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ABSTRACT

Photocatalytic water splitting is a promising method for green hydrogen production. Great progress has been made in

photocatalyst activity after decades of study. Cationic doping is one of the most extensively studied photocatalyst optimization

strategies. Diverse findings, both positive and negative effects, have been reported, reflecting the complexity of the system. Thus, a

deep understanding of both the fundamentals and current progress is essential for the rational exploration and development of

this strategy. In this Review, we start by providing a brief introduction to the principles of photocatalytic water splitting and the

evaluation indices of photocatalytic efficiency. Following that, we present the fundamentals of cationic doping, with special

attention to the underlying thermodynamics and its modification of the structure and electronic structure of metal oxide photo-

catalysts. Building on this basis, we highlight recent progress in understanding how cationic doping affects fundamental steps in

photocatalytic water splitting, with a focus on light absorption and charge transport. Finally, we summarize the current challenges

and research gaps in the field.

1 | Introduction

Hydrogen (H,) has broad applications in multiple sectors,
including transportation, chemical manufacturing, power gen-
eration, and energy storage, and thus producing green hydrogen
from renewable energy plays an important role in energy con-
servation, emission reduction, and sustainable development [1]
[2]. Photocatalytic water splitting, catalyzed by semiconductor
photocatalysts, which directly converts solar energy into
hydrogen, has attracted tremendous research interest due to
its potential for scalability, simplicity, and low cost in produc-
tion facilities and operation [3] [4] [5]. Great advances in photo-
catalyst performance have been made since the pioneering work
on semiconductor reactivity in electrolytes under illumination
conditions by Gerischer in 1966 [6] and the milestone report of
photocatalytic water splitting on TiO, by Fujishima and Honda
in 1972 [7].

Metal oxides constitute a dominant class of photocatalysts for
water splitting due to their thermodynamically satisfactory band
structures, low cost, and stability. However, the large band gap and
rapid charge carrier recombination lead to low catalytic activity. A
wide range of strategies has been studied to improve their perfor-
mance, including doping [8], constructing heterostructures [9],
loading cocatalysts [10], introducing functional groups on the sur-
face [11], and applying external electric/magnetic fields [12].
Among these, doping has been economically viable and particu-
larly effective in tuning photocatalytic activity by altering the
structural and electronic properties of photocatalysts [13-15].

Crucially, cationic doping has shown a complex influence on
photocatalysis across diverse reports. Some studies report notable
gains in activity. For example, Domen et al. developed an
SrTiOs-based photocatalyst platform that achieved quantum effi-
ciencies approaching unity through substitutional Al doping
[14]. Others report negligible or detrimental effects on the overall
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photocatalytic activity, despite enhancements in certain
properties, such as extended light absorption or prolonged photo-
generated charge carrier lifetime [16]. For example, Kudo et al.
reported that although light absorption was extended, Rh doping
suppressed the activity of TiO, for the photocatalytic oxygen
evolution reaction because of the increased recombination of
photogenerated charge carriers at Rh** states [17]. These con-
trasting results underscore the complexity of engineering metal
oxide photocatalysts with cationic doping.

To understand the complexities and guide rational design, it is
helpful to conduct a systematic review of underlying principles
and recent progress. In this review, we discuss the effect of cationic
doping on the structure and function of metal oxide photocatalysts
for water splitting within the framework of metal oxide photoca-
talyst systems, with a primary focus on several representative
photocatalysts, such as TiO,, SrTiOs;, and exfoliated layered
perovskite TBACa,NbsO,o. We start by outlining the key steps
in photocatalytic water splitting and photocatalyst performance
evaluation indices. Next, we review the thermodynamics underly-
ing cationic doping and the induced modifications in the structure
and electronic structure of the metal oxide photocatalysts. Then we
highlight recent progress on the influence of cationic doping on
fundamental catalytic steps (light absorption, charge transport,
and surface reactions). Finally, we discuss the current challenges
and gaps in this field.

2 | Photocatalytic Water Splitting on Metal
Oxides

2.1 | Fundamental Steps

Generally, three sequential steps are involved in photocatalytic
water splitting on a semiconductor (Figure 1a,b): (I) absorption
of light and generation of excitons (femtosecond timescale): a
semiconductor photocatalyst absorbs photons with energy
greater than its bandgap energy, exciting valence band electrons
to conduction band and creating valence band holes and conduc-
tion band electrons; (II) separation and migration of charge

carriers (nanosecond to microsecond timescale): some of the
electrons and holes get separated, become free carriers and
migrate to active sites on the surface, while others recombine
either immediately after excitation or along their migration to
the surface, generating heat or fluorescence; (III) surface reaction
(millisecond to second timescale): H,O adsorbed on the catalyst
surface gets reduced at electron sites and oxidized at hole sites,
forming H, and O, separately [2, 18 ]. Typically, cocatalysts for
hydrogen evolution reaction (HER) and OER would be loaded on
semiconductors as the reaction sites to promote fast reaction
kinetics and suppress backward reactions.

2.2 | Thermodynamics

To drive overall water splitting and achieve stoichiometric evolu-
tion of H, and O,, the electrochemical potential of photogenerated
electrons and holes should be sufficient to provide thermodynamic
driving force and overcome mass-transport and kinetic energy
losses during the migration and catalytic reaction. Importantly,
the electrochemical potential of photogenerated charge carriers
is sensitive to the local environment, surface chemistry, and charge
transfer kinetics [19]. Recent studies revealed that the local
chemical environment under experimental conditions and surface
terminal groups modulate the surface energetics [20, 21]. Under
operating conditions, differences in the kinetics of electron and
hole transfer can lead to depletion, accumulation, or inversion
of excess charge carriers (Figure 2a—c). The resulting internal
electric field shifts the electrochemical potential of charge carriers
and the band edges, thereby increasing the reducing or oxidizing
power of photoexcited electrons or holes. Additionally, evolved
gas can also alter the surface energetics. For example, H,
and O, adsorbed at Pt/p-Si catalyst surface induce interfacial
dipoles, which tune the charge carrier selectivity by modulating
the Schottky barrier height, and the in-situ generated SiO,
interlayer suppresses recombination by facilitating tunneling-
mediated charge transfer (Figure 2d-f) [20]. Furthermore, spa-
tially inhomogeneous kinetics of charge carrier transfer lead to
spatially varying energetics across the interface, which sensitively
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Fundamental steps for photocatalytic water splitting. (a) Photocatalytic water splitting fundamental steps. (b) Time scale of the funda-

mental steps. 7,ps, timescale for absorption; 7., (ans, timescale for electron transfer; rygg, timescale for HER; 7y, yans, timescale for hole transfer; 7ogg,

timescale for OER; 7,ecom, timescale for recombination; VB, valence band;

