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Solar-driven photocatalytic technology holds significant potential for addressing energy crisis and
mitigating global warming, yet is limited by light absorption, charge separation, and surface reaction
kinetics. The past several years has witnessed remarkable progress in optimizing photocatalysis via
electron spin control. This approach enhances light absorption through energy band tuning, promotes
charge separation by spin polarization, and improves surface reaction kinetics via strengthening surface
interaction and increasing product selectivity. Nevertheless, the lack of a comprehensive and critical
review on this topic is noteworthy. Herein, we provide a summary of the fundamentals of electron
spin control and the techniques employed to scrutinize the electron spin state of active sites in
photocatalysts. Subsequently, we highlight advanced strategies for manipulating electron spin, including
doping design, defect engineering, magnetic field regulation, metal coordination modulation, chiral-
induced spin selectivity, and combined strategies. Additionally, we review electron spin control-
optimized photocatalytic processes, including photocatalytic water splitting, CO, reduction, pollutant
Received 27th September 2024 degradation, and N, fixation, providing specific examples and detailed discussion on underlying
DOI: 10.1039/d4cs00317a mechanisms. Finally, we outline perspectives on further enhancing photocatalytic activity through
electron spin manipulation. This review seeks to offer valuable insights to guide future research on
rsc.li/chem-soc-rev electron spin control for improving photocatalytic applications.
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energy received by the Earth in just one hour (4.3 x 10%°J) is
equivalent to the entire global energy consumption for an
entire year (4.1 x 10%° J)." Forecasts predict that by 2035, over
50% of global power generation will be derived from renewable
sources, predominantly solar energy, highlighting the crucial
role of solar energy conversion technology in future sustainable
development.” Solar-driven photocatalytic technology has been
extensively researched to facilitate water splitting for green
hydrogen production and convert CO, into solar fuels (e.g:,
CO, CH,, CH30H, and C,HsOH), offering an effective solution
to both energy and environmental crises.?> ® Despite significant
achievements in photocatalysis over recent decades - such as
doping design, co-catalyst introduction, defect engineering,
heterojunction construction, and external field modulation -
its efficiency remains constrained by challenges including
limited light absorption, inefficient charge separation, and
insufficient surface reaction kinetics.””® Thus, developing a
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universal strategy to overcome these limitations and achieve
highly efficient solar energy conversion is of paramount
importance.

Recently, electron spin control has emerged as a promising
strategy for enhancing photocatalytic performance.'®™® Elec-
tron spin control involves the manipulation of both electron
spin and spin states. Electron spin refers to the intrinsic
angular momentum of an electron, characterized by spin-up
or spin-down configurations. In contrast, the electron spin state
describes the overall spin arrangement of electrons within an
atomic orbital and can be classified into singlet, doublet,
triplet, and other multiplet states.’®' These two concepts are
fundamental intrinsic characteristics that predominantly
govern the physical properties and chemical behaviors of photo-
catalysts, offering innovative approaches to enhance photocata-
Iytic efficiency.'>'® For example, electron spin control can be
used to tune the energy band structures of photocatalysts,
extending their light absorption capabilities across a broader
range of solar spectra, including visible and near-infrared (NIR)
light.'”"*® Moreover, spin polarization can promote the separa-
tion efficiency of photogenerated electrons and holes, accelerat-
ing charge migration to the photocatalyst surface.'*?°>3
Additionally, the interaction between photocatalysts and reac-
tants is strengthened by modulating the electron spin state of
active sites, improving surface reaction kinetics.?*>® Notably,
aligning electron spin in specific directions has been proven to
enhance the selectivity for desired products, offering a novel
strategy for regulating surface reaction pathways. For example,
this approach favors the production of triplet O, over singlet
hydrogen peroxide (H,O,) in photocatalytic water splitting
processes.'>*?%2° Therefore, electron spin control holds great
potential for broadening light absorption range, mitigating
charge recombination, and boosting the efficiency and selectivity
of surface reactions in photocatalysis. Despite the growing
interest in electron spin manipulation strategies for boosting
photocatalytic activity over the past decade, a comprehensive
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Fig. 1 Overview of the mechanisms, strategies, and photocatalytic appli-
cations of electron spin control.

and critical review summarizing the mechanisms, strategies, and
applications of electron spin control in photocatalysis remains
notably absent.

In this review, we aim at providing a systematic overview
of how electron spin control can optimize photocatalysis, the
strategies and materials involved, and their applications in
various photocatalytic processes (Fig. 1). We begin with the
fundamentals of photocatalysis and electron spin control,
followed by exploration of the role of electron spin control in
photocatalysis. Subsequently, we highlight advanced strategies
for manipulating electron spin, including doping design, defect
engineering, magnetic field regulation, metal coordination
modulation, chiral-induced spin selectivity, and combined appro-
aches. We also discuss recent developments in these strategies
as applied to photocatalytic water splitting, CO, reduction,
pollutant degradation, and N, fixation. Finally, we outline

O+@

Fig. 2 Schematic diagram of photocatalytic mechanism.
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current challenges and future research directions in this
rapidly evolving field.

2. Fundamentals and challenges of
photocatalysis
2.1 Fundamentals of photocatalysis

Fig. 2 depicts the detailed steps of photocatalysis in a photo-
catalyst, from light excitation to surface redox reaction. First,
when a photocatalyst is exposed to light with energy equal to or
greater than its band gap (step 1), photogenerated electrons are
excited from the valence band (VB) to the conduction band
(CB), leaving holes in the VB (step 2). Some electron-hole pairs
may return to the ground state via radiative or non-radiative
relaxation, typically occurring on a nanosecond to picosecond
time scale, which hinders the formation of free charge carriers.
Some electrons and holes can overcome the exciton binding
energy and separate into free charge carriers (step 3). However,
these charge carriers may recombine within the bulk of photo-
catalyst (step 4), but if their diffusion length is sufficient, they
can reach the surface of the photocatalyst (step 5). The diffu-
sion of charge carriers typically happens on a picosecond time
scale and requires a concentration gradient to drive their
movement. Unfortunately, some charge carriers may recom-
bine before they can participate in surface reactions (step 6).
Ultimately, the photocatalytic process concludes as the remain-
ing charge carriers are consumed in surface reactions (steps 7
and 8), which generally occur on a longer time scale. In the
surface reactions, electron-driven reduction enables H, produc-
tion and the conversion of CO, into solar fuels, N, into NH; or
NH,", and O, into superoxide radical (0,*”) or H,0,. Mean-
while, hole-driven oxidation can convert H,O into hydroxyl
radicals (HO®), H,0,, or 0,.”3%3?

Notably, the surface redox reactions can only be effectively
driven by photogenerated electrons and holes when the redox
potentials lie between the CB and VB potentials of a photo-
catalyst. For instance, to achieve overall water splitting, the CB
must be more negative than the reduction potential for
H, production, while the VB must be more positive than the

Light excitation
Electron-hole generation

Electron-hole separation

®+0

Bulk recombination

Electron-hole migration
@ Surface recombination

Reduction reaction

Oxidation reaction
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Fig. 3 Redox potentials of different species in photocatalysis.

