
counterpart. The calculated results reveal that the incorporation
of Fe atoms into CoOx generates abundant oxygen vacancies and
constructs a p-n heterojunction promoting the charge transport
and extraction [ 162 ]. It can be observed that the photoanodes with
enough oxygen vacancies display an excellent charge separation
efficiency, but the stability of the photoanodes remains a serious
issue. 

Recently, our group proposed a new heteroatom filling strategy,
where the nitrogen atoms were introduced into the MnCoOx 
co-catalyst with enriched oxygen vacancies. The optimized N-
filled MnCo2 Ox /BiVO4 photoanode demonstrates a photocurrent
density of 6.5 mA ⋅cm− 2 at 1.23 VRHE under AM 1.5 G illumination,
17 of 37
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FIGURE 8 (A) Schematic illustration of the crystal structure of ZnO and ZnWO4 . (B) Schematic diagram of the charge transport and surface 
chemical reaction for ZnO/ZnWO4 /NiOOH [ 156 ]. Copyright 2019, Royal Society Chemistry. (C) VB XPS of BiVO4 and BP/BiVO4 photoanodes. (D) 
Energy diagram of BP/BiVO4 heterojunction [ 157 ]. Copyright 2019, Nature Publishing Group. (E) Delay of the cathodic photocurrent curves measured at 
0.4 V vs RHE [ 158 ]. Copyright 2023, American Chemical Society. (F) Gibbs free energy diagram of the CoOx and FeCoOx-1 [ 162 ]. Copyright 2018, Wiley. 
(G) Schematic diagram of charge density difference by comparing MnCoOx /BVO and N: MnCoOx /BVO, where blue regions represent the depletion of 
electrons, and yellow regions represent the accumulation of electrons. (H) Energy diagram of MnCoOx /BVO and N: MnCoOx /BVO [ 163 ]. Copyright 2023, 
Springer. (I) LSV curves of VOx /BiVO4 and BiVO4 . Gibbs free energy diagrams of (J) VOx /BiVO4 and (K) V2 O5 /BiVO4 [ 164 ]. Copyright 2023, Wiley. (L) 
Schematic of charge density difference of BiVO4 /NiFeOx (above image) and BiVO4 /N:NiFeOx (below image) [ 165 ]. Copyright 2021, Nature Publishing 
Group. 
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nd an excellent stability of over 150 h. A schematic diagram of
harge density difference clearly illustrates the effect of N atoms
illing on the surface electron structure (Figure 8G ). The electron
ensities around the N atoms have a significant enhancement
yellow region) due to the electron transfer from the Mn atoms to
he N atoms, which effectively boosts the capability of hole extrac-
ion and transfer. Further DFT calculations (Figure 8H ) indicate
hat the barrier energy of MnCo2 Ox is obviously higher than
he N atoms filling MnCo2 Ox , implying that the incorporation
f N atoms into MnCo2 Ox efficiently improves water oxidation
inetics of the MnCo2 Ox /BiVO4 photoanode [ 163 ]. 

on-noble metal oxides as co-catalyst layers to be deposited on
hotoelectrodes typically include iron (Fe), cobalt (Co), nickel
Ni), and manganese (Mn). However, the crystal structure of these
etal materials could not perfectly match the crystal structure of
emiconductors. To address this issue, our group designed a new
ype of heterojunction, VOx /BiVO4 , which exhibited a favorable
8 of 37
interface charge transfer and surface water oxidation activity. As
shown in Figure 8I , the optimized VOx /BiVO4 demonstrates a
photocurrent density of 6.29 mA ⋅cm− 2 at 1.23 VRHE under AM 1.5
G illumination, corresponding to 385% as high as that of its pris-
tine counterpart. The outstanding water oxidation kinetics can be
attributed to the oxygen vacancies in VOx , which provide enough
undercoordinated sites to strengthen the adsorption of water
molecules on the active sites. The Gibbs free energy diagrams
of V2 O5 /BiVO4 and VOx /BiVO4 clearly prove this viewpoint. In
Figure 8J,K , the energy barrier value of the rate-determining step
in VOx /BiVO4 (2.95 eV) is higher than that of its VOx /BiVO4 
counterpart, indicating a lower energy that drives water oxidation
for the VOx /BiVO4 photoanode [ 164 ]. 

Strengthening the surface charge separation and charge transfer
by forming a built-in electric field has been considered an
effective method. However, the relationship between micro-
scopic structures and the capability of charge extraction remains
Exploration, 2026
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nclear. Bi and co-workers systematically investigated the effects
f low electronegative N atoms on the surface chemical states
nd electronic structures of BiVO4 /NiFeOx through XPS and DFT
alculations. Figure 8L represents the charge density difference
f BiVO4 /NiFeOx (above image) and BiVO4 /N:NiFeOx (below
mage), in which great amounts of electrons are enriched around
he Fe sites and Ni sites due to the incorporation of N atoms into
iFeOx . Detailed analysis reveals that the V sites of BiVO4 receive
he electrons from Ni sites for suppressing the dissolution of V5 + ,
hile electron-rich Fe sites effectively enhance the separation
f the photogenerated electron–hole pairs by improving the
ole-extraction ability [ 165 ]. 

.3 Magnetic Energy 

nder the irradiation of solar light, the electrons in the VB are
xcited toward the CB. Then, the electrons in CB and the left
oles in VB serve as reducers and oxidizers to participate in the
eduction and oxidation reactions, respectively. However, lacking
nough driving force to separate the photogenerated electron–
ole pairs limits further applications of photocatalysis [ 166 ]. To
ncrease the efficiency of carrier separation and transfer, an
xternal magnetic field as an additional driving force is intro-
uced into a photocatalytic system, thus effectively inhibiting the
ecombination of carriers and improving photocatalytic activities
 102 ]. Here, we will introduce three mechanisms that explain
mproved photocatalytic performance caused by a magnetic field:
1) MR effect; (2) Lorentz force; and (3) spin polarization effect. 

irstly, MR, a phenomenon causing resistance to increase or
ecrease while conductors or semiconductors are placed in a
agnetic field, can be categorized as positive and negative. When
he MR is negative, a fast charge transfer in photocatalysts can
e obtained due to the decreased resistance of semiconduc-
or materials, leading to enhanced photocatalytic activity. The
icroscopic principle of MR can be explained through some
heories, such as the Kondo effect, spin glasses, and the Weyl
ffect [ 167, 168 ]. For example, disordered Mn-doped Mnx VAl3
xhibited a logarithmic increase of electrical resistivity, magnetic
usceptibility, and specific heat divided by temperature at low
emperature (40 K), which can be called the Kondo effect
 169 ]. Although these theories mentioned above have been well
eveloped, the practical applications based on the negative MR
ffect are rarely reported due to the lack of MR materials. Hence,
he negative MR effect is a promising mechanism waiting for
urther development. It is believed that once some photocatalysts
ith a high solar-to-energy conversion efficiency have a MR
ffect by regulating crystal structures and electronic structure, the
hotocatalytic performance of these common photocatalysts can
e further enhanced. 

he second mechanism is the Lorentz force. It is well known that
ifferent charged molecules (positively or negatively charged)
n an external field usually have opposite movement directions.
his spatial separation of different charged molecules is favorable
or some photocatalytic reactions, in which the agglomeration of
olecules and recombination of charges can be inhibited due to
ifferent migration directions. A formula is given to calculate the
orentz force and its direction when a charged particle moves in
xploration, 2026
an external magnetic field [ 170, 171 ]. 

𝐹Lorentz = 𝑞
→
𝑣 ×

→

𝐵 (5)

where q is the charge of particles, v is the velocity, and B is the
external magnetic field intensity. Since photogenerated electrons
and holes possess opposite, the Lorentz forces acting on them
are oriented in opposite directions, thereby promoting spatial
electron-hole separation. On the other side, the Lorentz force can
also produce an internal electric field and speed up ion transfer
in solution. Specifically, the holes and electrons enforced by
reverse Lorentz force are intensely packed, respectively, thereby
forming an interfacial built-in electric field with opposite charges,
which further separates holes and electrons through electrostatic
force. Through X-ray absorption spectroscopy and DFT calcula-
tions, Chen and coworkers revealed that Lorentz force induced
by defective structures can regulate electronic and magnetic
properties of semiconductor materials, thereby suppressing the
recombination of photogenerated carriers [ 172 ]. 