CB, conduction band; E,, .pp, apparent activation energy; HER, hydrogen

evolution reaction; KIE, kinetic isotope effect; NHE, normal hydrogen electrode; OER, oxygen evolution reaction. Figure 1a,b reprinted with permission

from Ref. [1], copyright (2025) Springer Nature Limited.
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(a) depletion, (b) accumulation, and (c) inversion due to equilibration with a contacting phase, such as redox species. Mechanisms for dipole-mediated

Dynamic surface energetics. Excess charge-carrier-density plots and corresponding band diagrams for an n-type semiconductor in

barrier formation: (d) O, adsorption and diffusion lead to O,4 on the Pt surface and the Pt/SiO, interface with partial electronegative charge, increasing
the effective work function and leading to nonselective Ohmic behavior. (e) H, spontaneously reacts with O,4 to form water, cleans the surface and the
interface, and neutralizes the negative dipole. As a result, the effective work function decreases, leading to band bending with substantial barriers
and electron selectivity. Ey,., vacuum energy; E,, conduction band edge; E,;,, valence band edge; Er, s, Fermi level of p-Si; E¢ p,, Fermi level of Pt.
(f) Comparison of open-circuit photovoltage in H, and O,. Figure 2a-c adapted with permission from Ref. [19], copyright (2024) Springer Nature

Limited. Figure 2d-f reprinted with permission from Ref. [20], copyright (2025) American Chemical Society.

affects charge-separation efficiency [21]. These findings address
the dynamic nature of the driving force for photocatalytic water
splitting and suggest that the commonly used absolute band edge
potential diagrams or tables for the identification of appropriate
photocatalysts, where the valence band maximum should be more
positive than 1.23V vs NHE and the conduction band minimum
should be more negative than 0 V vs NHE (pH = 0), should be used
and interpreted with caution.

For a comprehensive understanding of photocatalytic water split-
ting, we refer readers to the work of Domen et al. and the review
by Boettcher et al. for thermodynamics and kinetics [2, 19], the
work of Cortes et al. for charge transport [22], and the work of
Tsang et al. for surface reaction mechanism [23].

2.3 | Efficiency Evaluation

The overall photocatalytic water splitting efficiency depends on
the efficiency of each fundamental step mentioned above [22].
Therefore, the overall solar energy conversion efficiency is a
product of efficiencies of the three fundamental steps, as
described below:

Ntotal = Nabsorption X TNseparation X Mreaction (1)

where Npsorption T€fers to the photon absorption efficiency,
defined as the ratio of photogenerated electron-hole pairs to inci-
dent photons. Ngeparation Tefers to the separation efficiency, defined
as the fraction of photogenerated charge carriers that separate

and migrate to the surface of the photocatalysts. Neaction refers
to the surface catalysis reaction efficiency.

When evaluating photocatalyst efficiency, three reaction systems
are typically considered (Figure 3a-c) [3, 24]:

(I) One-step excitation overall water splitting without sacrificial
reagents. In this system, HER and OER occur on the same photo-
catalyst system. A single photocatalyst has suitable band energet-
ics and can drive the overall water splitting.

(II) Sacrificial reagent-assisted half-reactions: The system
employs a hole scavenger or an electron acceptor to make the
reaction thermodynamically easier. For HER activity evaluation,
a hole scavenger such as methanol is used. Photogenerated holes
in the valence band irreversibly oxidize methanol, while
photogenerated electrons in the conduction band reduce water
to produce H,. For OER activity evaluation, an electron acceptor
such as AgNOj; is employed. Photogenerated electrons in the con-
duction band irreversibly reduce Ag*, and photogenerated holes
in the valence band oxidize H,O to produce O,. This system is
useful for evaluating photocatalyst performance in half reactions
rather than overall water-splitting capability.

(IIT) Two-step excitation (Z-scheme) overall water splitting: The
system is an attempt to mimic Photosystem I and Photosystem II
processes in green plants. It typically includes an HER photoca-
talyst and an OER photocatalyst together with a shuttle redox
mediator. On HER photocatalyst, photogenerated electrons in
conduction band reduce H,O to form H,, and the photogenerated
holes oxidize mediators. Simultaneously, on the OER photocata-
lyst, photogenerated holes in the valence band oxidize H,O to
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Photocatalytic reaction system and photocatalytic activity evaluation indexes. (a) One-step excitation overall water splitting with single

absorber. (b) Sacrificial reagent-assisted half reaction in water splitting. In this case, methanol is used as sacrificial reagent. Photogenerated holes oxidize
methanol to formaldehyde, while photogenerated electrons reduce H,O to H,. (c) Two-step excitation (Z-scheme) overall water splitting using dual-
absorber photocatalysts. A, electron-accepting species; CB, conduction band; D, electron-donating species; Eg, bandgap energy of a semiconductor; SHE,
standard hydrogen electrode; VB, valence band. (d) The apparent quantum efficiency (AQE) decreases progressively with increasing wavelength.
(e) Relationship between the STH and photon wavelength at different AQEs. Figure 3a—c adapted with permission from Ref. [4], copyright (2023)
Springer Nature Limited. Figure 3d reproduced under terms of the CC-BY license [13]. Copyright (2025), The Authors, published by the
American Chemical Society. Figure 3e adapted with permission from Ref. [18], copyright (2017) Springer Nature Limited.

form O,, while the photogenerated electrons in the conduction
band reduce mediators. During the process, mediators can be
regenerated, and overall water splitting can be achieved. This
system relaxes the band-energetic requirements for a single pho-
tocatalyst because it couples two photocatalysts, each of which
only needs to satisfy the requirement for half reactions. The fac-
tors that affect one-step excitation water splitting by a single pho-
tocatalyst are also applicable to this system. In some cases where
the shuttle redox mediators are absent, an interparticle physical
contact or a solid-state electron conductor can be employed to
transfer charge carriers between HER and OER photocatalysts.