oxidation potential required for O, generation. The redox
potentials of different species in photocatalysis are shown in
Fig. 3. It is accepted that a more negative CB position of a
photocatalyst enhances its ability to drive reduction reactions,
while a more positive VB position favors oxidation reactions.
Interestingly, multi-electron reduction of O, and CO, are ther-
modynamically more favorable than their single-electron coun-
terparts due to their lower reduction potentials. Similarly, the
four-electron oxidation of H,O is more readily achieved than
the two-election and single-electron oxidations, as the former
has a higher oxidation potential. Therefore, whether a photo-
catalytic reaction can occur and its efficiency largely depend on
the CB and VB positions of photocatalysts in relation to
the redox potentials of target reactions. This provides guidance
for selecting appropriate photocatalysts for specific target
reactions. For example, TiO,, with a CB potential of —0.5 V
and a VB potential of 2.7 V, is a commonly used photocatalyst
for water splitting due to its suitable band potentials, stable
chemical property, and low cost.*® Typically, photocatalysts
with a larger band gap have VB and CB potentials that are
more suitable for overall water splitting, but this often results
in reduced light absorption capability. The absorption spec-
trum of TiO, is confined to the ultraviolet (UV) range (about 4%
of sunlight), limiting its visible light utilization efficiency.
Studies have shown that doping TiO, with metal or non-metal
elements (e.g., N, S, Fe, and Co), can extend its light absorption
into the visible region.*® In contrast, g-C;N, and CdS, which
have smaller band gaps, can absorb visible light and possess CB
potentials of approximately —1.1 V and —0.8 V, respectively.>*=*
This makes them more effective for H, generation compared
to TiO,. However, their VB potentials are inadequate for water
oxidation, so a co-catalyst or a heterojunction with other
suitable semiconductors is needed to achieve overall water
splitting. Thus, it is essential to carefully balance and optimize
the trade-off between redox potential (determined by CB and VB
potentials) and light absorption capability (governed by band
gap). Additionally, for certain specific reactions, the selection of
photocatalyst can be based primarily on its VB or CB potential.

This journal is © The Royal Society of Chemistry 2025

For instance, in CO, reduction, a photocatalyst with a relatively
negative CB is ideal, as it enhances the reduction process
irrespective of the VB potential.’ On the contrary, for the
degradation of organic pollutants, photocatalysts with a rela-
tively positive VB potential is preferable. This is because they
possess stronger hole oxidation capability, allowing them to
generate highly reactive HO®, which significantly improves the
efficiency of organic pollutant degradation.

The overall efficiency of photocatalysis is primarily influenced
by the combined effects of three key steps: light absorption,
charge separation, and surface reaction kinetics. Consequently,
the solar energy conversion efficiency can be determined by

eqn (1).
N = Nabs X Nes X Nsr (1)

where # is the solar energy conversion efficiency, 7,y represents
the light absorption efficiency, #.s denotes the charge separa-
tion efficiency, and ys, signifies the surface reaction efficiency.

Quantum efficiency (QE) is another key metric for evaluating
photocatalytic reactions. It quantifies the rate at which a
specific event occurs per absorbed photon and is used to assess
the efficiency of reactant consumption, product formation,
and light emission in photophysical and photochemical reac-
tions.>® In photocatalysis, a higher QE indicates that more
photons are effectively utilized in the reaction, suggesting a
more efficient photocatalyst. Optimizing QE can lead to
improved photocatalyst design and enhanced performance in
photocatalytic reactions. The actual QE, often referred to as
internal quantum efficiency (IQE), is defined as the number of
reacted electrons participating in the reaction to the total
number of photons absorbed over a given period.> However,
due to challenges such as light scattering and reflection during
photocatalysis, directly measuring the number of photons
absorbed is difficult. As a result, apparent quantum efficiency
(AQE) is typically used as an alternative. AQE is determined
by the number of reacted electrons to the number of inci-
dent photons. Common detectors used to measure incident
photons include thermopiles and silicon photodiodes, which

Chem. Soc. Rev., 2025, 54, 2154-2187 | 2157
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can accurately gauge the flux of incident photons. Since light
intensity within the irradiated area is often uneven, it is
advisable to calculate the photon number by integrating the
photon flux across the entire illuminated area. This involves
dividing the illuminated area into smaller segments, measur-
ing the photon flux in each segment, and then integrating these
measurements to obtain an average photon number. The IQE
and AQE of a photocatalyst can be determined by eqn (2) and (3).

1QE = number of reacted electrons

"~ number of absorbed photons

x100%  (2)

number of reacted electrons

AQE

= 1009 3
number of incident photons x % 3)

2.2 Photocatalytic applications

Photocatalytic technology holds tremendous promise in the
fields of modern energy and environmental science, particu-
larly in key processes such as H, production via water splitting,
CO, reduction, pollutant degradation, and N, fixation.
By harnessing light energy to drive chemical reactions, photo-
catalysis not only enables the efficient generation of renewable
energy but also offers a low-energy, environmentally friendly
solution for reducing greenhouse gas emissions and addres-
sing environmental pollution. In water splitting, photocatalysts
can directly decompose water into H, and O,, providing a clean
energy source; in CO, reduction, they transform greenhouse
gases into valuable fuels and chemicals, contributing to the
development of a carbon-recycling economy. Additionally, in
pollutant degradation and N, fixation, photocatalytic techno-
logy plays a crucial role in environmental remediation and
agricultural production. Due to its sustainability and versatility,
photocatalysis has emerged as a promising solution to global
energy and environmental challenges. As photocatalysts and
reaction mechanisms continue to improve, the technology is
poised to make an even greater impact in large-scale industrial
applications.

2.2.1 Photocatalytic water splitting. Photocatalytic water
splitting is a process that converts light energy into H, and
O,. The overall reaction consists of two half-reactions: water
oxidation (2H,0 — O, + 4H"' + 4e~) and water reduction (4H" +
4e” — 2H,), driven by photogenerated holes and electrons,
respectively. For efficient photocatalytic water splitting, photo-
catalysts must meet several key requirements, including an
appropriate band gap, suitable conduction and valence band
positions to enable both reduction and oxidation, and high
stability and conductivity. Additionally, their ability to respond
to visible light is crucial for enhancing photocatalytic efficiency.
Commonly used photocatalysts primarily include semiconduc-
tor oxides, sulfides, and nitrides. Among them, TiO, is one of
the most extensively studied materials, known for its excellent
stability and strong oxidative properties. However, TiO, has a
relatively large band gap (about 3.2 eV), which limits its light
absorption capability. In contrast, photocatalysts like g-C3Ny,
CdS, and BiVOy, with their smaller band gaps, are responsive to

2158 | Chem. Soc. Rev., 2025, 54, 2154-2187
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visible light.*® Nevertheless, various modification strategies,
such as doping, precious metal loading, heterostructure con-
struction, and defect engineering, are needed to enhance the
separation of photogenerated electrons and holes, thereby
improving photocatalytic efficiency.?

In the photocatalytic H, production half-reaction, research
focuses on optimizing photocatalysts and reaction conditions
to improve the H, production rate and quantum efficiency.
Studies have shown that introducing precious metal nano-
particles with surface plasmon resonance effects, such as Pt
and Au, can enhance light absorption and improve the separa-
tion efficiency of photogenerated charge carriers.? Additionally,
regulating the crystal face structure of the photocatalyst, such
as exposing specific crystal facets, can increase the selectivity
and efficiency of the H, production reaction.?”

The main challenge in the photocatalytic O, production
half-reaction lies in the high overpotential and slow reaction
kinetics of the water oxidation reaction. To address this,
researchers have introduced highly active oxidation catalysts,
such as Co;0, and IrO,, to accelerate the water oxidation
process.*® Moreover, constructing 3D nanostructured materi-
als, such as BiVO, photoanodes, has increased the contact area
between light absorption sites and the reaction interface,
thereby enhancing water oxidation efficiency.*

Despite advancements, photocatalytic overall water splitting
still faces significant challenges, particularly in simultaneously
improving the efficiency of both H, and O, production reactions.
Strategies like constructing Z-scheme heterojunctions and photo-
alloy catalysts have been shown to promote the overall water
splitting.*® Additionally, utilizing two-photon excitation and
multi-electron transfer mechanisms has improved the quantum
efficiency of overall water splitting.> As research deepens our
understanding of photocatalytic mechanisms and photocatalysts
continue to be optimized, photocatalytic water splitting holds
great potential for practical applications in the future.