The third mechanism is spin polarization. It is well known that
electron migration is a vital process in photocatalysis, and spin
is one of the intrinsic features of electron itself [ 173 ]. Generally,
electron spin can be categorized into two types, which are “spin
up” and “spin down”, respectively. Since the electron spin can be
controlled and regulated by an external magnetic field, we can use
a magnetic field to directly manipulate the photocatalysis process.
When electrons in a particle are aligned in a particular direction,
rather than being random or balanced between the “up” and
“down” spin states, this degree of directional arrangement is
denoted as spin polarization. To quantify the degree of spin
polarization, we use the formula ISpin polarization = ( nup − ndown )/( nup 
+ ndown ) to characterize the anisotropy of spin polarization, in
which nup and ndown refer to the spin-up state and spin-down state,
respectively [ 49 ]. Spin polarization can significantly affect the
photocatalysis process, especially in materials where the electron
spin influences reaction kinetics and charge transfer. 

In a photocatalysis process, electrons are excited from VB to
CB, generating photoinduced electron–hole pairs that participate
in redox reactions. The spin polarization impacts this process
in a few ways. Firstly, spin-polarized photocatalysis materials
can efficiently facilitate the separation of photoexcited electrons
and holes. Spin–orbit coupling (SOC), an interaction between
electron spin and motion (orbital angular momentum), is crucial
in many areas of physics and materials science due to its
significant effects on electronic, magnetic, and optical properties
of semiconductor materials. For a photocatalytic material with
a strong SOC, great amounts of photoexcited electrons in CB
would undergo a spin flip, which makes it impossible for electrons
to recombine with unflipped photoexcited holes in VB unless
holes also undergo the same spin flip. Improved charge separation
enhanced the lifetime of carriers, making them more available
to drive redox reactions. The second important effect is selective
reaction pathways. Certain reactions, such as water oxidation,
pollutant degradation, and CO2 reduction, require electrons and
intermediates with specific spin orientations [ 104, 174 ]. Photocat-
alysts with a strong polarization can promote specific spin states
in reaction intermediates, optimizing the reaction pathways with
a lower Gibbs free energy. 
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revious reports have shown that the application of an external
agnetic field in the field of catalysis is a promising strategy. By
egulating the direction and intensity of the external magnetic
ield, a higher photocatalytic activity and product selectivity are
chieved compared with those without an external magnetic
ield. Although excellent photocatalytic performance with the
ssistance of a magnetic field has been achieved in the past
wo decades, the understanding of how an external magnetic
ield influences photocatalysis remains vague due to the limi-
ations of the available equipment and the incompleteness of
he underlying theories. In order to gain further insight into
agnetic field-assisted photocatalysis, this section will present
xamples of the latest achievements from a physical perspective,
hich can facilitate a more comprehensive understanding of the
echanisms of external magnetic field-assisted photocatalysis. 

.3.1 Magnetoresistance Effect 

R effect is a vital mechanism in magnetic-assisted photocataly-
is. We can use the equation MR% = ( RH − R0 )/ R0 to accurately
uantify the effect of external magnetic field on MR of materials,
n which RH and R0 are the resistances with and without an
xternal magnetic field, respectively [ 97 ]. In the presence of
n external magnetic field, the semiconductor materials with
 negative MR can result in reduced resistance in a process
f charge transfer, thereby facilitating the spatial separation of
hotogenerated electron–hole pairs. Effective charge separation
akes the carriers survive for a longer time, leading to faster
hemical reaction kinetics [ 175 ]. On the other hand, charge
obility, determining how quickly and efficiently charge carriers
ravel to the surface reaction sites, can also be influenced by
he MR effect. For example, photocatalysts with positive MR
ave a smaller charge mobility in comparison to a photocatalyst
ith a negative MR. Li and coworkers successfully fabricated
n α-Fe2 O3 /reduced graphene oxide hybrid nanostructure ( α-
e2 O3 /rGO) photocatalyst through a facile hydrothermal reac-
ion. The charge transfer efficiency of α-Fe2 O3 /rGO has been
ignificantly enhanced under an external magnetic field, which
an be attributed to a negative MR effect. 

igure 9A exhibits a schematic diagram of the electromagnet-
hotocatalysis setup, where an electromagnet with a magnetic
ield ranging from 0 to 10 kOe and a quartz double-layer beaker
s the photocatalytic reactor is applied. When the external
agnetic field varies from 0 to 8 kOe, the MR% of α-Fe2 O3 /rGO
hotocatalysts exhibits an obvious negative MR effect with a
aximum value of about 9% at 8 kOe. On the contrary, there are
o obvious negative effects on pure α-Fe2 O3 , confirming that the
R effect is markedly evident in α-Fe2 O3 /rGO, instead of pure α-
e2 O3 (Figure 9B ). This negative MR effect has a positive effect on
rganic pollutant degradation. The prepared α-Fe2 O3 /rGO photo-
atalyst was applied to degrade rhodamine B dye (RhB) under an
xternal magnetic field with different intensities. In an external
agnetic field of 8 kOe, approximately 85% of RhB is degraded
ithin 40 min, which is evidently higher than its counterpart in
n external magnetic field of 0 kOe (50%). The improved degrada-
ion performance can be attributed to a fast electron transfer due
o the negative MR effect. In detail, carriers can quickly transfer
rom α-Fe2 O3 to rGO by imposing an external magnetic field. As
0 of 37
a result, more charge carriers can transfer to the active sites and
participate in photocatalytic degradation (PD) (Figure 9C ) [ 176 ]. 

A similar MR effect enhancing the photocatalytic activity was
observed in a Z-scheme ZnFe2 O4 /AgBr magnetic photocatalyst.
As a p-type semiconductor, ferromagnetic nanosized ZnFe2 O4 
has a negative MR, enabling it to be controlled by an external
magnetic field. A low VB of the surface AgBr further enhances
the photocatalytic efficiency due to an improved electron transfer.
Under a magnetic field of 1000 Oe, the photocurrent density of
ZnFe2 O4 /AgBr is 151.8 µA/cm2 , which is obviously higher than
that of ZnFe2 O4 /AgBr without an external magnetic field (75.1
µA/cm2 ). The significantly enhanced photocatalytic performance
under an external magnetic field is mainly ascribable to an
increase in the MR effect. As the intensity of a magnetic field
increases from 2 to 8 kOe, the value of the negative MR% on the
ZnFe2 O4 /AgBr composites also rises from 6% to 11% [ 177 ]. 

Although loading magnetic materials on conventional photocat-
alysts is a promising strategy to take advantage of the magnetic
energy of an external magnetic field, a variety of pure semicon-
ductor photocatalysts cannot fully utilize magnetic energy due
to the lack of the MR effect. Therefore, developing conventional
photocatalysts with an excellent MR effect is challenging and
promising. Recently, a ferromagnetic Bi2 S3 was prepared by the
introduction of a Bi vacancy in the Bi2 S3 lattice. The magnetism
properties of Bi2 S3 -VBi mainly originate from the spin polarization
of the 2p-orbital electrons in S atoms, and S atoms around
the Bi vacancies construct its magnetic moment simultaneously.
Under an external magnetic field, a negative MR effect occurs
in Bi2 S3 -VBi photocatalysts due to the tunneling of spin-polarized
electrons in the S-2p orbital. As illustrated in Figure 9D , a spin
polarization process can be observed on Bi2 S3 -VBi photocatalysts
with a gradually increased magnetic intensity, in which the
magnetic torque of atoms in different magnetic domains tends
to arrange in the same direction. As the intensity of a magnetic
field rises from 0 to 1.2 kOe, a negative MR% of Bi2 S3 -VBi reaches
around 0.5%, obviously higher than its pristine Bi2 S3 counterpart
(0.1%) (Figure 9E ). This enhanced negative MR effect contributes
to an improved interfacial charge transfer and inhibits the
recombination of photogenerated electron–hole pairs, thereby
leading to an outstanding hydrogen evolution efficiency [ 178 ]. 