Photocatalyst performance is usually evaluated by the following
indices:

(I) H, evolution rate: it indicates how fast H, is produced in a
photocatalytic system under a given catalyst loading and is usu-
ally reported in the unit of pmol h™".

(IT) Photocatalytic activity: it reflects the reaction rate per unit
mass of photocatalyst, representing the intrinsic catalytic ability,
which is a critical parameter for catalyst design and scale-up.
Reporting both the absolute values of the hydrogen evolution
rate and the mass-normalized values provides a balanced view
of catalytic performance.

(IIT) Apparent quantum efficiency (AQE): As it is not practical to
directly measure photons absorbed by heterogeneous photocata-
lysts because of light scattering by catalyst particles, the incident
photons are generally measured to calculate AQE. It is the ratio
of the number of H, molecules evolved to the number of incident
photons of a specific energy and reflects the photocatalyst perfor-
mance at different wavelengths, and is defined as follows:

AQE (%) _ 2 x Number of H,

~ Number of incident photons X 100% (2)
AQE generally decays with the increase in wavelength, indicating a
large proportion of charge carriers excited by lower energy photons
are inactive in the catalytic reaction (Figure 3d). Several factors
affect this. First, the photoexcited charge carriers located at defec-
tive levels might lack the necessary driving force to satisfy the ther-
modynamic requirements for water splitting. Second, the charge
carriers generated at longer wavelengths tend to have lower kinetic
energy, which might not allow the charge carriers to overcome
energy losses in mass transport and the catalytic reaction.
Third, the generation of polarons can render charge carriers inac-
tive due to decreased activity of ligand field transitions that domi-
nate in the visible light range [25]. Thus, extended light absorption
alone cannot account for dramatically enhanced photocatalytic
activity. Instead, their effects on charge transport and surface reac-
tions play a more dominant role in the enhancement of activity.

(IV) Solar-to-hydrogen conversion efficiency (STH): It is defined
as the ratio of chemical energy that can be released by combus-
tion of evolved H, to the solar energy input during photocatalysis,
which indicates the overall energy conversion efficiency of pho-
tocatalysts, and is described as follows:

STH (%) = 2&xTumber ot x 100% ©))
where P is the solar irradiance (0.1 W cm™), S is the illuminated
area given in cm™> T is the reaction time in seconds, AG is the
Gibbs free energy for the photocatalytic water splitting reaction
under the reaction conditions, and the number of H, is given in
moles. STH can only be used in the overall water splitting
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reaction system. The relationship between STH and the wave-
lengths of photons available in AM 1.5 at different AQEs for pho-
tocatalytic water splitting indicates the importance of developing
photocatalysts with narrow band gaps (Figure 3e).

To accurately evaluate activity and avoid overestimation or
underestimation of AQE and STH, several factors in the reac-
tion system must be controlled carefully. Firstly, the reaction
system should be completely degassed by vacuum or a flow of
inert gas before catalytic reactions to ensure the measured
gases evolve from the reaction instead of air. Besides, the water
quality should be carefully controlled to prevent the influence
of inorganic ions and organic impurities. Furthermore, gas
chromatographs must be carefully calibrated using standard
gases for accurate quantification of evolved gases. Careful
control of temperature during the reaction is also necessary,
as temperature affects the reaction kinetics and pathways.
Additionally, photocatalyst mass should be optimized. At
low loading, gas production generally increases with catalyst
amount, but excessive loading causes stronger light scattering
and shielding, which lowers apparent activity. In that case,
the measured activity no longer reflects intrinsic catalyst per-
formance. Moreover, the averaging period used to calculate
reaction rates should be reported because initial activity
often differs from long-term activity due to activation or
deactivation. Besides, the light intensity, wavelength, and irra-
diance area should be carefully controlled and evaluated.
For a detailed overview of catalyst performance testing and
evaluation practices, we recommend the primer by Maeda
et al. [4]

3 | Thermodynamics Underlying Cationic Doping

The incorporation of cationic dopants is governed by intrinsic
factors such as the composition and phase of metal oxide hosts
and dopant size and charge mismatch with host cations, and
external parameters such as temperature and pressure [26].
These factors determine the thermodynamics of dopant incorpo-
ration and doping limitations. In this section, we briefly outline
the thermodynamic principles underlying doping and summa-
rize the classification of materials based on their dopability as
revealed by defect diagrams derived from first-principles
calculations.

For successful spontaneous cationic doping, the change in Gibbs
free energy must be negative, i.e.,

AG=AH — TAS<0 4)

where AH denotes the enthalpy of cationic dopant formation,
AS refers to the change in entropy, which is a sum of
vibrational entropy (AS,j,), thermal entropy (ASihermar), and
configurational entropy (ASconsig), and T is the absolute
temperature.

In the case of substitutional cationic doping with a site fraction of
X., the enthalpy is given by:

AH ~ X,AH, 5)

The nonconfigurational entropy, including vibrational entropy
and thermal entropy, is given by:

ASnonconﬁg ~ XCASVib (6)

The configurational entropy is given by:

ASconfig = —RXInX.+(1-X,)In(1-X_,)] @

Therefore, the change in Gibbs free energy can be expressed as a
function of the site fraction of the cationic dopant:

AG, ~ X,AH, — TX.,AH, +RT[XIn X, + (1-X,)In (1 -X,)]
®)
At equilibrium, the Gibbs free energy is at the minimum. By solv-
ing the first derivation of the equation and assuming the equilib-

rium cationic dopant fraction X¢ < 1, we obtain X¢ is related to
temperature, AH,, and ASy:

Xi= exp (3) exp (- 3) ©

where AH_ and AS,;, are sensitive to intrinsic properties, such
as intrinsic defects, the composition and phases of metal oxides,
dopant size and charge mismatch with host cations, and to
external parameters such as temperature and pressure.
Therefore, when adopting cationic doping strategies to modify
photocatalysts, these internal and external thermodynamic fac-
tors should be carefully considered and controlled. Take SrTiO;
as an example. As an internal factor, the dopant size mismatch
with host can cause dramatic differences in solubility. Both La**
and Eu®" can substitute Sr**. However, the solubility of
La** and Eu’* in SrTiO; has a large difference. Because La**
(1.36 A, CN =12) has a relatively small ionic radius mismatch
with Sr** (1.44 A, CN = 12) the enthalpy and entropy of substi-
tution are relatively small. As a result, the solubility of La** can
be up to 40 at% [27]. In contrast, Eu*" (1.01 A, CN=12) has a
larger size mismatch with Sr**, enthalpy of substitution dramat-
ically increases, leading to a significantly lower solubility of
only 1-2 at% [28]. In addition, external factors also impose a sig-
nificant effect. For example, oxygen partial pressure can affect
the doping limits of La. At a fixed temperature of 850°C, the La
doping amount was increased with the decrease in oxygen par-
tial pressure from 1x107! to 1x10™® Torr by shifting defect
equilibria [29].

Since these thermodynamic quantities can be analyzed with
first-principles calculations, the ease of incorporating extrinsic
dopants, termed dopability, can be computationally predicted
[30]. Examination of dopability via the corresponding defect
diagram can offer useful insights for an approximation before
experiments. Based on dopability, semiconductors can be cate-
gorized into four types: p-type dopable, n-type dopable, n- and
p-type dopable, and neither n- nor p-type dopable. Take a
p-type dopable material as an example (Figure 4a): in a mate-
rial with relatively low formation energy of intrinsic acceptor
defects and relatively high formation energy of intrinsic donor
defects, extrinsic p-type doping is energetically favorable. For
n-type doping, electrons introduced by the extrinsic dopants
are compensated by intrinsic acceptors. Consequently, the
native acceptor dopant concentration limits the extrinsic dop-
ant concentration. By contrast, for p-type doping, the holes
introduced by the extrinsic acceptor dopants are not signifi-
cantly compensated due to the high formation energy of native
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Cationic doping-induced structure and electronic structure changes. (a) Defect diagram of a p-type dopable material. The formation
energy of defect D with the charge state q (AEp, ) is plotted as a function of the Fermi energy. The blue arrow indicates p-type dopability window. The
red arrow indicates n-type dopability window. The solid lines indicate intrinsic defects. The dashed lines indicate extrinsic doping. (b) Type of defects
introduced by substitutional doping and interstitial doping. (c) Types of dopant segregation in ionic oxide crystals: (I) Crystal with numerous grain
boundaries (GB): dopants tend to segregate at the surface and GBs. (II) Disordered nanocrystals: a small number of dopants tend to segregate on the
surface due to the lack of driving force, even at high temperatures. (IIT) Ordered nanocrystals with highly aligned interfaces: a large number of dopants
segregate on the outer surface because of interface sintering (GB elimination), creating numerous interfacial oxygen vacancies (V). (d) Crystal field
splitting of 4d electrons in Rh** and Rh** in an octahedral (O},) coordination environment. (e) Density of states obtained by first-principles calculations
for nondoped, Rh** doped, and Rh** doped SrTiO;.The Rh** donor and acceptor levels are marked with A and B, respectively. The Rh** donor level is
marked with C. A, B, and C states are derived from the Rh 4d t,, orbitals. The Rh PDOS peaks in the conduction band region, at a relative energy of 6.5 eV
for the Rh** sample and 7.5 eV for the Rh** sample, are derived from Rh 4d eg orbitals. The midgap level B is an unoccupied down-spin state. Note that
this state is destabilized by the short-range Hartree-Fock exchange interaction due to the existence of an unpaired electron at the Rh** (d5) site. In
contrast, the Rh** (d6) sample does not have an unpaired electron and thus no midgap state. (f) Distribution of dopants and electrostatic potential in
ionic oxides based on the space charge theory in the case of donor doping. Figure 4a reprinted under the terms of the Creative Commons Attribution 4.0
International license [30]. Copyright (2025), The Authors, published by the American Physical Society. Figure 4b adapted with permission from Ref. [25],
copyright (2022) Springer Nature Limited. Figure 4c,f reprinted under a Creative Commons Attribution 4.0 International license [31]. Copyright (2022),
The Authors, published by Springer Nature Limited. Figure 4e reprinted with permission from Ref. [32], copyright (2012) American Chemical Society.

donors. However, bear in mind that dopability reflects the 4 | Structure and Electronic Structure
energetic ease rather than certainty, because the solubility, ion- ~ Modification Induced by Cationic Doping
ization energy of dopants, and the synthesis conditions, such as
temperature and oxygen partial pressure, also affect the actual
doping, as suggested by the thermodynamic analysis. For
example, n-type TiO, under Ti-rich conditions is calculated
to be n-type dopable [33], meaning n-type dopants are easier
to incorporate than p-type dopants, but TiO, can be doped with
both n-type dopants, such as Nb, and p-type dopants, such as
Rh [17, 34, 35].

Cationic doping induces structural and electronic changes in
metal oxides. Isovalent substitution primarily introduces local
structural distortion and changes in lattice parameters due to
the size difference between foreign cations and host cations
[36, 37]. Aliovalent substitution and interstitial doping perturb
the structure and the electroneutrality conditions of metal oxides,
introducing interstitial dopants, cation vacancies, and oxygen
vacancies to compensate for the charge imbalance, and inducing
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lattice distortions (Figure 4b) [36, 38]. Additionally, driven by
elastic strain energy and electrostatic interactions, it is common
for cationic dopants to segregate to surfaces, grain boundaries,
and dislocations, leading to the inhomogeneous distribution of
dopants (Figure 4c) [31, 39]. For example, in Rh-doped SrTiO;
synthesized through a solid-state method, Rh concentrates at
the surface of SrTiO; and forms a core/shell structure, where
the core is undoped, and the shell is Rh-doped [15].