2.2.2 Photocatalytic CO, reduction. Photocatalytic CO,
reduction is a technology that harnesses light energy to convert
CO, into valuable chemicals. This process primarily relies on
photocatalysts that absorb photons and generate electrons to
drive the CO, reduction reaction. Such a process must satisfy
thermodynamic requirements; namely, the redox potential of
the reduction reaction must be more positive than the CB of the
photocatalyst. Additionally, from the perspective of reaction
kinetics, it is essential to have catalytic sites available for the
activation of CO,. Common reduction products include carbon
monoxide (CO), methane (CH,), formic acid (HCOOH), formal-
dehyde (HCHO), methanol (CH3;0H) and various long-chain
carbon compounds.

A crucial aspect of optimizing the efficiency and selectivity is
adjusting both the reaction conditions and the characteristics
of the photocatalyst. Research has demonstrated that the
reaction efficiency and the selectivity for different products
can be influenced by adjusting reaction conditions, such as
temperature, pressure, CO, concentration, and light intensity.’
Moreover, the fabrication of heterostructured photocatalysts
with well-aligned energy bands is an effective strategy for

This journal is © The Royal Society of Chemistry 2025
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achieving a broad spectral response and efficient charge
separation.’® Additionally, photocatalytic CO, reduction can
be promoted using co-catalysts such as Au, Ag, Cu, and Bi,
primarily due to the localized surface plasmon resonance
effect.’® Notably, by altering the compositions, morphologies,
and crystal structures of photocatalysts, their electronic struc-
ture can be modified, which in turn enhances its selectivity for
specific products.” With a deeper understanding of the reaction
mechanisms and the development of novel photocatalysts, it is
anticipated that more precise control over the products of
photocatalytic CO, reduction will be achieved in the future.

2.2.3 Photocatalytic pollutant degradation. Photocatalytic
technology has significant potential for environmental reme-
diation, primarily due to its ability to effectively decompose
organic pollutants, thereby purifying water and air. The mecha-
nism behind photocatalytic pollutant degradation involves a
series of complex chemical reactions, with the generation
of free radicals and their interactions with pollutants being
crucial. Under appropriate thermodynamic conditions, when
the VB and CB positions of photocatalysts are suitable, holes
can react with H,O to produce HO®, while electrons react with
0, to generate 0,°.*' These free radicals effectively degrade
organic pollutants into harmless products or even fully miner-
alize them into CO,. Additionally, electrons can produce H,0,
through a two-electron reduction pathway or generate HO® via a
three-electron reduction pathway.*”> Although holes possess
oxidizing abilities, their effectiveness is typically determined
by the VB positions of photocatalysts.**

Currently, many researchers utilize photocatalysts in combi-
nation with common oxidants, such as H,0,, O3, persulfate,
and hypochlorous acid.**™*” The reactions between electrons or
holes and these oxidants generate additional free radicals,
significantly enhancing pollutant degradation efficiency. There-
fore, photocatalytic pollutant degradation technology offers a
promising solution for environmental remediation.

2.2.4 Photocatalytic N, fixation. Photocatalytic N, fixation
offers a green and efficient method for sustainable nitrogen
fertilizer production. It harnesses solar energy to directly con-
vert atmospheric N, into NH;3, providing an alternative to the
traditional, energy-intensive Haber-Bosch process. Photocata-
lytic N, fixation operates under mild conditions, without the
need for high temperatures and pressures, reducing reliance on
fossil fuels and lowering both energy consumption and carbon
emissions. During photocatalytic N, fixation for NH; produc-
tion, the two nitrogen atoms of N, remain connected. The
reaction proceeds via two main pathways: in the distal pathway,
the nitrogen atoms farther from the photocatalyst surface are
hydrogenated first, followed by the nitrogen atoms adsorbed
on the surface until ammonia is formed; in the alternating
pathway, the two nitrogen atoms are hydrogenated alternately
until the process is complete.*® These pathways influence both
the efficiency of N, fixation and product selectivity.

Recent advancements in photocatalytic N, fixation focus on
the development of new photocatalysts, the optimization of
surface active sites, and the enhancement of electron transfer
efficiency. To address challenges related to N, adsorption and

This journal is © The Royal Society of Chemistry 2025
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high activation energy barriers, researchers have employed
strategies such as morphology control, element doping, defect
engineering, and heterojunction design.*®*° These approaches
improve N, adsorption and activation while reducing the
recombination rate of photogenerated charge carriers. These
innovations lay the groundwork for achieving efficient NH;
production at room temperature and pressure, paving the way
for its large-scale application.

2.3 Current challenges in photocatalysis

Despite considerable progress in photocatalysis over the past
few decades, its efficiency remains hindered by challenges
including limited light absorption, inefficient charge separation,
and insufficient surface reaction kinetics.

2.3.1 Limited light absorption. Light absorption is the
crucial first step in photocatalysis, directly influencing the
generation of photogenerated electron-hole pairs and, there-
fore, determining the overall performance of photocatalysts.
The solar spectrum consists of UV light (4%), visible light
(43%), and NIR light (53%). Traditional photocatalysts, such
as TiO,, have a large band gap (~3.2 €V) and can only absorb
UV light with wavelengths below 400 nm. This limits their
ability to utilize only 4% of sunlight, leaving the majority of
solar energy untapped. As a result, expanding the absorption
range to visible and NIR regions has become a critical focus for
improving photocatalytic efficiency.

Researchers have explored various strategies for adjusting
the band gap of photocatalysts to enhance light absorption.
One common approach is doping, where transition metals
(e.g., Fe, Co, and Mn) and non-metals (e.g., N, S, and C) are
introduced into photocatalysts.*® This can reduce the band gap
and extend the absorption range to visible and NIR regions.
However, doping may introduce impurity states that increase
the recombination rate of photogenerated charge carriers,
potentially reducing quantum efficiency. Another method to
extend the absorption range is sensitization with organic dyes
and quantum dots.>*>> However, the long-term stability of
these sensitizers and their susceptibility to photodegradation
under extended illumination remain challenges. Additionally,
some natrrow bandgap materials, such as black phosphorus,>
Ag,S,>* and ZnIn,S,,>> have been developed to absorb visible
and even NIR light. Despite this, these materials are often
vulnerable to photocorrosion and rapid recombination of elec-
trons and holes, leading to reduced activity and poor long-term
stability. Continued optimization is needed to achieve both
efficient and stable visible-to-NIR solar energy conversion.

2.3.2 Inefficient charge separation. The separation of photo-
generated charge carriers is a critical step in photocatalysis,
as it directly influences both QE and overall reaction efficiency.
However, photogenerated electrons and holes tend to recombine
within photocatalyst and at its surface, especially in the presence
of lattice defects and abundant surface states. This recombina-
tion leads to the loss of light energy and significantly reduces
photocatalytic efficiency.

To address this issue, researchers have developed several
strategies with notable progress. One effective approach is

Chem. Soc. Rev,, 2025, 54, 2154-2187 | 2159
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constructing semiconductor heterojunctions with appro-
priately matched energy band structures.*® This creates an
interface that forms an electric field, which facilitates the
migration of electrons and holes to different semiconductors,
thereby reducing their recombination and enhancing photo-
catalytic efficiency. For example, the TiO,/g-C3N, heterojunc-
tion combines TiO,’s high photocatalytic activity with g-C;N,’s
visible light absorption capability, utilizing the built-in elec-
tric field to achieve improved charge separation.’®*” However,
designing heterojunctions requires precise band structure
alignment between the semiconductors, which limits the
range of materials that can be used. Moreover, many materials
face challenges in band structure matching and lattice com-
patibility, reducing the diversity and flexibility of heterojunc-
tion photocatalysts.

Introducing suitable co-catalysts (e.g., Pt, Pd, RuO,, and
Co30,) is another widely studied approach to promote charge
separation.””® These co-catalysts facilitate the transport of
electrons or holes, thereby boosting the overall photocatalytic
performance. For instance, Pt and RuO, are commonly used in
photocatalytic water splitting to enhance H, and O, production,
respectively, by serving as sinks for electrons and holes.®
However, efficient co-catalysts, particularly precious metals
such as Pt, Au, and Pd, are costly, limiting their large-scale
use. Additionally, the chemical stability of these co-catalysts
may diminish over time, posing challenges for long-term
photocatalytic applications. Therefore, there remains a need
to develop efficient, cost-effective, and versatile strategies to
facilitate charge separation.