4.3.2 Lorentz Force 

Due to the insufficient charge separation and poor conductivity of
photocatalysts, a recombination of photogenerated electron–hole
pairs would occur in both the bulk and surface of semiconductors,
resulting in a reduced photocatalytic efficiency. In this case, the
Lorentz force, an acting force applied to moving charges in an
external magnetic field, was widely and frequently utilized to
improve the photocatalytic performance. Two main mechanisms
explain the reason for the improved photocatalytic efficiency:
(1) suppressing recombination of photogenerated electron–hole
pairs, and (2) regulating the motion of photocatalysts and reactant
molecules. 

A Lorentz force-assisted photocatalytic setup commonly is com-
posed of three sections (Figure 9F ). A xenon lamp is the simulated
sunlight. A quartz reactor is applied as a reaction container.
Exploration, 2026
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FIGURE 9 (A) Schematic diagram of magnetic-assisted photocatalysis setup. (B) Magnetoresistance (MR) curves with various magnetic intensities 
from 0 kOe to 8 kOe for α-Fe2 O3 and α-Fe2 O3 /Rgo. (C) Schematic illustration of proposed photocatalysis mechanism in α-Fe2 O3 /rGO with an external 
magnetic field [ 176 ]. Copyright 2018, American Chemical Society. (D) Schematic diagram of electron spin state with and without a magnetic field. (E) 
Magnetoresistance (MR) curves with various magnetic intensities from 0 kOe to 12 kOe for Bi2 S3 and Bi2 S3 -VBi at room temperature [ 178 ]. Copyright 
2023, Elsevier. (F) Schematic diagram of a photocatalysis setup for producing hydrogen under an external magnetic field. (G) Schematic diagram of the 
influence of a magnetic field on the moving Au NR-CdS NP core-shell nanostructure [ 179 ]. Copyright 2020, Elsevier. (H) Two opposite Lorentz forces 
are exerted on two molecules with opposite electronegativity under an external magnetic field [ 170 ]. Copyright 2022, Elsevier. (I) Schematic illustration 
of the positive effect on norfloxacin degradation [ 181 ]. Copyright 2021, Elsevier. (J) Schematic illustration of different movement directions on NO3 

− - 
N and NH4 

+ -N ions under a permanent magnet [ 182 ]. Copyright 2018, Elsevier. (K) 3D spatial distributions of spin polarization on Ti-defected TiO2 
photocatalysts [ 103 ]. Copyright 2020, Nature Publishing Group. 

Exploration, 2026 21 of 37

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.20240195 by C

ochraneC
hina, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



U  

a  

f  

r  

a  

n  

N  

f  

d  

h  

i  

a  

d  

t  

o

S  

o  

N  

l  

b  

s  

i  

e  

t  

f  

N  

o  

(

I  

t  

p  

A  

o  

o  

A  

a  

f  

l  

T  

f  

t

G  

t  

r  

b  

p  

c  

r  

L  

t  

c  

w  

a  

d  

t  

c  

N  

M  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.20240195 by C

ochraneC
hina, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
nder the reactor, a constantly rotating magnet can provide
n external magnetic field with a variable intensity. A Lorentz
orce caused by a permanent magnet can efficiently suppress the
ecombination of electrons and holes during photocatalysis. Gao
nd coworkers designed a metal-semiconductor core-shell hybrid
anostructure, where CdS NPs were loaded on gold nanorods (Au
R). Under an external magnetic field, the highest electromotive
orce is formed in the middle of the Au NR, and gradually
ecreases for both sides (Figure 9G ), thereby constructing a
omogeneous and parallel electric field. Due to the electrostatic
nteraction, accumulated charges at the ends of Au NR can gener-
te an electric field inside the Au NR near the surface, which can
rive the charge separation in the surface-loaded CdS NPs. With
he assistance of the Lorentz force, the photocatalytic efficiency
f hydrogen production can be increased to around 110% [ 179 ]. 

imilarly, Nix Mn(0.5-x) O as a hierarchical catalyst was assembled
n magnetic nanoparticles (MNPs) to construct a core/shell
P. The moved charges in MNPs@ Nix Mn(0.5-x) O photocata-
ysts experience a Lorentz force perpendicular to the plane
etween the direction of motion and the magnetic field. As
hown in Figure 9H , photogenerated electrons and holes migrate
n opposite directions by the opposite Lorentz force, which
fficiently promotes the separation of charges in NPs. Due
o an excellent charge separation efficiency under Lorentz
orce, 98% of sulfamethoxazole was degraded in the MNPs@
ix Mn(0.5-x) O@MNPs photocatalysts within 30 min, which is
bviously higher than its counterpart without a magnetic field
65% degradation) [ 170 ]. 

t is well known that loading the electron extraction layer on
he surface of photocatalysts is a promising strategy to boost the
hotocatalytic performance of the hydrogen evolution reaction.
 challenging issue is how to attract more electrons aggregating
n the surface of the electron extraction layer. The introduction
f the Lorentz force can efficiently solve this issue. For example,
g NPs can act as electron traps to increase the charge transfer
bility of Ag@g-C3 N4 photocatalysts. Under an external magnetic
ield, more photogenerated electrons aggregate in the Ag NPs,
eading to a significantly enhanced charge separation efficiency.
he improved charge separation can be attributed to the Lorentz
orce, which makes electrons with negative charges transfer from
he CB to the surface Ag NPs [ 180 ]. 

enerally, the agglomeration of photocatalysts in aqueous solu-
ion possibly decreases the reaction performance due to a
educed number of active sites. The Lorentz force endowed
y an external magnetic field can efficiently suppress this
henomenon. For instance, the Mn3 O4 / γ-MnOOH as photo-
atalysts with negative charges and norfloxacin (NOR) as a
eaction substance with positive charges usually have opposite
orentz forces according to the Lorentz force rule. Therefore,
he movement direction of Mn3 O4 / γ-MnOOH is outward. On the
ontrary, the movement direction of NOR is inward (Figure 9I ),
hich significantly improves a uniform distribution of catalysts
nd reactant molecules [ 181 ]. Owing to an opposite movement
irection for molecules with opposite electronegativity under
he Lorentz force, some difficult chemical reactions in the past
an be achieved, including the denitrification of nitrate (NO3 

− -
) and ammonia (NH4 

+ -N) simultaneously. Under a 3D/2D
n2 O3 /g-C3 N4 photocatalytic system, a high removal efficiency
2 of 37
of 94.5% and 97.4% for NO3 
− -N and NH4 

+ -N can be obtained after
imposing a magnetic field. Lorentz force plays an important role
in enhancing the absorption ability of NO3 

− -N and NH4 
+ -N on

the surface of 3D/2D Mn2 O3 /g-C3 N4 photocatalysts. 

As illustrated in Figure 9J , negatively charged NO3 
− -N molecules

experience a repulsive force, while positively charged NH4 
+ -N

molecules experience an attractive force due to the negatively
charged 3D/2D Mn2 O3 /g-C3 N4 photocatalysts. Upon introducing
an external magnetic field in this photocatalytic system, the
Lorentz force is pointed toward or deviated from the solution
surface according to the different electronegativity of charged
molecules. Therefore, NO3 

− -N and NH4 
+ -N will migrate to

opposite directions under the influence of the Lorentz force.
Consequently, the Lorentz force makes it possible for negatively
charged NO3 

− -N and positively charged NH4 
+ -N to approach the

active sites on the Mn2 O3 /g-C3 N4 photocatalysts, leading to an
improved molecule absorption and an outstanding photocatalytic
performance for the concurrent redox denitrification [ 182 ]. 