These structural modifications perturb the electronic structure.
Generally, defect levels can be categorized into shallow levels
and deep levels based on their location. Shallow states lie close
to the band edge, usually within kzT of around 26 meV at room
temperature, so charge carriers can be delocalized and excited
into the bands and thus contribute to the conductivity. By
contrast, deep levels lie in the middle of the bandgap, and charge
carriers are generally localized at room temperature, which can
be introduced by cations with large size and charge mismatch
with host cations and are generally related to large distortions
[25]. Deep states play a complex role in charge transport, which
will be discussed in a later section.

The dopant’s electronegativity and binding energy of valence
electrons can be used as a descriptor to qualitatively predict dop-
ant-level position as a first approximation [25, 40]. For example,
in substitutional Rh**-doped SrTiOs, the valence band maximum
is composed of O 2p orbitals, and the conduction band minimum
is composed of Ti 3d orbitals. Since Rh is more electronegative
than Ti, the valence electrons on Rh 4d orbitals are bound more
tightly to the nuclei of Rh than those on Ti 3d orbitals. Therefore,
Rh 4d orbitals are located more deeply than the conduction band
edge composed of Ti 3d but above the valence band maximum of
O 2p, thus forming intragap states. Furthermore, due to
crystal field splitting, Rh®* that substitutes for Ti is octahedrally
coordinated to six O*. Therefore, their d orbitals split into
two sets: lower energy f,; (dyy, dy,, and dy,) and higher energy
€g (dz, and dx,-y,) (Figure 4d). For Rh3*, the electronic configu-
ration is 3, [41]. For Rh**, orbital splitting gets more compli-
cated, likely through lattice interaction (Figure 4e) [32, 42]. To
compensate for the charge imbalance induced by Rh**, V, are
formed concurrently. In the presence of oxygen vacancies, Ti
3d-3d orbital interactions can form deep defect states [43].
Additionally, the local lattice distortion induced by cationic dop-
ing can lead to potential fluctuations in the conduction and
valence bands [13]. Besides these point defects, the segregation
of cations at surface can lead to the formation of space charge
regions driven by Fermi level equilibration (Figure 4f) [31].
Furthermore, the flat band potential and quasi-Fermi-level posi-
tion at the surface of photocatalyst under the working condition
could also be tuned by cationic doping [42]. All of these have a
profound impact on light absorption, charge carrier transport,
and surface reactivity in photocatalysis, which will be described
in the next section.

Given their significant impact, detailed analysis of the structure
and electronic structure is essential to establish structure-activity
relationships and to apply fine control over photocatalytic perfor-
mance. The dopant position and defect location can be studied by
both experimental and computational methods. Experimentally,
to confirm successful doping and analyze the location of defect
levels, a set of characterization methods can be used for rigorous
analysis of dopant position and resulting structures, including

X-ray diffraction (XRD), neutron diffraction, pair distribution
functions (PDF), scanning transmission electron microscopy
(STEM), X-ray photoelectron spectroscopy (XPS), X-ray absor-
bance spectroscopy (XAS), ultraviolet photoelectron spectros-
copy (UPS), inverse photoemission spectroscopy (IPES), UV-
vis spectroscopy, and electron paramagnetic resonance (EPR)
[44, 45]. Computationally, the dopant level position is indicated
by charge transition levels in defect diagram, and detailed states
available at each energy level are shown in density of states
(DOS) plot [30].

5 | Impact of Cation Doping on Photocatalysis

After establishing a foundation of photocatalysis and doping, we
review the key progress on how cationic doping affects the three
sequential steps using several representative photocatalysts.
Currently, the last step involving surface reactions is largely
unexplored due to the challenges of experimentally and compu-
tationally studying the surface dynamics under working condi-
tions. Therefore, our emphasis in this section is on the first
two steps, namely, light absorption and charge transport. In par-
ticular, great progress has been made in understanding the com-
plex influence of cationic doping on charge separation step,
enabled by the development of characterization techniques for
ultrafast charge carrier dynamics detection and solid-state anal-
ysis in recent years [45].