2.3.3 Insufficient surface reaction kinetics. The final step
in photocatalysis is the surface reactions on photocatalysts,
where photogenerated electrons and holes participate in
chemical transformations to produce useful products or
achieve specific reactions. Key factors affecting surface reaction
kinetics include reactant adsorption, reaction energy barrier,
and product desorption. Specifically, it is crucial for reactants
to be effectively adsorbed onto photocatalyst surface to
strengthen their interaction and facilitate reactions. Addition-
ally, thermodynamically favorable reaction pathways with low
energy barriers are desirable. Moreover, products should be
desorbed rapidly to prevent their accumulation on the catalyst
surface.

Current approaches for improving surface reaction kinetics
focus on increasing the number of active sites on photocata-
lyst surface and enhancing the adsorption of reactants and
intermediates. For example, compared to bulk materials, the
design of nanomaterials (e.g., nanosheets, nanowires, and
nanospheres) increases the specific surface area and provides
more active sites.”® Additionally, the introduction of co-
catalysts can increase active sites and lower reaction energy
barriers, facilitating better reactant adsorption and more effi-
cient reaction pathways with reduced energy barriers.®® Creat-
ing defects within photocatalyst structure can also offer extra
reaction sites and enhance the adsorption of reactants.®’
Furthermore, functionalizing photocatalyst surface with suita-
ble ligands (e.g:, amino acids, alcohols, and organic acids)
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strengthens the interaction between the photocatalysts and
target molecules, thereby boosting surface reaction kinetics.®

Notably, selective product generation, where catalysts pre-
ferentially produce desired products while minimizing the
formation of byproducts, is crucial for maximizing surface
reaction efficiency. However, common photocatalysts may lack
high selectivity, leading to the formation of various byproducts,
which reduces the yields of target products and complicates
purification. For instance, the selectivity for O, production
from H,O is often unsatisfied, as it tends to produce H,0, as
a byproduct, making this the rate-limiting step in photocataly-
tic water splitting.'* Similarly, in the photocatalytic degradation
of organic pollutants, photocatalysts may generate toxic inter-
mediates and byproducts such as phenols and aldehydes.**®
These byproducts not only reduce the overall effectiveness but
also pose additional environmental risks. Therefore, it is
essential to develop highly selective photocatalysts to optimize
surface reactions.

While photocatalysis is hindered by limited light absorption,
inefficient charge separation, and insufficient surface reaction
kinetics, recent research has proposed innovative solutions to
overcome these challenges. Among these, electron spin control
has emerged as a particularly promising method. By manipulat-
ing the spin state of electrons within photocatalysts, electron
spin control can optimize photocatalysis through enhancing
light absorption, promoting charge separation, and improving
surface reaction kinetics. In the following sections, we will
summarize the fundamentals of electron spin control and its
role in photocatalysis.

3. Fundamentals of electron spin
control and its role in photocatalysis
3.1 Theories and principles of electron spin and spin state

In this review, electron spin control encompasses the manip-
ulation of both electron spin and spin states. Electron spin
refers to the intrinsic angular momentum of an electron,
characterized by the spin magnetic quantum number m, which
can be either spin up (ms = 3) or spin down (m, = —1) (Fig. 4a);
while electron spin state describes the overall spin configu-
ration of electrons in an atomic orbital and can be classified as
singlet, doublet, triplet, etc."*"™ These fundamental concepts
significantly impacts the physical properties and chemical
behavior of atoms, molecules, and materials.

The theories and principles of electron spin and spin state
have been developed over the past century, establishing a solid
foundation for research related to electron spin control. In
1925, Wolfgang Pauli proposed the famous Pauli exclusion
principle, stating that each spatial orbital can accommodate
a maximum of two electrons with opposite spin directions,
characterized by mg of 1 or —1° In electron-pair bonds,
electrons can exist in a singlet state, where spins are antipar-
allel, the spin wavefunction is antisymmetric, and the spatial
part of the wavefunction is symmetric. Alternatively, they
can occupy a triplet state, where spins are parallel, the spin

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Schematic diagram of electron spin and spin state. (a) Spin-up and
spin-down electrons. (b) Spatial illustration of the five d-orbitals. (c) Crystal
field splitting of d-orbitals in a metal cation.

wavefunction is symmetric, and the spatial part of the wave-
function is antisymmetric. This principle serves as the corner-
stone for comprehending the electronic structure of atoms and
the organization of elements in Mendeleev periodic table. At the
end of 1925, George Uhlenbeck and Samuel Goudsmit introduced
the concept of electron spin, which refers to the intrinsic angular
momentum of an electron, independent of its orbital angular
momentum.® After that, Friedrich Hund stated that electrons
preferentially occupy different orbitals with parallel spins because
of the minimum energy principle.®® Hund’s rules predict and
explain the spin configuration of electrons, laying the foundation
for the development of electron spin state. However, electron spin
and spin state was not incorporated into quantum theory until
1928, when Paul A. M. Dirac published the Dirac equation to
further explain the spin and magnetic moment of electrons.®” In
the decades that followed, research on electron spin and spin
states spurred the advancement of spin-related fields, such as
spintronics and quantum computing.

3.2 Electron spin states in photocatalysis

In recent years, the electron spin states in photocatalysis have
garnered significant attention due to their notable impacts on
the photocatalytic performance.""*?"°® Typically, the central
metal atom in metallic photocatalysts forms an octahedral
coordination structure with six surrounding ligand atoms. In
this arrangement, the electrons in the metal’s d orbitals repel
the electrons of the ligands, causing those electrons closer to
the ligands to have higher energy than those further away. As a
result, the d orbitals split into two groups with distinct energy
levels: the d,), d.;, and d,, orbitals, known as the t,, orbitals,
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have lower energy; while the d,. and d,._. orbitals, referred to
as the e, orbitals, have higher energy (Fig. 4b).

The splitting of metal d orbitals can alter the balance
between crystal field splitting energy (the energy required to
split the metal d orbitals) and spin pairing energy (the energy
needed for two electrons to occupy the same orbital), leading to
changes in the electron spin state. The spin states are categor-
ized as low, intermediate, and high spin states (Fig. 4c). Gen-
erally, when the crystal field splitting energy exceeds the spin
pairing energy, electrons first fill the t,, orbitals with two
electrons of opposite spins. Then, electrons occupy the e,
orbitals singly until the energy needed to fill an additional
orbital surpasses the spin pairing energy. Conversely, if the
crystal field splitting energy is lower than the spin pairing
energy, electrons occupy all orbitals with similar energy levels
singly before pairing up. As systems tend to minimize their
total energy, those with crystal field splitting energy greater
than spin pairing energy typically exhibit low spin configura-
tions, while those with lower crystal field splitting energy favor
high spin configurations.

3.3 Techniques for investigating electron spin state

The study of electron spin state is crucial for understanding
spin-dependent chemistry. Commonly used techniques include
X-ray absorption spectroscopy (XAS), Mossbauer spectroscopy,
electron-energy-loss spectroscopy (EELS), electron spin reso-
nance (ESR) spectroscopy, temperature-dependent magnetiza-
tion (M-T) measurement, and theoretical modeling and
calculations (Fig. 5).