4.3.3 Spin Polarization 

Spin polarization is an interesting physical phenomenon that is
widely utilized to control the electronic spin states associated
with photocatalytic reactions. Recent reports have shown that
photocatalytic performance can be enhanced by modulating the
electron spin states. Firstly, spin polarization can extend the
lifetime of photogenerated carriers, which is of great importance
for improving the charge transfer efficiency. Secondly, spin
polarization can lower the reaction barrier and influence reaction
pathways, thereby enhancing product selectivity for some value-
added reactions, such as CO2 reduction [ 183 ]. Spin polarization
can commonly be obtained by a magnetic field. Briefly, the
interaction of electron spin–orbit and magnetic field results in
the ordered arrangement of the electron spin, forming a magnetic
moment. Under the influence of an external magnetic field, the
orientation of electron spin is manipulated, thereby achieving
a spin polarization effect. For example, ferromagnetic ZnFe2 O4 
(ZFO) as photoanodes was applied to participate in the water
oxidation reaction. The ferromagnetic property was enhanced
by introducing cation disorder and oxygen vacancies. The opti-
mized ZFO photoanodes exhibit a higher photocurrent density in
comparison to the untreated ZFO photoanodes. The significantly
improved photocatalytic performance can be attributed to spin
polarization caused by an external permanent magnet, which
efficiently inhibits charge recombination and boosts the inter-
facial charge transfer. In detail, the spin states of photoinduced
electrons and holes are opposite to each other without the
spin polarization. Based on the theory of hyperfine interaction
and SOC, the recombination of electrons and holes can occur
simultaneously. However, with the assistance of an external
magnetic field, the same spin state of excited electrons and holes
can be obtained, resulting in an inhibited recombination of the
excited electrons and holes [ 184 ]. 

Similar to ZnFe2 O4 , the spin polarization of delafossite AgFeO2 
can be enhanced by an external magnetic field. Dong et al.
designed three different phases of AgFeO2 , including the 3R
phase, 2H phase, and 3R-2H mixed phase. Theoretical cal-
culations reveal significantly different spin polarization and
Exploration, 2026
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erromagnetic properties for different crystal phases. Prepared
gFeO2 photocatalysts with the 3R phases exhibit the largest
pin polarization intensity, which is the reason for the improved
hotocatalytic performance for hydrogen production. The spin
ensity distribution of different crystal phases clearly illustrates
hat the O atoms and Ag atoms have the same spin density
istribution, and the corresponding values are relatively small for
ifferent crystal phases. However, the spin density of the Fe atoms
as an obvious difference. Firstly, the spin intensity of Fe is greatly
igher than that around the O atoms and Ag atoms. Secondly, the
pin-up and spin-down of the Fe atoms in the 3R phase counteract
ach other, and a net magnetic moment occurs around the 3R
hase. In contrast, there is no net magnetic moment in Fe atoms
f the 2H phase, confirming that AgFeO2 with the 3R phase has
 stronger spin polarization effect. The electronic structure of
gFeO2 further demonstrates the importance of Fe atoms in the
R phase for the spin polarization effect, in which the spin-up
tate and spin-down state of the Fe-3d states occupy the VB from
 10 to − 7 eV and 1 to 5 eV, respectively [ 185 ]. 

lthough spin polarization can significantly enhance the photo-
atalytic performance in theory, few works have been reported
ecause a variety of highly efficient semiconductor photocat-
lysts are non-magnetic. To apply the spin polarization effect
n photocatalysts without the ferromagnetism property, defect
ngineering was utilized to manipulate their electron spin polar-
zation. Various concentrations of Ti vacancies were introduced
n TiO2 photocatalysts, thereby obtaining an optimized Ti0.936 O2
hotocatalyst with a spin polarization effect. The as-prepared
i0.936 O2 exhibited excellent charge separation efficiency and
urface reaction kinetics due to the high degree of spatial
pin polarization. According to the theoretical calculations for
he electronic structure of Ti-defected TiO2 , the spin-up state
f electrons in Ti-defected TiO2 is obviously lower than that
f the electron spin-down state, leading to more spin-down
hotogenerated electrons under light irradiation. As shown in
igure 9K , 3D spatial distributions of spin polarization illustrate
hat negative spatial spin polarization occupies a large volume
f the supercell, indicating little possibility of spin polarization
eversal in real space. At a magnetic field of 8000 Oe, the Rh B
egradation efficiency in Ti0.936 O2 photocatalysts was increased
y 54% in comparison to that without an external magnetic field,
hich can be attributed to the inhibition of combination between
he hydroxyl radicals with anti-parallel spin directions [ 103 ]. 

xcept for constructing metal defects in photocatalysts, doping
agnetic ions in commonly highly efficient photocatalysts can
lso endow photocatalysts with a spin polarization property. Gao
nd coworkers successfully doped magnetic Ni elements into a
dS/MoS2 heterostructure. The spin polarization effect can be
etected in both CdS and MoS2 of the CdS/MoS2 photocatalysts.
he hydrogen evolution efficiency of Ni-doped CdS/MoS2 is 2.64
imes higher than that of the undoped CdS/MoS2 photocatalysts.
urthermore, with the application of an external magnetic field,
he hydrogen evolution performance is increased to 1.47-fold that
f Ni-doped CdS/MoS2 without a magnetic field. Theoretical
alculations further reveal that the improved photocatalytic
erformance is assigned to the spin polarization caused by the Ni-
oping strategy and the parallel arrangement of the electron state,
hich facilitates the charge separation efficiency and surface
eaction kinetics [ 186 ]. 
xploration, 2026

v

4.4 Mechanical energy 

Piezocatalysis is gaining wide interest in sustainable energy
conversion [ 187 ]. It offers a novel strategy to harvest mechan-
ical energy for driving a variety of chemical reactions. When
mechanical stress and pressure are applied to piezoelectrics, a
localized electric field and surface charges can be generated on
piezoelectrics in response to the mechanical deformation. These
charges can interact with reactant molecules, thereby driving
chemical reactions. In addition, surface charges can generate
reactive species (i.e., hydroxyl radical ( ⋅OH) and peroxyl ion
( ⋅O2 

− )), promoting chemical transformations [ 188 ]. Recently, the
combination of the piezoelectric effect on photocatalysis has
shown a promising prospect. Firstly, the most important effect
of the piezoelectric effect is to promote the separation and
transfer efficiency of photogenerated electrons and holes. Owing
to mechanical deformation caused by an external strain, stress-
induced charges can generate an internal electric field, effectively
reducing the recombination of photogenerated carriers. Secondly,
the piezoelectric effect promotes the formation of ⋅OH and
⋅O2 

− , which are crucial for photocatalytic reactions, such as
pollutant degradation and water splitting reactions. Thirdly, some
piezoelectric materials can modify the local electronic structure
and band position of the photocatalyst, possibly broadening its
light absorption range [ 189 ]. 

In the following section, we will introduce some classic
single-component piezoelectric semiconductors, including
ternary metal oxides (i.e., BaTiO3 , ZnSnO3 ) and binary metal
compounds (i.e., CdS, ZnO) as photocatalysts to participate in
chemical reactions [ 190 ]. Composite photocatalysts consisting
of piezoelectric materials and semiconductors are also involved.
Moreover, different strategies introducing an external pressure,
such as high-frequency ultrasonic vibration and low-frequency
shear force, are also included. 