5.1 | Single Cationic Doping
5.1.1 | Cationic Dopant Level Lies in Band

When cationic dopant levels lie above the band edge, they do not
directly contribute to light absorption or significantly alter it.
Instead, they can affect photocatalytic activity by modulating
the charge carrier separation process through hybridizing with
intrinsic defect states or conduction bands. For example, Al dop-
ing dramatically increased the photocatalytic overall water split-
ting activity of SrTiOs;, and an AQE of 30% was achieved at
360 nm, much higher than the 4.3% for undoped SrTiOj3. By selec-
tively loading the cocatalyst Rh/Cr,0O3 and cobalt oxyhydroxide
(CoOOH) for HER and OER, respectively, on Al-doped SrTiOs,
consecutive forward charge transfers without backward charge
transfer are achieved, enabling an external quantum efficiency
of 94%, which is maintained at least for 12.5h [14]. UV-vis sug-
gested the incorporation of Al did not improve the light absorp-
tion properties of SrTiO; or modify the bandgap energy
(Figure 5a) [47]. However, time-resolved photoluminescence
(TRPL) spectra showed an extended intrinsic charge carrier life-
time due to the elimination of Ti** nonradiative recombination
centers (Figure 5b), corroborated with an enhanced surface
voltage [48]. Further diffuse reflectance transient spectroscopy
(DRTS) and photoinduced absorption spectroscopy (PIAS) stud-
ies confirmed that the extended bulk charge carrier lifetime and
diffusion length allow electron extraction by water at the surface
before charge carrier recombination, thereby improving photoca-
talytic overall water splitting (Figure 5c,d) [46]. Computational
analysis provided an orbital-wise understanding. It revealed that
Al prefers to substitute Ti adjacent to oxygen vacancies, forming
[V,o-Alr;] complexes, and the absence of d valence orbitals in Al
is the key to eliminating the trap states formed by Ti 3d-Ti
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FIGURE 5 | (a) Tauc plots of undoped and Al-doped SrTiO; converted from UV-vis DRS spectra. (b) TRPL spectra of undoped (left) and Al-doped
SrTiO; (right) in air and under vacuum. (c) DRTS kinetics of SrTiO; and Al: SrTiO; in H,O probed at 500 nm, measured using 355 nm laser excitation at
an intensity of 400 pJ cm™ and a 0.8 Hz repetition rate. In addition to the increased signal amplitudes measured in DRTS and PIAS, lower DRTS decays
in Al: SrTiO; highlight the ability of Al: SrTiO; to support larger charge carrier densities and lifetimes. (d) Charge separation and recombination in
SrTiO; (left), Al: SrTiO; (middle), and Al: SrTiO;/Rh(PD)/Cr,0; (right) under steady-state irradiation for water splitting. AI** doping introduced the
internal electric field indicated by sloped conduction and valence band, driving charge separation. Further selective deposition of RhCrO, in Al: SrTiOs/
Rh(PD)/Cr,0; on the reduction facets facilitates electron extraction for proton reduction. The >10 s decay time represents the slow decay phase between
deeply trapped holes and conduction band electrons, while the fast decay phase is represented by the ~1s water oxidation reaction. (e) Schematic
illustration of orbital interaction. On the right, the uneven charge density distribution in Ti 3d-Ti 3d interaction across the oxygen vacancy, which
arises from the competition between orbital interaction, factoring charge distribution, and the Coulombic interaction, factoring electron localization.
On the left, substitutional Al doping deactivates this interaction and eliminates the in-gap state. (f) Schematic illustration of electron hopping between
Ti-t,, and O- pr orbitals in anatase TiO, (left) and rutile TiO, (right). Overlapping integral (t,4) is more negative in anatase than in rutile TiO,, thus
confirming stronger p-d coupling between Ti-t,; and O-pz orbitals in anatase TiO, than in rutile TiO,. (g) TAS of the undoped StTiO; and La-SrTiOs in
N, ambient at 765 nm. (h) Tauc plots and (i) TRPL spectra of La-doped TBACa,Nbs0,,. Figure 5a adapted with permission from Ref. [47], copyright
(2023) Wiley-VCH GmbH. Figure 5b reprinted with permission from Ref. [48], copyright (2023) Wiley-VCH GmbH. Figure 5c,d reproduced under terms
of the CC-BY license [46]. Copyright (2025), The Authors, published by the American Chemical Society. Figure 5e reproduced under terms of the CC-BY
license [43]. Copyright (2025), The Authors, published by the American Chemical Society. Figure 5f reproduced with permission from Ref. [49] copyright
(2025) American Physical Society. Figure 5g reprinted with permission from Ref. [50], copyright (2020) American Chemical Society. Figure 5h,i repro-
duced under terms of the CC-BY license [13]. Copyright (2025), The Authors, published by the American Chemical Society.

3d interactions across oxygen vacancies (Figure 5e) [43]. distant holes, thereby leading to suppression of Ti** recombina-
Furthermore, even when AI** and V, are distantly separated  tion centers (Figure 5f) [49].

in TiO,, p-d coupling between Ti-t,; and O-p () orbitals is still  In addition to interactions with intrinsic defect states, hybridiza-
highly effective and facilitates electron hopping from V, to tion of dopant levels with the conduction bands has also been
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proposed to effectively enhance the photocatalytic HER activ- 5.1.2 | Cationic Dopant Level Lies Within Band Gap
ity. For example, La doping enhanced the photocatalytic HER
of SrTiO; loaded with 1.0 wt% Pt from 379.2 to 550.4 pmol h™*
under UV-vis light irradiation. The hybridization of the
conduction bands of SrTiO; and La 5d orbitals was found to
secure the photoexcited electrons and extend the charge carrier
lifetime (Figure 5g) [50]. However, the positive effects of La
doping are not general for all hosts. Some contrasting results
have been reported, where La doping significantly suppressed
the photocatalytic HER activity. For example, in La-doped in Rh** allow tgg - conduction band transitions, while the par-
TBACa,Nb30,¢(TCNO), La doping reduced the photocatalytic tially filled t,, states in Rh** allow electronic transitions between

HER activity to approximately one-tenth of that of the  bandsand defect states [42, 51]. Furthermore, the midgap states
undoped layered perovskites [13]. It was found that La doping  introduced by Rh** also allow for the d-d transitions between t,,

did not significantly alter the light absorbance of TCNO of Rh3* and e of Rh** [32, 51]. Additionally, the increase of oxy-
(Figure 5h) but shortened the lifetime of photogenerated

charge carriers (Figure 5i). This decrease was attributed to
the distorted NbOg4 octahedra induced by La doping, leading
to strong local potential fluctuation and facilitating
recombination. These results suggest the strong dependence
of the doping effects on the host structure and the delicate
interplay between the dopant and associated defects in However, not all photoexcited charge carriers contribute to the
photocatalysis. photocatalytic water splitting reaction, and the extension of light

Cationic dopant levels located within the bandgap can dramati-
cally extend the light absorption properties of metal oxide photo-
catalysts even at low concentrations (Figure 6a). Such an effect
originates from the optical transitions between defect states and
bands, or between the defect states [25]. For example, in Rh-
doped SrTiO;, Rh substitutes at Ti sites and exists as Rh**
and Rh**, opening up new transitions: the fully filled Lyestates

gen vacancies also leads to the enhancement of absorption in the
Infrared (IR) range due to optical transitions from the oxygen
vacancy states to the conduction band. These new electronic
transitions greatly extend the light absorption from the UV range
to the IR range [17, 32].