3.3.1 X-Ray absorption spectroscopy. XAS analyzes the elec-
tronic structure and local chemical environment of materials.
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Fig. 5 Techniques for studying electron spin state.
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When X-rays hit a sample, they can excite electrons to higher
energy levels if their energy matches the binding energy. XAS
consists of X-ray absorption near-edge structure spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS).
The XANES detects 30-50 eV above the absorption edge to
provide information on electronic state density and chemical
state, while the EXAFS probes 50-1000 eV above the absorption
edge to reveal local atomic structure. Moreover, the EXAFS can
further reveal coordination numbers and bond lengths through
Fourier transformation (FT) or wavelet transformation (WT)
analysis. The XAS spectrum shape and normalized intensity of
the metal L-edge peak provide insights into the spin state.®® For
example, a decrease in Co L-edge peak intensity indicated a
spin state transition in Co™ from high spin to intermediate
spin.'> Moreover, in situ XAS was performed to demonstrate
that Co™ in Fe-CoOOH transitioned from low spin to inter-
mediate spin.”® Additionally, since the spin state affects the
metal and O hybridization peaks in O K-edge, XAS can be used
to quantify the metal-O bond covalency. For instance,
LaCoO;(111) with low spin Co™ showed a strong hybridization
between the unoccupied e, orbitals of Co™ and the O 2p
orbitals, yet in LaCoO3(100), the Co™ transitioned to inter-
mediate spin and weakened the hybridization.”*

In general, XAS offers high-resolution energy distribution
that aid in determining the electron density of states and local
spin state, particularly at the K-edge and L-edge absorption
peaks. However, for metal centers with multiple coordination
types, quantifying their coordination is challenging, as XAS
provides average values for all absorbed atoms instead of a
specific single site.™*

3.3.2 Méssbauer spectroscopy. For Fe species, >’Fe Moss-
bauer spectroscopy is an important technique to identify their
spin configurations. When irradiated by vy-rays, the energy
levels of Fe nucleus transition between the ground state and
the first excited spin state, which are influenced by their
electromagnetic and electrical environment and can be moni-
tored by resonance fluorescence.' Different spin states of Fe
ions can be identified by their distinct isomer shift and quad-
rupole splitting values.”” Generally, a lower isomer shift
indicates the low spin state of both Fe* and Fe™, while a lower
quadrupole splitting value suggests the low spin state for Fe'
and the high spin state for Fe™.'> For example, Mdssbauer
spectroscopy was applied to trace the low-to-intermediate spin
transition of Fe™, demonstrating the spin state transition mediated
by axial Fe-O-Ti ligands.”® Moreover, in situ *’Fe Mossbauer
spectroscopy was used to analyze the valence changes in high
spin Fe™ and intermediate/low spin Fe™ during potentiostatic
operation.”* The results indicated that the Fe™ moiety irreversibly
transitioned to Fe", while the Fe" moiety remained stable for 50 h.

Mossbauer spectroscopy provides advantages including
strong resistance to interference and applicability to various
sample types such as powders, thin films, and bulk materials.
However, it is limited to the analysis of *’Fe and '*°Sn and is
primarily used to study the spin states in Fe-based catalysts.

3.3.3 Electron-energy-loss spectroscopy. In EELS, a known-
energy electron beam is directed at a material, causing some
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electrons to lose energy through inelastic scattering. By analyz-
ing this energy loss, the electron spin configurations within the
atoms can be determined. For instance, analyzing the peak
intensity and energy of the EELS O K-edge spectra can differ-
entiate between the spin states of Co™ in the bulk and surface
phases of LaCoO;.”> A lower peak intensity around 530 eV
indicated a higher spin state of Co™ in LaCoO;. Additionally,
the EELS Co L-edge spectra was used to determine the spin
state transition of Co"™.’® A decrease in Co valence and an
increase in O vacancy concentration in Co-O layer was con-
firmed by the Co L; and Co L, peak intensities, indicating a
spin state transition of Co™ from high spin to low spin.

EELS offers high energy resolution, enabling precise differ-
entiation of spin states within the local band structure. When
paired with transmission electron microscopy (TEM), it pro-
vides nanometer-scale spatial resolution for detailed spin state
analysis in localized regions of a material. However, EELS
requires samples to be sufficiently thin and stable.

3.3.4 Electron spin resonance spectroscopy. ESR is a
powerful technique for studying the electron spin states in
paramagnetic substances with unpaired electrons. When elec-
trons in the sample resonate under a specific magnetic field
and radiation frequency, changes in magnetic susceptibility
produce an ESR signal. The ESR spectrum records the absorp-
tion intensity at different magnetic fields and radiation fre-
quencies, revealing information about the spin state. However,
measuring transition metal ions at room temperature can be
problematic because some metal ions have short relaxation
times, that is, the time for an excited spin system to return to
the ground state.”” This may result in broader spectra and
exceed detection limits." Thus, lower test temperatures (below
77 K) are typically used for probing the spin states of metal-
based materials. For example, low-temperature ESR spectra
showed an increased peak intensity at g = 2.3 in Bi-doped
SrCoO;_s compared to unmodified SrCoO;_s, indicating a
higher proportion of intermediate spin and high spin Co™ in
Bi-doped SrCo0;_;.”®

ESR spectroscopy is highly sensitive to paramagnetic sub-
stances, including free radicals, transition metal ions, and
certain metal oxides, even at extremely low concentrations.
It generally does not damage the sample and can be used
across various states (e.g., solids, liquids, and gases) and
conditions (e.g., room and low temperatures). However, ESR
is limited to samples with unpaired electrons and cannot
provide information about systems with fully paired electrons.

3.3.5 Temperature-dependent magnetization measurement.
M-T measurements assess the electron spin states of metal-based
ferromagnetic materials in a controlled magnetic field under
field-cooling procedures.”> Once the temperature exceeds the
Curie temperature (7c), the ferromagnetic materials lose their
permanent magnetism and exhibit paramagnetic behavior. In the
paramagnetic region, the susceptibility follows the Curie-Weiss
law: y = C/(T — Tc), where C is the Curie constant. Then, the
effective magnetic moment y.¢ can be obtained by .y = v/8Cug,
where uy, is the Bohr magneton with a value of 9.274 x 10 **J T,
After getting u.r, the effective spin quantum number Se can be
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calculated by Sex = teg/(gus), where g is the Landé factor.*'®
Serr determines the arrangement of electrons in the atomic orbits
and the spin state transitions. For example, the spin states of Co™
were determined using M-T measurements at a 1000 Oe magnetic
field under field-cooling procedures, demonstrating a spin state
transition from low spin to high spin in Co™.”®

M-T measurements reveal the magnetic phase transition
energy of a material across different temperatures and identify
temperature-dependent spin state transitions, such as the shift
from paramagnetism to ferromagnetism. However, M-T
measurements are primarily applicable to samples exhibiting
paramagnetism or ferromagnetism and have limited use for
nonmagnetic materials. Additionally, for samples with T¢
exceeding 800 K, the Curie constant may not be readily
accessible.

3.3.6 Theoretical modeling and calculations. Theoretical
modeling and calculations are powerful techniques for study-
ing spin-dependent chemistry. They can assist in identifying
transitions between different spin states by comparing the total
energies of the spin states. They also reveal the underlying
reaction mechanisms by calculating and comparing the Gibbs
free energy of reaction intermediates and products. For exam-
ple, density functional theory (DFT) calculations revealed that
the low spin Fe™ in NiFeOOH enhanced its catalytic activity.
However, as the Fe™™ content increased, a spin state transition
from low spin to high spin occurred, which decreased the
activity of surface Fe ions.®” Moreover, DFT calculations were
employed to investigate the origin of the high spin Co™ in
CoOOH, indicating that this high spin state was associated with
a decrease in Co valence state.®* The partial density of states
(PDOS) results indicated that, after introducing high spin Co™
into CoOOH, the density of electronic states in the Co 3d and
O 2p orbitals near the Fermi level increased significantly,
promoting electron transfer during the catalytic process.

Theoretical modeling and calculations can predict the elec-
tronic structures and chemical properties of materials prior to

® Enhancing light absorption
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experiments, thereby guiding experimental design and optimiz-
ing materials. Additionally, they can forecast the chemical
properties of materials under extreme conditions that may be
challenging to achieve experimentally. However, the models
used in theoretical calculations may not perfectly align with
actual experimental conditions, potentially limiting the cred-
ibility of the results.