4.4.1 Ternary Metal Oxide 

BaTiO3 , a piezoelectric material that can generate a high piezo-
electric potential, has been utilized in the field of piezocatalysis
and piezo-photocatalysis. Many approaches can generate an
external strain on piezoelectric materials. The most common
strategy is to apply a high-frequency ultrasonic vibration, which
deforms piezoelectric materials effectively due to the extreme
acoustic pressure of ultrasonic waves and the local high pressure
by the collapse of active bubbles [ 191 ]. The effect of high-
frequency strain on surface redox reactions and band structures
is shown in Figure 10A–D . There is no piezoelectric potential
within BaTiO3 in the absence of external mechanical energy
(Figure 10A ). When a piezoelectric polarization is introduced by
external strain, the free electrons and holes are attracted into
an opposite direction due to the formed built-in electric field
(Figure 10B ), leading to a tilted CB and VB. Moreover, the larger
piezoelectric potential contributes to a fast chemical reaction of
holes and electrons with the dissolved oxygen and hydroxyl to
form radicals. However, the piezoelectric potential decreases to
zero due to the new balance between polarization charges and
screen charges when external pressure retains the maximum
(Figure 10C ). This potential equilibrium will be broken with
23 of 37
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FIGURE 10 (A–D) Principal diagrams of piezo-photocatalysis composed of band structure and surface reaction during the ultrasonic vibration: (A) 
piezoelectric potential equals 0; (B) piezoelectric potential tends to maximum; (C) piezoelectric potential equals maximum; (D) piezoelectric potential 
tends to minimum [ 192 ]. Copyright 2018, Elsevier. (E) Schematic diagram of piezo-photocatalysis in BaTiO3 nanofibers [ 193 ]. Copyright 2024, Elsevier. (F) 
Schematic mechanism of degrading organic pollutants in BaTiO3 @C [ 194 ]. Copyright 2024, Elsevier. (G) Energy band diagram of BaTiO3 /g-C3 N4 under 
light illumination. (H) Energy band diagram of BaTiO3 /g-C3 N4 under light illumination and ultrasonic vibration [ 195 ]. Copyright 2024, Elsevier. (I) Band 
alignment of NaNbO3 nanorods without piezoelectric potential. (J) Band alignment of NaNbO3 nanorods with piezoelectric potential [ 198 ]. Copyright 
2017, Elsevier. (K) Working mechanism of the HER via the synergistically piezo-photocatalytic effect of ZnSnO3 NWs with oxygen vacancies [ 196 ]. 
Copyright 2019, Wiley. (L) Piezo-photocatalytic mechanism of mesh-based TiO2 /ZnO nanowires under solar and ultrasonic irradiation. (M) Energy band 
diagram of TiO2 /ZnO nanowire under the synergistic influence of solar and ultrasonic irradiation [ 203 ]. Copyright 2018, American Chemical Society. 
(N) Schematic illustration of the improved photocatalytic performance induced by both the piezoelectric effect and unique asymmetric nanostructure 
under light irradiation and ultrasonic actuation [ 202 ]. Copyright 2020, Wiley. 
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alling pressure, resulting in the reverse charge transfer and redox
eactions (Figure 10D ) [ 192 ]. 

n the basis of piezoelectric potential improving the immigration
f electrons and holes, BaTiO3, as a piezoelectric semicon-
uctor, was applied in photocatalysis. For example, Wu and
oworkers successfully prepared BaTiO3 nanofibers by a feasible
ydrothermal synthesis method for the degradation of organic
ollutants. With the UV-light irradiation and high-frequency
ibration simultaneously, the piezo-photocatalysis performance
s obviously higher than the photocatalysis performance, which
an be attributed to the piezoelectric potential formed by external
4 of 37
mechanical energy. In detail, a serious recombination of photo-
generated electrons and holes occurs in BaTiO3 photocatalysts
under UV light. After introducing a high-frequency vibration on
BaTiO3 , the recombination of carriers is greatly restrained due
to the piezoelectric-induced potential, which is favorable for dye
decomposition (Figure 10E ) [ 193 ]. 

Recently, a variety of BiTiO3 -based heterostructures have been
designed to further improve the photocatalytic performance. It is
well known that BaTiO3 has poor photocatalytic properties due to
its wide bandgap (Eg > 3.2 eV). An effective strategy is to regulate
the band structure of BaTiO3 by constructing heterostructures.
Exploration, 2026
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he semiconducting BaTiO3 @C photocatalyst was prepared by
 glucose-assisted hydrothermal method. Owing to the reducing
ffects of glucose in a hydrothermal process, the Ti4 + on the
aTiO3 surface was reduced to Ti3 + , resulting in the forma-
ion of abundant oxygen vacancies. The additional glucose was
arbonized to a carbon shell around oxygen vacancies-enriched
aTiO3 . In comparison to raw BaTiO3 , BaTiO3 @C exhibited a
igher photocatalytic efficiency for degrading organic pollutants.
he enhanced photocatalytic performance is ascribed to a built-in
lectric field caused by the piezoelectric potential, which origi-
ated from continuous ultrasonic vibration. The photoinduced
lectrons and holes migrated in completely opposite directions
n an electric field. As a result, the recombination of charge
arriers was inhibited and the lifetime of electrons and holes
as prolonged (Figure 10F ). In addition, the constructed oxygen
acancies and surface carbon shell changed the band arrange-
ent of BaTiO3 , in which the ECB and EVB of BaTiO3 @C were
ore negative than the raw BaTiO3 , leading to large amounts of
O2 

− participating in oxidation reactions for degrading organic
ollutants [ 194 ]. 

he other effective strategy for fully taking advantage of the
iezoelectric effect is to construct two-layer piezoelectric mate-
ials. BaTiO3 with the piezoelectric effect was loaded on one-
imensional tubular g-C3 N4 with the same piezoelectric effect by
 self-assembly hydrothermal method. The piezo-photocatalysis
fficiency for degradation of tetracycline hydrochloride in
aTiO3 /g-C3 N4 composites reached 91.0% within 60 min under
isible light and high-efficiency ultrasonic vibration. In contrast,
he degradation rate of the BaTiO3 /g-C3 N4 composites under
isible light irradiation was 81.8%, illustrating the advantages
f dual piezoelectric photocatalysts. The favorable effect of the
ltrasonic vibration on the band energy structure is shown in
igures 10G,H . It is obvious that the Fermi level of BaTiO3 /g-
3 N4 is flat under visible light illumination. When an external
igh-efficiency vibration is applied in the BaTiO3 /g-C3 N4 photo-
atalysts, the Fermi level and corresponding VB/CB are pitched
ue to the piezoelectric potential, resulting in more photogen-
rated electrons and holes accumulating on the CB of BaTiO3
nd VB of g-C3 N4 . Therefore, a higher degradation efficiency on
aTiO3 /g-C3 N4 photocatalysts can be achieved [ 195 ]. 

esides BaTiO3 , other piezoelectric materials, such as ZnSnO3
 196 ], KNbO3 [ 197 ], and NaNbO3 [ 198 ], have also been considered
s effective photocatalysts for piezophototronic applications.
hare et al. applied NaNbO3 into a particulate suspension for
egrading the methylene blue organic dye, and the photoelec-
rode system for PEC water splitting. Especially for PEC water
plitting, the photocurrent density of the NaNbO3 photoanodes
ncreased to 1.02 mA/cm2 with the assistance of the piezoelec-
ric effect, which is higher than its counterpart without the
iezoelectric effect (1.02 mA/cm2 ). The improved water-splitting
erformance is mainly due to the inclination of band alignment.
n the presence of the high-efficiency ultrasonic vibration, more
hotogenerated holes migrate to the surface, and the VB is lifted
ore upward so that it becomes close to the oxidation potential.
herefore, holes can easily migrate from the bulk to the surface
or water oxidation. Meanwhile, lifting of the CB at the electrolyte
nterface facilitates the electron transfer towards the counter
lectrode for water reduction (Figure 10I–J ) [ 198 ]. 
xploration, 2026

r

ZnSnO3 , a R3c ferroelectric LiNbO3 -type piezoelectric material,
has a large spontaneous polarization (P) of approximately 50.2
µC cm− 2 along the z-axis direction and photo response capa-
bility. Hence, ZnSnO3 as a piezoelectric material was used to
produce hydrogen and degrade organic dyes under the syner-
gistic piezoelectric effect and photoresponse process. To further
enhance hydrogen production efficiency, great amounts of oxy-
gen vacancies (Ov) were doped into the ZnSnO3 lattices. As a
result, the hydrogen production rate of Ov-ZnSnO3 photocatalysts
reached 6000 µmol g− 1 within 7 h, larger than its counter-
parts without Ov (approximately 2500 µmol g− 1 within 7 h).
Figure 10K clearly reveals how external energy fields (including
visible light illumination and pressure) and oxygen defects affect
energy band arrangement and charge separation. Through light
irradiation, the photogenerated electrons and holes are excited
to the CB and VB, respectively. The incorporation of external
mechanical energy into the photocatalysis system induces a
stress-induced piezoelectric polarization, which effectively drives
the separation of electrons and holes opposite directions, leading
to a significantly improved charge transfer capability [ 196 ].
Similar to ternary metal oxides, some ternary metal sulfides also
exhibited the piezoelectric property. For example, Cdx Zn1-x S, as
a photocatalytic piezoelectric material, was applied to produce
hydrogen peroxide (H2 O2 ). Benefiting from the nano-branch
structure, mechanical energy can be effectively converted into
electric energy under ultrasound conditions, leading to a higher
concentration of charge carriers. The optimized Cd0.5 Zn0.5 S
photocatalyst exhibited the highest performance with a rate of
21.9 µmol g− 1 h− 1 without any sacrificial agent [ 199 ]. 