O
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FIGURE 6 | (a)UV-vis-NIR absorption spectra of Rh**/Rh**"doped SrTiOs. (b) Calculated density of states of undoped and different metal-doped
SrTiOs. Take Ru and Rh for comparison. A larger energy gap between the valence band (VB) and the Ru states indicates a strong charge-trapping nature.
In addition, the higher Ru-states compared to Rh-states imply a weaker driving force for the oxidation reaction. (c) Splitting of the Rh 4d dopant states
responsible for visible light harvesting in Rh** (left) and Rh** (right)-doped SrTiO;. Three states exist in the band gap of Rh**-doped SrTiO;: a vacant
mid gap level above the Fermi level (A), an overlapping set of spin-up and spin-down states just beneath the Fermi level (B), and a single spin-down state
(C). Rh**doped SrTiO; only shows a single set of filled states just beneath the Fermi level within the band gap. (d) Iso-surfaces of the Rh 4d states
situated above the valence band of SrTiO; (responsible for visible light absorption). On the right is an example of the lowest energy-filled Rh state
observed in Rh: SrTiOs;. In the middle is an example of the vacant mid-gap state observed in Rh: SrTiOz. On the right is an example of a typical
O 2p valence band state in SrTiO3, showing a high degree of delocalization. (e) Surface depletion model of Rh**'doped SrTiOs at flat band potential
(left) and 1 Vryg (middle). On the right, photovoltage builds up in Rh**/Rh** doped SrTiO; under illumination at positive device operation potentials.
Conduction band (CB) electrons can accumulate due to the downward band bending. However, electron trapping processes likely induced by Rh** states
prevent the accumulation of electrons in CB, indicated by a quasi-Fermi level pinned to the Rh** redox potential. Figure 6a reprinted with permission
from Ref. [32], copyright (2012) American Chemical Society. Figure 6b adapted with permission from Ref. [54], copyright (2012) American Chemical
Society. Figure 6c-e adapted with permission from Ref. [42], copyright (2021) Springer Nature Limited.
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absorption does not guarantee an increase in photocatalytic activ-
ity [52, 53]. As we have described in the previous section, the elec-
trochemical potential determines the reactivity of photoexcited
charge carriers, and the overall photocatalytic activity is also influ-
enced by charge separation and extraction efficiency. In fact, in the
cases of Mn, Ru, and Ir-doped SrTiOs, despite the extended light
absorption, a dramatic decrease in photocatalytic HER activity has
been observed [16]. Several factors have been identified for the loss
of activity. First of all, thermodynamically speaking, photoexcited
charge carriers located at defect levels might lack the necessary
driving force to satisfy the thermodynamic requirements for water
splitting. For example, the energy states introduced by Ru in
SrTiO; are significantly above the valence band maximum, mean-
ing the electrochemical potential of photogenerated holes located
on the Ru mid-gap states is more negative than the water oxidation
potential [54, 55]. Therefore, these photogenerated holes cannot
transfer to water and become inactive for the reaction. More
importantly, the isolated deep states formed by Ru promote charge
recombination, reducing the concentrations of free charge carriers
with sufficient driving force (Figure 6b) [54].

A special case involves Rh*", which has paired electrons and
filled t,, states under the octahedral coordination environment.
Rh** t,e States have been discovered as selective trapping sites for
hole carriers, offering an alternative relaxation pathway of pho-
toexcited charge carriers beyond band-band relaxation, aiding
charge separation at the expense of some driving force, and ulti-
mately improving catalytic activity [53]. Although Rh*" levels are
located hundreds of meV above the valence band maximum, they
hybridize with the valence band, rather than forming isolated
states, which allows for efficient charge transfer and reduces
the probability of immobilization of charge carriers [42, 54].

Besides modulating the charge separation process within the
bulk, cationic doping also disrupts the equilibrium of the density
states indicated by the Fermi level position, tuning the band
bending direction and magnitude of the photocatalyst under
working conditions, which is a common driving force of charge
carrier separation at the surface in photocatalysts with good crys-
tallinity and few surface defects. In the case of Rh**-doped
SrTiOs, size exclusion chromatography (SEC) and transient
absorption (TA) analysis revealed Rh doping switched SrTiO;
from an n-type semiconductor to a p-type semiconductor, form-
ing a depletion region within SrTiO; at the interface and dra-
matic downward band bending, which provided a strong
driving force for charge separation and facilitated charge accu-
mulation in conduction band [42]. Despite the beneficial role
of Rh3*, the coexistence of Rh** in SrTiOs limits its performance
by introducing mid-gap states, which trap electrons and prevent
the electron accumulation in the conduction band, thus leading
to Fermi-level pinning below Rh** and deteriorating the photo-
catalytic HER activity (Figure 6c—e).

These results clearly indicate that the enhancement of light
absorption is not the determinative step, and effective separation
and extraction of photogenerated charge carriers are more
influential.

5.2 | Codoping

To offset the liabilities of single-doping approach and further
enhance the photocatalytic activity, codoping strategies have

been widely explored by introducing complementary dopants
that compensate and modulate defect states. Combinations in
which one dopant lies within the bandgap and the other lies
above the conduction band, such as Rh/La and Rh/Bi in
SrTiO;, and combinations in which both dopants lie above the
conduction band, such as Al/La in SrTiOs, have been explored
in the literature.

When introducing a codopant state that lies above the conduc-
tion band in conjunction with dopant states that lie deeply
within the bandgap, earlier research often broadly attributed
the improved activity to charge compensation effect of codo-
pants, which mitigates the trap defects intrinsically introduced
by aliovalent doping due to charge imbalance. For example, La
codoping of SrTiO; with Rh improved the photocatalytic HER
activity, which was correlated with the suppression of the Rh**
midgap states and the stabilization of Rh*.

Recent research has deepened the understanding of codopants’
important roles in charge-transfer modulation within the bulk
and at the interface. For example, in Rh and La co-doped
SrTiOs, La** could not only suppress Rh** but also stabilize
Rh** even at very positive potentials (Figure 7a,b). The modified
electronic structure leads to effective charge separation under the
driving force of band bending in the depletion region at the inter-
face while avoiding charge traps, thereby enhancing photocata-
lytic activity (Figure 7c,d) [42].

The identification of Bi as a more efficient codopant than La for
Rh marks an important milestone in codoping strategies
(Figure 7e) [56]. The exceptional AQE of 18.9% at 420 nm high-
lights the crucial role of Bi in suppressing oxygen vacancy forma-
tion, which commonly serves as a recombination center in La/
Rh-doped SrTiOs;. Furthermore, surface-concentrated Bi/Rh syn-
thesized via the solid-molten synthesis method enables a short
migration distance of photogenerated charge carriers, delivering
superior photocatalytic HER activity compared with their bulk-
doped counterparts.