3.4 The role of electron spin control in photocatalysis

In recent years, electron spin control has driven notable
advances in photocatalysis by: (i) enhancing light absorption
of photocatalysts through tuning their energy band structures,
enabling effective utilization of visible to NIR light; (ii) promot-
ing charge separation by spin polarization effect, which accel-
erates the migration of photogenerated electrons and holes to
the photocatalyst surface; and (iii) improving surface reaction
kinetics through strengthening the interaction between photo-
catalysts and reactants and increasing the selectivity of target
products (Fig. 6).

3.4.1 Enhancing light absorption. The energy band struc-
ture of a photocatalyst dictates its ability to absorb light.
Specifically, a wider band gap means a larger energy difference
between the CB and VB, requiring the absorption of higher-
energy photons (short-wavelength light, such as UV) to excite
electrons from the VB to the CB. As a result, photocatalysts with
wide band gaps are only responsive to high-energy photons,
limiting their absorption to a narrow portion of the solar
spectrum and excluding much of the visible and NIR regions.
Conversely, semiconductors with narrower band gaps require
less energy for electron transitions and can be excited by low-
energy photons (long-wavelength light, such as visible and
NIR). Notably, the energy band structures of photocatalysts
can be modified through electron spin control by inducing
the spin-orbit coupling (SOC) effect.®” This effect arises from
the interaction between an electron’s spin and its orbital
motion, which may lead to additional splitting of the CB and

® Promoting charge separation

Fig. 6 The role of electron spin control in photocatalysis.
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VB or the formation of additional sub-bandgap states. These
changes rearrange the energy band structure and affect light
absorption across different wavelengths. Additionally, the SOC
effect can create new electron transition channels with distinct
energy requirements, potentially enhancing light absorption
within specific wavelength ranges.®® For instance, spin-forbidden
transitions can be induced by the SOC effect.'® Typically, photo-
catalysts undergo spin-allowed excitation, transitioning from the
ground state to the excited singlet state and then to the excited
triplet state (So — S; — Ty) (Fig. 7a)."® However, this process
involves intersystem crossing (ISC), which results in some energy
loss and limits the effective excitation of electrons. The SOC effect
in Os(u) polypyridine complexes enabled spin-forbidden excitation
(So — Ty) under deep red and NIR light (660-800 nm) irradiation
(Fig. 7b), significantly reducing ISC-related energy loss and extend-
ing the photocatalyst’s absorption range from 615 nm to 730 nm
(Fig. 7c). Moreover, the rearrangement of electron spin states in
photocatalysts due to the SOC effect can lead to Zeeman splitting
of energy levels, particularly when an external magnetic field is
applied (Fig. 7d)." This alters the energy required for electrons to
transition from the ground state (VB) to the excited state (CB),
thereby regulating the light absorption range.

Traditional methods to enhance the light absorption of
photocatalysts typically involve: (i) reducing the band gap energy
through metal and non-metal doping (e.g., N, S, Fe, and Co) to
enable absorption of longer-wavelength light; (ii) introducing
lattice defects, such as oxygen and metal vacancies, to create new
energy levels or band states, thereby increasing the absorption
efficiency of visible-to-NIR light; and (iii) modifying the photo-
catalyst surface with photosensitizers (e.g., dyes and quantum
dots) to boost light absorption via energy or electron transfer
mechanisms. In contrast, electron spin control offers a novel
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approach by directly tuning the energy band structure through
the SOC effect, without the need for complex material modifica-
tions. This presents a robust yet simple strategy for enhanc-
ing light absorption in visible and NIR regions and optimizing
photocatalytic performance.

3.4.2 Promoting charge separation. Spin polarization
effect, which biases electrons towards one of the spin states
(spin up or spin down) rather than an equal distribution
between both states, can reduce the recombination of photo-
generated electrons and holes.""*%* Specifically, when a spin-
up electron is excited to the CB, the hole left in the VB retains
the same spin orientation. However, during the electron trans-
fer process, factors such as the SOC effect, hyperfine inter-
actions, and external magnetic fields may cause the electron’s
spin to flip (e.g., from spin up to spin down), while the hole’s
spin remains unchanged. Because electrons and holes with
opposite spin directions cannot recombine directly via photo-
luminescence or heat dissipation, this spin-forbidden effect
significantly lowers the probability of recombination.'*?%8
Consequently, in a highly spin-polarized environment, elec-
tron-hole recombination is effectively suppressed, enhancing
the charge separation efficiency of a photocatalyst. For exam-
ple, the photocatalytic CO, reduction performance of CsPbBr;
was improved by 5.7 times due to the promoted charge separa-
tion, which was achieved by creating a spin-polarized environ-
ment through Mn doping and the application of an external
magnetic field (Fig. 8a).>° Pristine CsPbBr; did not exhibit
an extended carrier lifetime under a magnetic field (Fig. 8b).
Interestingly, Mn-doped CsPbBr; (Mn-CsPbBr;) generated
spin-polarized electrons, and the electron spin polarization in
Mn-CsPbBr; was further enhanced under a magnetic field, result-
ing in an extended lifetime of photogenerated carriers (Fig. 8c).
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Fig. 7 Enhanced light absorption by the regulation of energy band structure. Schematic illustration of (a) spin-allowed excitation and (b) spin-forbidden
excitation. (c) Comparison of light penetration in spin-allowed excitation and spin-forbidden excitation. Reproduced with permission from ref. 18.
Copyright 2020 American Chemical Society. (d) Energy splitting introduced by Zeeman effect. Reproduced with permission from ref. 19. Copyright 2022
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Thus, the combination of Mn doping and an external magnetic
field effectively increased the number of spin-polarized carriers,
suppressed charge recombination, and enhanced photocatalytic
activity.

Another study revealed that Au-loaded Fe;0,/N-TiO, super-
paramagnetic photocatalyst significantly enhanced the effi-
ciency of photocatalytic water splitting under an external
magnetic field because of the promoted charge separation.*’
This promotion was attributed to the combined effects of the
Lorentz force and spin polarization effect (Fig. 8d). In this
system, the local magnetic field generated by Fe;O, nano-
particles aligns the magnetic moments in N-TiO, in parallel,
creating a highly spin-polarized environment. Under an exter-
nal magnetic field, electrons excited to the CB undergo spin
relaxation, changing from their initial spin state (spin down) to

This journal is © The Royal Society of Chemistry 2025

eld. The normalized photoinduced transient reflectivity changes (AR/R) of
ield. Reproduced with permission from ref. 20. Copyright 2022 American
photocatalysis system. Reproduced with permission from ref. 21. Copyright

an alternative state (spin up). Due to the scarcity of spin-up
holes, these spin-up electrons encounter more difficulty return-
ing to the VB, thereby reducing charge recombination and
boosting photocatalytic performance.

In addition to the application of external magnetic fields,
creating material defects can also regulate electron spin,
thereby promoting charge separation.">*® For example, catio-
nic defect-rich Bi Ti;0;, induced spin polarization, resulting in
the generation of spin-parallel photogenerated electrons, which
inhibited electron-hole recombination and led to efficient
0, activation (Fig. 9a).>> The reduced photoluminescence (PL)
intensity in steady-state PL spectra suggest that the defects
in Bi, Tiz0;, suppressed charge recombination (Fig. 9b).
Meanwhile, time-resolved photoluminescence (TRPL) decay
spectra reveal that defect-rich Bi,Ti;O;, facilitated a higher
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participation of photogenerated electrons and holes in the reac-
tion, confirming the more effective charge separation (Fig. 9c).
Moreover, steady-state surface photovoltage (SPV) spectroscopy
indicates that the local electric field intensity of defect-rich
Bi,Ti;O;, was approximately three times higher than that of
Bi,Tiz0;,, demonstrating the improved charge separation in
the defect-rich Bi,Ti30;, (Fig. 9d). In another study, intrinsic Ti
vacancies in TiO, were created by an oxygen-rich environment
during the thermal assembly of Ti-O-Ti parallel lattice chains
(Fig. 9¢)."® These Ti vacancies resulted in the parallel alignment
of electron spin orientations. Interestingly, varying the concen-
tration of Ti vacancies allowed for tuning the degree of spin
polarization. Compared to the pristine TiO,, Ti-vacancy-modified
samples showed extended average TRPL lifetimes (Fig. 9f), sug-
gesting the promoted charge separation by the spin polarization
effect.