In addition to external mechanical energy forming a polarization
field, the introduction of lattice strain into photocatalysts was
also a cost-effective and facile strategy. The lattice strain in
Bi2 MoO6 nanosheets can be obtained through synergistic indium
doping and the formation of Ov, which engendered tensile
strain and compressive strain, respectively. The interaction of
these two-dimensional defects produced one-dimensional dislo-
cation defects, resulting in significant three-dimensional lattice
distortions. Comprehensive characterizations revealed that the
enhancement of local lattice strain effectively strengthened
charge carrier separation and the genesis of surface-active sites.
Therefore, the optimized Bi2 MoO6 nanosheets with lattice strains
as the photocatalyst exhibited significantly enhanced activity
for degrading tetracycline, ciprofloxacin, oxytetracycline, and
norfloxacin [ 200 ]. 

4.4.2 Binary Metal Compounds 

Although applying ternary metal oxides (including BaTiO3 ,
KNbO3 ) as photocatalysts for degrading organic pollutants or
producing hydrogen is a promising strategy due to their excellent
piezoelectric response, the wide bandgap and mismatched band
alignment still limit their photocatalytic efficiency. Binary metal
compounds, such as CdS and ZnO, not only have an excellent
piezoelectric effect under external mechanical energy but also
have a wide light absorption range irradiated by visible light
[ 201, 202 ]. In the past, TiO2 /ZnO heterojunctions have been a
common photocatalyst that can significantly promote interfa-
cial charge transfer and separation. However, the piezoelectric
25 of 37
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roperties of ZnO are usually ignored. Wang and coworkers
dequately utilized the piezoelectric properties and light response
haracteristics of ZnO to design TiO2 /ZnO nanowire arrays on
tainless steel meshes. By introducing mechanical energy into
he TiO2 /ZnO nanowire arrays, the hydrogen production rate was
reatly increased. The nanowire arrays also exhibited remarkable
ecyclability and stability due to the flexible stainless steel
eshes. The excellent hydrogen production performance of the
iO2 /ZnO nanowire arrays can be attributed to the piezoelectric
ield caused by the ZnO nanowires and the built-in electric field,
s shown in Figure 10L . The generation of the piezoelectric
ield originates from the bending of the ZnO nanowires. Under
he high-frequency of ultrasonic vibration, water generated great
mounts of bubbles. The collapse of bubbles contributed to
 high local pressure (approximately 100 MPa) on the ZnO
anowires, thereby leading to the bending of ZnO nanowires
nd a piezoelectric field across the nanowire (Figure 10M ). The
uilt-in electric field between ZnO and TiO2 was caused by a
onstructed type-II heterojunction. Owing to the different work
unctions of ZnO and TiO2 ( ∼ 5.2 and ∼ 5.1 eV, respectively), a type-
I heterojunction with a direction from TiO2 to ZnO was formed.
s a result, photogenerated electrons can easily migrate from the
B of ZnO to the CB of TiO2 , and the opposite migration direction
an occur on photogenerated holes, which transfer from the VB
f TiO2 to the VB of ZnO. This effective charge separation can be
urther enhanced by forming a piezoelectric field. A piezoelectric
otential of around 10 V provided enough driving force for the
eparation of the photogenerated electron–hole pairs [ 203 ]. 

o further enhance the piezoelectric potential of piezo-
hotocatalysts, designing a unique nanostructure is a promising
ethod. For instance, a 1D asymmetric architecture of Au-
nO piezo-photocatalysts exhibited excellent charge carrier
eparation and photocatalytic performance for degrading
rganic pollutants. As illustrated in Figure 10N , the unique
symmetric 1D nanostructure of Au-ZnO can effectively regulate
he spatially directed separation and distribution of the electrons
nd holes along the 1D nanostructure, achieving a larger
iezoelectric potential to separate electrons and holes [ 202 ].
ince the generation of piezoelectric potential on piezoelectric
emiconductors originates from the easier deformation under
ltrasonic vibration, a variety of piezoelectric materials were
esigned as nanorod and nanosheet-like structures. CdS, one
f the most promising materials for photocatalytic hydrogen
roduction, has been prepared in a nanosheet structure for
asier deformation. The synergistic effect of light energy and
echanical energy endowed excellent hydrogen production
fficiency. Measured results showed that CdS nanosheets with
he piezoelectric and photocatalytic effect had a hydrogen
ield rate of 633 µL h− 1 , which was twice higher than the CdS
anosheets with individual lighting conditions [ 201 ]. Besides the
pecial nanostructure that can form polarization electric fields
o promote charge separation, constructing lattice strains in the
hotocatalyst was also a promising method. Wang and coworkers
ntroduced lattice strain into a CdS photocatalyst by regulating
he crystallinity of the material, leading to a polarization of
he internal electric field. By controlling the solvothermal
emperature, CdS with lattice strain exhibited excellent charge
eparation of photogenerated electron–hole pairs, thus resulting
n enhanced photocatalytic CO evolution from CO [ 204 ]. 
2 
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Recently, a few papers reported carbon-based photocatalysts
with piezoelectric effects under ultrasonic vibration for water
splitting reactions and environmental remediation. It provides
a novel idea for developing highly efficient and stable piezo-
photocatalytic materials [ 205 ]. Metal-organic frameworks
(MOFs) [ 206 ] have been widely adopted in the fields of pollutant
adsorption, catalysis, and energy storage [ 207, 208 ]. However,
little attention is focused on the applications of MOFs in piezo-
photocatalysis. Zhang and coworkers applied two isostructural
MOFs, i.e., UiO-66-NH2 (Zr) and UiO-66-NH2 (Hf), in hydrogen
evolution. Interestingly, both the photocatalytic performance of
UiO-66-NH2 (Zr) and UiO-66-NH2 (Hf) were completely identical
under visible light illumination, while the hydrogen production
activity of UiO-66-NH2 (Hf) was obviously higher than that
of UiO-66-NH2 (Zr) upon further ultrasonic irradiation. This
result can be attributed to the stronger piezoelectric effect
of metal-oxo clusters Hf4 + in UiO-66-NH2 , which provided a
larger piezoelectric potential for driving charge separation and
migration in comparison to Zr4 + [ 209 ]. 

4.5 Microwave Energy 

MW radiation, with a frequency ranging from 0.3 to 300 GHz,
induces interaction of the dipole moment of polar molecules or
molecular ionic aggregates in alternating magnetic fields, thereby
causing a homogeneous and fast thermal reaction [ 210 ]. In
comparison to traditional heating methods, microwave-assisted
hydrothermal synthesis has been considered a promising method
for preparing high-quality photocatalysts due to its rapid heating,
lower reaction temperature, and shorter reaction time. To this
day, we have successfully synthesized a variety of photocatalyst
materials, including ZnO [ 211 ], TiO2 [ 212 ], and Bi2 O3 [ 213 ],
which exhibit outstanding photocatalytic performance in pol-
lutant degradation, water purification, and hydrogen evolution.
In addition to practical applications in preparing high-quality
nanomaterials, MW radiation can also improve the photocatalytic
activity during a photocatalytic process. In general, the improved
photocatalytic activities through MW radiation can be attributed
to two mechanisms: (1) thermal effect and non-thermal effect,
and (2) induced generation of highly oxidative ⋅OH radicals. 