The understanding of codoping strategies has been further
advanced by the recent demonstration of synergistic effects and
functional separation of codopants in Rh/La codoped two-
dimensional Dion-Jacobson-type layered perovskite TBACa,Nb;0,q
(Figure 7f-i) [13]. The function of Rh was clearly demonstrated
as charge separation mediator, while the function of La extends
beyond charge compensation to include structural modulation.
Specifically, Rh** substitutes Nb>" sites and introduces acceptor
levels 0.9eV above the valence band maximum, facilitating
photocatalysis through trap-mediated selective hole capture. In
contrast, La* serves as a charge compensator and structural sta-
bilizer, enhancing Rh** incorporation and dispersion, suppress-
ing oxygen vacancies, and distorting structures without directly
contributing electronic states. Benefiting from the synergistic
effect, Rh/La-codoped TBACa,Nb;0,, nanosheets achieved a
fivefold increase in photocatalytic HER with a high H, evolution
rate of 69.0 pmol h™* under full-arc irradiation and an AQE of
12.99% at 405 nm at the optimal Rh/La codoping level.

When introducing a codopant state that lies above the conduc-
tion band alongside a single dopant that lies above the conduc-
tion band, codoping has been found to reduce the segregation of
dopants and host cations. For example, La doping increases the
solubility and dispersion of Al. In La/Al codoped SrTiOs;, codop-
ing La with Al at small concentrations (1% Al 0.6% La) helps
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bandgap. La codoping shifts the states to a higher energy, implying the reduction of Rh** by La. (b) Photoinduced absorption (PIA) kinetics in La, Rh:StTiO;
photocatalyst sheets at various applied potentials are broadly potential independent, indicating La-assisted stabilization of Rh**. (c) Surface depletion model
in La, Rh: SrTiO; at flat band potential condition and 1 Vgryg. The substantial band bending in La, Rh: SrTiO; drives electron accumulation, which leads to
an effective charge separation, as indicated by Er, , reaching toward the CB. (W, indicates the width of the space charge layer). (d) Calculated band
alignment of Rh: SrTiOs, La, Rh: SrTiO;, and Rh:SrTiO; in the presence of a compensating background charge (Rh:SrTiO; + €). EA stands for electron
affinity, and IP stands for ionization potential. (e) Electronic-structure diagrams of SrTiO;: Rh, SrTiOs: La, Rh, and SrTiOs: Bi, Rh. (f) TRPL spectra of
undoped and Rh/La-doped TBACa,Nb3;0,,. The longest lifetime was obtained for TCNO:0.2Rh/1.3La. (g) SPV spectra of undoped and Rh/La-doped
TBACa,NbsO;o. The most intense surface photovoltage was obtained for TCNO:0.2Rh/1.3La. (h) High-resolution HAADF-STEM image of
TCNO:0.2Rh/1.3La. Rh substituted at B site (white circles) and La substituted at A site (blue circles). (i) Illustration of synergistic effects and proposed
trap-mediated charge separation mechanism in Rh/La codoped TCNO. (j) St** and titanium species ratio in La/Al doped SrTiO; obtained from XPS spectra:
(I) pure STO, (1II) Al (1.0)-STO, (IIT) La, Al (0.2,1.0)-STO, (IV) La, Al (0.4,1.0)-STO, (V) La, Al (0.6,1.0)-STO, (VI) La, Al (0.8,1.0)-STO, (VII) La, Al (1.0,1.0)-
STO. Figure 7a-d reprinted with permission from Ref. [42], copyright (2021) Springer Nature Limited. Figure 7e reprinted with permission from Ref. [56],
copyright (2024) Wiley-VCH GmbH. Figure 7fi reproduced under terms of the CC-BY license [13]. Copyright (2025), The Authors, published by the
American Chemical Society. Figure 7j reprinted with permission from Ref. [57], copyright (2021) American Chemical Society.
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make Sr** re-enter the lattice, reduces surface segregation of
Sr**, and promotes the conversion of Ti** to Ti**(Figure 7j),
which improves the AQE from 42.07% for Al-doped SrTiO; to
78.34% for La/Al codoped SrTiO; at 365 nm [57].

Although the codoping strategy has shown great potential in the
suppression of recombination centers introduced by single doping,
the overall enhancement strongly depends on the interplay
between codopants. For example, in Ni/Ta codoped SrTiOs,
despite Ta codoping increasing the lifetime of photogenerated elec-
trons and enhancing the photocatalytic HER in the visible light
region, the photocatalytic HER activity in the UV range dramati-
cally decreased. Although Ta could compensate for the charge
imbalance introduced by Ni**/Ni**, the number of defects that
deep-trap electrons actually increased by Ni/Ta codoping [58].

6 | Summary and Outlook

Over the past decades, tremendous progress has been made in
understanding how cationic doping modulates photocatalytic
performance. The research focus has been shifting from dopant
identification and concentration optimization to structure design
and the exploration of mechanistic insight. It has become evident
that the light absorption range alone does not guarantee
improved activity. Instead, sufficient electrochemical potential,
efficient separation, long lifetime, and fast extraction of photo-
generated charge carriers play a decisive role in photocatalytic
performance. With the development of transient spectroscopies
and advanced solid-state characterization techniques, the multi-
faceted roles of cationic dopants have been elucidated with
increasing clarity, particularly in the modulation of the charge
carrier separation and recombination. These developments have
deepened our insight into how cationic doping affects charge
transport processes both in the bulk and at the solid-liquid inter-
face. Moreover, codoping strategies have helped overcome some
intrinsic limitations of single doping, revealing synergistic inter-
actions and distinct functions of codopants. As these pieces of
knowledge have been coming together, the design of photocata-
lysts has become more rational and focused, and the photocata-
lytic performance of these photocatalysts has reached new
records one after another.

These achievements and findings open up new questions. The
fundamental origins governing the defect role remain unre-
solved, particularly the correlation between electronic configura-
tion, spin state, and charge carrier separation. Likewise, spin
effects related to cationic doping in light absorption and surface
reactions are largely unexplored, which can provide new avenues
to tune the photocatalytic process [59]. Furthermore, the
influence of cationic doping on surface reactions remains
uncharted, mostly due to the difficulties of carrying out operando
studies. However, it is foreseen that the development of time-
resolved and operando spectroscopies will greatly contribute to
the field. Moreover, the dynamic shift of thermodynamic driving
forces might enable the research of previously ignored cations.
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