Traditional methods for promoting the separation of photo-
generated charge carriers generally focus on manipulating the
structures, surface properties, and heterojunctions of semi-
conductors. Common strategies include: (i) constructing hetero-
junctions between different semiconductors (e.g., p-n junctions,

2166 | Chem. Soc. Rev., 2025, 54, 2154-2187

type-Il and Z-scheme heterojunctions) to utilize energy band
alignment for efficient separation of photogenerated electrons
and holes; (ii) depositing noble metal nanoparticles (e.g:, Pt, Au,
and Ag) and conductive carbon materials (e.g., graphene, carbon
dots, and carbon nanotubes) on photocatalyst surface to form
“electron capture” layers that enhance electron separation effi-
ciency; (iii) optimizing charge separation efficiency by controlling
the exposure of specific crystal facets of photocatalysts; and
(iv) introducing lattice defects to create “electron traps”, which
facilitate charge separation. In contrast to these approaches,
electron spin control reduces the recombination probability of
electrons and holes through the spin polarization effect, thereby
extending carrier lifetimes and enhancing photocatalytic perfor-
mance. This method controls charge separation by adjusting the
spin state and spin-related interactions within photocatalysts,
simplifying the design and fabrication process while offering a
more precise and controllable way to enhance photocatalytic
efficiency.

3.4.3 Strengthening the interaction between photocatalysts
and reactants. The surface reaction steps involve the adsorption
of reactants, charge transfer between the photocatalysts and

This journal is © The Royal Society of Chemistry 2025
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reactants, and the desorption of reaction products. Among these
steps, the adsorption of reactants by photocatalysts directly
impacts the efficiency of photocatalytic reactions. Moreover,
the active centers of photocatalytic reactions, which are often
localized in specific regions such as metal active centers, defect
sites, and acidic/basic sites, play a vital role in determining the
efficiency of surface reaction. Notably, the adsorption capacity of
photocatalysts is closely linked to the spin states of active
centers.'® Adsorption energy represents the interaction between
active centers and reactants or intermediates adsorbed on it.
More negative adsorption energy indicates a more stable inter-
action between them, which can reduce the reaction energy
barrier and facilitating the reaction rate. Generally, adsorption
energy is influenced by the orbital hybridization between the
adsorbate and catalyst, which can be modulated by adjusting the
spin states of the active centers. According to the d-band center
theory, when an adsorbate approaches the metal surface, its
atomic orbitals interact with the metal’s d orbitals, leading to
energy level splitting.®® The bonding orbitals formed are lower
in energy and more stable, while the antibonding orbitals are
higher in energy and less stable. If electrons predominantly
occupy the bonding orbitals, the system’s overall energy
decreases, strengthening the bonding. Conversely, if more elec-
trons fill the antibonding orbitals, the structure becomes less
stable, and the bonding strength weakens. Adsorption energy
can be assessed by the position of the d-band center and the

View Article Online
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degree of antibonding orbital occupancy.®® When the metal’s
d-band center is sufficiently high, the antibonding orbital will be
above the Fermi level and remain unoccupied due to insufficient
electron flow, which facilitates adsorption. However, a low
d-band center can position the antibonding orbital below the
Fermi level, leading to its occupation by incoming electrons and
thereby hindering adsorption.

Modulating the electron spin states of metal centers enables
precise control over the adsorption energy, thereby improving
the surface reaction kinetics.'* For example, the spin state of Co
in the covalent organic framework (COF)-367-Co can be con-
trolled by adjusting the oxidation state of Co at the porphyrin
center.®® This alteration affected the electron distribution and
the orientation of the Co-3d orbitals, thereby influencing the
interaction between Co and CO, molecules. COF-367-Co™,
compared to COF-367-Co", exhibited superior photocatalytic
CO, reduction activity and markedly enhanced selectivity for
formic acid (HCOOH) (Fig. 10a). DFT calculations reveal that in
COF-367-Co", Co-3d,, or Co-3d,, orbitals couple with the O-2p
orbitals of CO,, whereas in COF-367-Co™, Co-3d,. orbitals
interact with the O-2p orbitals, resulting in the adsorption
energy on COF-367-Co™ more than double that of COF-367-
Co" (Fig. 10b). Moreover, COF-367-Co™ exhibits a stronger
interaction with HCOOH than COF-367-Co", favoring the for-
mation of HCOOH while inhibiting its further conversion,
thereby increasing the selectivity for HCOOH. In another study,

b o
T 1.41E-5 n c

2.10E-4
CO,-COF-Co'' CO,-COF-Co'
d,,ord,, d,
6.17E-4 T 1.66E3

HCOOH-COF-Co'" HCOOH-COF-Co'"

Energy (eV)

d,,ord,, d,2

- T <750 25 OH
T I
n willl 20
& ollihgn o b 05 = Sies 7 2 H,0
4 Ll g -- e o 00
[} et -~ 4
Bl Mmoo - 10 - OER .

L, A B
na 0 _r\',!",:,lx_/:.hc 4 — % ;/ ! . _g too high e, |oolo;m“

V ) 1( X
22|y, \'\/“ 2 = OHON\ oy YW
® ds ' ~
@ |
8% sa32101234 © 870508070808 7011 He+e =

e, Electron

Fig. 10 Strengthened interaction between photocatalysts and reactants by the regulation of metal spin state. (a) Photocatalytic CO, reduction activities
by COF-367-Co with different Co spin states. (b) Different coupling modes of CO, and HCOOH interacting with Co site at different spin states.
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Co" with low spin state has an empty e, orbital, making
it difficult to deprotonate oxyhydroxides to form peroxide
ions, which severely inhibited the reaction efficiency of oxygen
evolution.?®” However, Co™ with intermediate spin state achieved
optimal adsorption of intermediates (e.g;, *OOH, *O, and *OH),
resulting in excellent activity. Also, tuning the spin state of the Fe
center can alter its adsorption energy for reactants. For instance,
when Fe'™ transitioned from low spin state to high spin state, the
increased electrons in the e, orbitals weakened the adsorption of
0,, leading to poor oxygen reduction performance.*® Conversely,
when transitioned to intermediate spin state, the d,. orbitals of
Fe'" easily bound to the antibonding 7 orbital of O,, thereby
exhibiting enhanced oxygen reduction efficiency.

Additionally, regulating the spin state of the Mn active
center in Mn-C;N, can modulate the interaction between the
Mn-C3N, and the reaction intermediates (e.g., *OOH, *O, and
*OH), thereby enhancing the photocatalytic oxygen evolution
performance.>* DFT calculations indicate that with a single Mn
atom, Mn is in a high-spin state, whereas with two Mn atoms,
the spin state of Mn is reduced (Fig. 10c). Consequently, the spin
state of Mn can be tuned by adjusting the Mn concentration in
Mn-C;N,. The binding strength between Mn and the intermedi-
ates is influenced by the antibonding e, occupancy, with the
optimal e, occupancy around 0.95 (Fig. 10d). For photocatalysts
with high e, occupancy, the Mn-O bond is too weak, which
impedes the formation of the O-O bond. In contrast, the Mn-O
bond of photocatalysts with low e, occupancy is too strong,
hindering proton removal from Mn-OOH (Fig. 9¢). Therefore, by
precisely adjusting the spin state of Mn active center to achieve
moderate e, filling, the balance between these competing pro-
cesses can be optimized to enhance photocatalytic activity.