Horikoshi and coworkers first systematically investigated
microwave-assisted photodegradation using a classic
photocatalyst, TiO2 . The selected substrate was bisphenol-A
(BPA), which is an endocrine disruptor that tends to accumulate
in nature with serious damage to animal species. The microwave-
assisted photodegradation apparatus is presented in Figure 11A
[ 214 ]. It can be observed that the whole setup consists of a
MW generator (2.45 GHz, 1.5 kW), a UV-irradiation lamp
(75 W), and a sealed thermometer. Researchers compared the
photodegradation ability under four different external conditions:
(a) the UV-driven and microwave-assisted photocatalytic
degradation (PD/MW); (b) UV-driven photocatalytic degradation
(PD); (c) microwave-assisted photocatalytic degradation MW; (d)
the UV-driven and thermal-assisted photocatalytic degradation
(PD/TH). UV absorption features of the two aromatic rings on
BPA were applied to characterize the dynamics of the break-up of
the BPA phenyl rings. As shown in Figure 11D , the UV absorption
peaks in the 195–300 nm spectral range vanished in the PD/MW
Exploration, 2026
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FIGURE 11 (A) Experimental setup used in microwave-assisted photocatalytic degradation [ 214 ]. Copyright 2002, American Chemical Society. 
(B) Schematic diagram of the microwave-assisted photoreactor (MPR) coupled with a cooling system. (C) Time-dependent concentration curves of 
bisphenol-A (BPA: 0.050 mM) by different reaction conditions: UV-light photocatalysis (UV), microwave-assisted photocatalysis (UV/MW), microwave- 
assisted photocatalysis with a constant temperature (UV/MW/Cool) [ 216 ]. Copyright 2014, Elsevier. (D) Time-dependent UV spectral patterns of 
bisphenol-A (BPA) reflecting the cleavage of the aromatic ring(s) in BPA molecules by microwave degradation (MW), photocatalytic degradation 
(PD), microwave-assisted photocatalytic degradation (PD/MW), and heating-assisted photocatalytic degradation (PD/TH) routes [ 215 ]. Copyright 2002, 
Elsevier. (E-G) Electron spin resonance (ESR) spectral features of the DMPO- ⋅OH spin adducts by UV light alone (PD route), the combined UV light 
and MW radiation (UV/MW route) for three various titania specimens: (E) mixed-phase P-25 TiO2 . (F) pure TiO2 anatase. (G) pure TiO2 rutile [ 218 ]. 
Copyright 2003, Elsevier. (H) Schematic mechanism of restricted recombination of electron–hole pairs. (I) schematic illustration of the competitive 
adsorption of anions and environmental pollutants [ 219 ]. Copyright 2023, Multidisciplinary Digital Publishing Institute. 
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reativ
nd PD/TH routes, implying a complete photodegradation of
PA after a 90 min radiation. However, the other two routes,
W and PD, exhibit a higher peak intensity compared to their
ounterparts, indicating a weaker photodegradation of BPA. Since
he photodegradation capability of PD/MW is similar to PD/TH,
he improved photocatalytic performance may be attributed to
he thermal effect originating from MW radiation [ 215 ]. 

o further reveal the influence of thermal effects and non-
hermal effects induced by microwaves on the photocatalytic
erformance, Horikoshi et al. designed a new microwave-
xploration, 2026
assisted photocatalysis setup for degrading BPA after ten years.
Figure 11B shows an integrated microwave/photoreactor (MPR)
system equipped with a cooling system. The incorporation of
a cooling apparatus into the microwave-assisted photocatalytic
setup effectively excludes the effect of non-thermal effects on
photocatalytic activities. Different from previous research results,
the photodegradation under a microwave-assisted/external heat-
ing environment exhibited an excellent photocatalytic perfor-
mance; the degradation process of BPA under controlled ambient
conditions (UV/MW/Cool) with a constant temperature (21◦C)
shows a more degradation kinetics (6.5 × 10− 4 mM min− 1 )
27 of 37
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reativ
ompared to its counterpart under UV/MW conditions (3.3 ×
0− 4 mM min− 1 ), as shown in Figure 11C . The above-mentioned
esults reveal that the improvement of photodegradation of BPA
ot only derives from an MW thermal effect but also from
emarkable non-thermal effects. In this process, microwaves can
ause rapid polarization or excitation of molecules, leading to
ncreased reactivity or more efficient degradation, even at lower
emperatures [ 216 ]. 

rom the perspective of chemical reactions, an enhanced pho-
odegradation in the MW/UV/TiO2 system is due to the gener-
tion of hydroxyl ( ⋅OH) radicals. Hydroxyl radicals, the second
ost reactive after the fluorine atom, play a crucial and highly
eneficial role in photocatalysis, particularly in processes involv-
ng the degradation of organic pollutants, wastewater treatment,
nd energy production (such as hydrogen generation). Since
OH has a redox potential of 2.8 V, it can attack a broad range
f contaminants, including both hydrophobic and hydrophilic
ubstances. In addition, the formation of ⋅OH can prevent
he recombination of photogenerated electron–hole pairs, lead-
ng to an outstanding photocatalytic performance. In a TiO2
hotodegradation system, the degradation process of organic
ollutants can be achieved via the generation of ⋅OH on the TiO2
urface upon UV and MW radiation according to the following
quation [ 217 ] 

Ti O2 + hv → e− + h+ (6)

h+ +H2 O → ⋅OH +H+ (7)

h+ + OH− → ⋅OH (8)

e− + O2 → O− 
2 ⋅ (9)

O− 
2 ⋅ +H+ → OOH ⋅ (10)

2OOH ⋅ → O2 +H2 O2 (11)

H2 O2 + O− 
2 ⋅ → ⋅OH + OH− + O2 (12)

OCs + ⋅OH → CO2 +H2 O + salts (13)

enerally, the organic contaminants (OCs) are eventually decom-
osed into carbon dioxide, water, and salts by using ⋅OH as a
trong oxidizing agent. Although the TiO2 photocatalyst under
V radiation can produce some ⋅OH to degrade organic pollu-
ants, microwave-assisted photodegradation can generate greater
mounts of ⋅OH, which is attributed to a higher electronic excited
tate upon the MW radiation. Electron spin resonance (ESR)
echnology was applied to probe the formation of ⋅OH radicals
n aqueous titania dispersions by using a novel device, where
 MW generator was connected to both an ESR cavity and a
hotoreactor. At the same time, 5,5-Dimethyl-1-pyrroline N-oxide
DWPO) is a free radical scavenger to detect the presence of
H ⋅ radicals. Figure 11F–G clearly shows that the microwave-
ssisted photodegradation technology can effectively increase
he amounts of ⋅OH radicals by an ESR detection technology.
hree different photocatalysts, mixed-phase P-25 TiO2 , pure
8 of 37
TiO2 anatase, and pure TiO2 rutile, were used to oxidize water
molecules and organic pollutants under microwave irradiation
(MW), UV irradiation (PD), and microwave-assisted photodegra-
dation (PD/MW). It can be observed that no evidently classic
1:2:2:1 spectral signature of spin-trapped ⋅OH radicals in aqueous
solution is detected. However, with the addition of different
kinds of photocatalysts, the 1:2:2:1 spectral signature of the
DMPO- ⋅OH spin adducts can be detected under PD and PD/MW
conditions, implying an excited ⋅OH radical. Moreover, signal
and intensity ratios of the DMPO- ⋅OH against the internal Mn2 + 
standard marker of PD/MW (16 W) are significantly higher than
PD/MW (3 W), indicating that enhanced input power of MW
can efficiently increase the amounts of ⋅OH radicals (Figure 11E ).
Interestingly, the increased temperature under UV irradiation
from 18 to 22◦C in Figure 11E has a negligible effect on the
characterized signal of DMPO- ⋅OH spin adducts, illustrating
thermal effects caused by MW radiation cannot contribute to the
increase in ⋅OH radicals. Furthermore, authors compared signal
radios of DMPO- ⋅OH/Mn2 + in different types of photocatalysts.
It can be found that the P-25 TiO2 exhibits a stronger signal
radio of DMPO- ⋅OH/Mn2 + in comparison to pure TiO2 anatase
(Figure 11F ) and pure TiO2 rutile (Figure 11G ), implying an
excellent photocatalytic degradation [ 218 ]. 

Microwave-assisted photocatalytic degradation on TiO2 -based
materials is an advanced oxidation technology based on using
⋅OH radicals to degrade environmental pollutants. Previous
research has confirmed that the introduction of MW can pro-
duce more ⋅OH compared to a pure photocatalytic system. The
increased amounts of ⋅OH are mainly ascribed to two mech-
anisms: (1) Enhanced molecular vibration and dipole rotation;
(2) Improved activation of photocatalysts. Firstly, microwaves
interact with polar molecules (e.g., water) and materials with
dipoles, inducing rapid oscillation and vibration. This leads to
localized heating and creates “hot spots”, increasing the possibil-
ity of breaking chemical bonds to generate reactive species such
as hydroxyl radicals (Figure 11H ). Secondly, the incorporation of
MW into the TiO2 degradation process probably creates addi-
tional defect sites, which leads to an improved charge separation
and restricted recombination of electrons and holes. Thus, an
improved activation of photocatalysts can be obtained [ 219 ]. 

Additionally, enhanced surface hydrophobicity under irradiation
of both MW and UV-light may further increase the amounts of
⋅OH radicals [ 219 ]. It is worth noting that untreated pollutants
probably have a variety of anions, such as Cl− , CO3 

2 − , SO4 
2 − ,

NO3 
− , I− , etc. These anions can be adsorbed on the surface of

photocatalysts, occupying the active sites, leading to a reduced
efficiency of photocatalytic degradation (Figure 11I ). On the
other hand, these anions can react with ⋅OH radicals, further
consuming a certain amount of ⋅OH radicals that participate in
pollutant degradation. For instance, the presence of CO3 

2 can
consume ⋅OH radicals and change the pH of the system, causing
a negative effect on the photocatalytic efficiency and stability
[ 220 ]. NO3 

− can react with water molecules under irradiation of
solar light to generate some ⋅OH radicals. It counteracts the side
effects of occupied active sites on the photocatalytic performance
to some extent [ 221 ]. 

Recently, microwave-assisted photocatalysis has made new
progress in degrading tetracycline (TC) with ZnO photocatalysts.
Exploration, 2026
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re
t can be found that the degradation efficiency of TC under
icrowave-assisted photocatalysis is 4.3 times higher than its
ounterpart without the assistance of microwave. The improved
hotocatalytic performance can be attributed to the enhanced
ight absorption and charge separation efficiency. The UV–Vis
RS showed that the light absorption edge of ZnO shifted from
90 to 450 nm after a microwave-assisted photocatalytic reaction.
n addition, Semi-in situ photochemical tests demonstrated that
W can induce more photogenerated electron–hole pairs and
ydroxyl radicals generated during photocatalysis, leading to an
nhanced photocatalytic performance [ 222 ]. Microwave-assisted
hotocatalysis has been studied for at least 20 years, but the
eeper mechanisms of how microwaves affect light absorption,
harge separation, surface chemical reaction, and surface mass
ransfer are not clear. Future research in microwave-assisted
hotocatalysis should focus on building a mutual relationship
etween MW effects and chemical reaction kinetics and design-
ng a suitable MW transmitting device that can be utilized in the
arge-scale photocatalytic setup. 

 Conclusions and Future Prospects 

n conclusion, photocatalysis based on solar energy conversion
s one of the most promising technologies for addressing energy
rises and climate change. The current research hotspots focus
n increasing the photocatalytic efficiency in three crucial steps,
ncluding the light absorption efficiency, the charge separa-
ion efficiency, and the surface reaction kinetics. Conventional
ddressing strategies are composed of element doping, defect,
nd heterojunction construction, bandgap engineering, and facet
ngineering. However, the above-mentioned methods generally
ntroduce additional defects or recombination, leading to reduced
fficiencies. The introduction of other energy, such as thermal
nergy, electrical energy, magnetic energy, mechanical energy,
nd MW energy, not only can efficiently avoid the damage to
he semiconductor itself, but also provide a strong, stable, and
idely distributed driving force to improve charge separation
nd transfer. In this review, we systematically summarize fun-
amental mechanisms of five energy fields and the advantages
f the external energy-coupled photocatalytic processes. In par-
icular, we comprehensively review the recent developments of
ovel materials preparation that are sensitive to external energy
nput and new multi-energy integrated photocatalytic device
esigns. Moreover, the practical application directions, including
ater splitting, CO2 reduction, valuable chemicals synthesis, and
ollutant degradation, are also involved. 

lthough considerable achievements have been made in multi-
nergy- coupled photocatalytic processes, some emerging chal-
enges should not be ignored. 

1. Currently, a few semiconductor materials are sensitive to the
external energy-field except for solar light. Therefore, devel-
oping more polarization materials (piezoelectric, pyroelec-
tric, and ferroelectric materials) and investigating fundamen-
tal polarization mechanisms is crucial and necessary [ 102 ].
A variety of polarization materials are non-centrosymmetric
(NCS) materials with a significant polarity. The polarity of
NCS materials can be attributed to the non-centrosymmetric
arrangement of either ions or ionic groups (non-overlap
xploration, 2026
of the positive and negative charge centers), thus inducing
positive charges on one side and negative charges on the
other side, forming an electric polarization field from one
region to another region [ 223 ]. For photocatalytic polariza-
tion materials, the polarization electric field plays a vital
role in improving the charge separation efficiency on the
bulk and surface compared to traditional non-polarized
semiconductors, which is due to the generated strong polar-
ization electric field caused by their non-centrosymmetric
structures. 

2. The coupling of multi-energy fields possibly causes syner-
gistic effects for improving the photocatalytic performance.
In the process of photocatalytic CO2 reduction, using a
photo-thermal-magnetic coupling field on a metal-organic-
framework-based monolithic NF@ZnO/Au@ZIF-8 photo-
catalyst can significantly elevate the temperature to about
180◦C, leading to an improved charge transfer and increased
photocatalytic efficiency [ 224 ]. However, in these complex
photocatalytic systems with multi-energy fields, distinguish-
ing every influence of a single energy field on charge carrier
behavior is difficult, which restrains in-depth understanding
for multi-energy integrated photocatalysis [ 225 ]. Therefore,
designing rational comparative experiments to clearly inves-
tigate the influence mechanisms of every external energy
field is indispensable. 

3. Valuable chemical synthesis by solar energy conversion, such
as glycerol oxidation, 5-hydroxymethylfurfural oxidation, and
artificial nitrogen fixation, has attracted a large amount of
attention due to the tremendous potential for green chemical
synthesis [ 226, 227 ]. At present, external-energy-assisted pho-
tocatalytic processes have demonstrated excellent selectivity
for specific synthetic reactions in comparison to single-
mode photocatalysis, but most research just focuses on
the improvement of selectivity and production instead of
in-depth mechanisms on a microscale due to the lack of
effective research methods. With the development of in situ
spectroscopy technology in recent years, organic synthe-
sis by electrocatalysis has achieved considerable progress.
Some in-depth understanding of the reaction selectivity on
a microscale has been revealed. If we can apply the new
in situ spectroscopy technology to multi-energy-coupling
photocatalytic chemical synthesis, it will open up a new
perspective to understand deep reaction mechanisms. 

4. Until now, a variety of research about multi-energy integrated
photocatalysis has been limited in the laboratory, with only a
few studies concentrated on practical applications. In fact, the
current solar energy conversion efficiency in water splitting
has reached commercial standards. Although the price of
“green” h ydrogen is still higher than that of “gra y h ydrogen”
produced by industrialized steam methane reforming (SMR)
[ 228 ], the future price advantages of “green hydrogen” will
become more competitive compared to “gra y h ydrogen” due
to the gradually increasing carbon emission price. Therefore,
designing large-scale, high-efficiency, and stable photocat-
alytic devices will become a research hotspot in the future.
The primary work should focus on the device lifetime. For
bias-free PEC setups, the designing of large-scale reactors,
selection of suitable electrolyte and ion exchange mem-
branes, distribution of photovoltaic voltages, and removal of
29 of 37
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surface bubbles are key factors that need to be considered,
which would provide new research directions for scientists. 
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