The interaction between photocatalysts and reactants is also
crucial in determining the efficiency of charge transfer between
photocatalysts and reactants. When reactant molecules coordi-
nate with metal catalysts, the metal center’s spin state can
influence the energy distribution of the reactants’ highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO).** The HOMO represents the molecule’s
ability to donate electrons, while the LUMO reflects its ability
to accept electrons. Generally, a smaller difference between the
HOMO and LUMO energy levels facilitates the reaction. Conse-
quently, regulating the surface interaction can directly affect the
electron transfer between reactants and catalysts, thereby accel-
erating or slowing down the reaction rate. For instance, improv-
ing the adsorption of surface reactants (e.g., O, and peroxide) on
catalysts can regulate the electronic structures of these reactants,
thereby enhancing electron transfer between the reactants and
the metal center.’® Moreover, in organic synthesis, adjusting the
adsorption capability of metal catalysts enables the design of
reactants with optimized HOMO and LUMO energy levels, which
lowers the reaction energy barrier.”*

3.4.4 Increasing the selectivity of target products. The
products of chemical reactions are often closely related to the
electron spin states of reactants and intermediates, allowing for
the selectivity of desired products via electron spin control.
Generally, reactions that produce triplet O, from singlet OH™
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are thermodynamically forbidden, which is the rate-limiting
step of oxygen evolution." Recently, the spin polarization effect
has demonstrated potential for the selective generation of O,
from OH .'*'*?” The spin polarization effect induced by
photocatalysts unified the spin direction of HO® intermediates,
which reduced the formation of singlet byproduct H,0, and
increased the selectivity for triplet O,. For example, chiral ZnO
synthesized with chiral methionine molecules as symmetry
breakers triggered a chiral-induced spin selectivity (CISS) effect
and enhanced photocatalytic oxygen evolution.'> The chiral
structure of ZnO served as a spin filter, leading to spin polariza-
tion of the photogenerated charge carriers, which not only
extended the carrier lifetimes but also improved the selectivity
for O, during the reaction. Compared to achiral ZnO, chiral ZnO
exhibited a higher electron transfer number in the oxygen
evolution reaction, indicating a more effective suppression of
H,0, formation (Fig. 11a). During photocatalysis, a distinct H,O,
peak was detected in achiral ZnO, whereas chiral ZnO showed a
significantly reduced H,O, peak, confirming a substantial
reduction in H,0, formation (Fig. 11b). Furthermore, EPR
spectra reveal that the HO® peak intensity in chiral ZnO was
approximately twice that of achiral ZnO, indicating that polar-
ized HO® was more stable and less likely to recombine to form
H,0, (Fig. 11c). These results demonstrate that polarized holes
suppressed H,0, generation by controlling the spin state of the
HO® intermediate, ultimately enhancing the efficiency of oxygen
evolution (Fig. 11d). In addition, manipulating the spin arrange-
ment of electrons and holes allows for the selective stabilization
of specific intermediates.”” For instance, aligning the electron
spin of HO® in the same direction prevented them from inter-
acting with each other, which extended their lifetime and
enhanced the efficiency of organic pollutant degradation.**?
Currently, there are limited approaches for enhancing the
surface reaction kinetics in photocatalysis, and these primarily
focus on optimizing surface properties, active sites, and the
adsorption of reactants. Common strategies include: (i) intro-
ducing additional active sites on photocatalyst surface (e.g.,
metal nanoparticles, acidic/basic sites, and oxygen/metal
vacancies) to improve reactant adsorption; (ii) loading co-
catalysts (e.g., Ni(OH), and RuO,) onto photocatalyst surface,
which act as electron or hole capture centers to lower reaction
energy barriers; and (iii) modifying surface functional groups
(e.g., carboxyl, amino, and hydroxyl) to adjust surface proper-
ties, thereby optimizing the adsorption and desorption beha-
viors of reactants. Compared with these strategies, electron
spin control offers a robust yet simple approach to not only
improve the adsorption energy but also increase the product
selectivity during photocatalytic processes by optimizing the
electron spin states of active sites on photocatalyst surface.

4. Strategies for optimizing
photocatalysis via electron spin control

In photocatalysis, the electron spin control strategy focuses on
precisely manipulating the spin and spin state of electrons to

This journal is © The Royal Society of Chemistry 2025
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optimize the separation of photogenerated electron-hole pairs
and their subsequent reactions on the photocatalyst surface,
which can significantly enhance photocatalytic activity. These
strategies typically involve doping design, defect engineering,
magnetic field regulation, metal coordination modulation,
chiral induced spin selectivity, and combined strategies (the
combination of these strategies). Table 1 summarizes recent
advancements in electron spin control strategies for various
photocatalytic applications (e.g., water splitting, CO, reduction,
pollutant degradation, and N, fixation). We will provide specific
examples illustrating the impact of electron spin control on
photocatalytic light absorption (evaluated by band gap altera-
tion), charge separation (characterized by TRPL average life-
time), and overall improvements in photocatalytic efficiency
across various photocatalysts, along with detailed discussions
of the underlying mechanisms.

4.1 Doping design

Doping design is a widely used modification technique for
photocatalysts. It introduces metal and non-metal elements to
alter the electronic energy levels and band structure of the
photocatalyst. This can broaden the light absorption range and
improve carrier separation efficiency, ultimately leading to
increased photocatalytic performance.” In recent years, doping
design has been employed to manipulate electron spin in
photocatalysts. In certain metals and non-metals, unpaired
electrons carry spin angular momentum. When elements with

This journal is © The Royal Society of Chemistry 2025

unpaired electrons are doped into a photocatalyst, they create
local magnetic moments within the material. These local
magnetic moments can interact with the surrounding electron
spins, influencing the overall electron arrangement and poten-
tially leading to an ordered spin arrangement.’®>*%*'% This, in
turn, can affect the electron transport properties during photo-
catalytic reactions. Furthermore, doping elements into the
photocatalyst lattice can introduce new electronic energy levels
or alter the existing energy level structure,'*® which may cause a
rearrangement of electrons and result in the splitting of energy
levels. The split energy levels will be preferentially occupied by
electrons with different spin states, leading to a spin selection
effect. As lower-energy spin states are more readily occupied by
electrons, the energy level splitting induced by doping can
cause electrons in the system to preferentially adopt specific
spin states, resulting in overall spin polarization."®”

Doping magnetic elements (e.g., Fe, Co, and Ni) into photo-
catalysts is an effective strategy for manipulating electron spin
state. For example, Li et al. employed Fe-doped Bi,OsBr, (Fe-
Bi,O5Br,) to photoactivate H,0, for the degradation of organic
pollutants (e.g., ciprofloxacin (CIP) and Cu-ethylenediaminete-
traacetic acid (Cu-EDTA)) in water.>® They optimized the spin
interactions between Fe sites and coordinated O atoms (derived
from H,0,) and increased high-spin Fe sites to generate
0,*~ with high pH tolerance, thus enhancing Fenton-like
degradation under neutral or alkaline environment (Fig. 12a).
It was observed that pH had minimal impact O,*" production
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Table 1 Summary of strategies for electron spin control
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Bandgap TRPL lifetime
Photocatalytic adjustment regulation
Photocatalyst Strategy application (eV) (ns) Efficiency improvement Ref.
Fe-Bi,OsBr, Fe doping Pollutant degradation — — 60 — 92% (25 min) 93
Fe-CN Fe doping Aniline hydrogenation — — 7.6 — 95.0% PhNH, 94
Co-BivO, Co doping CO, reduction 2.40 - 1.93 — 1.6 — 109.2 pmol per g per h CO 95
Co-BiOCl Co doping CO, reduction 3.32 - 3.26 3.6 — 6.8 — 96
Cu-LaFeO3 Cu doping Pollutant degradation 2.26 — 2.25 — 05— 4.7s " 97
Cu-TiO, Cu doping Water splitting 3.20 > 3.06 — — 98
Ti-CTF Ti doping Pollutant degradation 2.80 — 2.68 — 33.5 — 97.8 (100 min) 99
Mn-Coz0, Mn doping CO, reduction — — 0.8 — 23.4 umol per g per h CH, 100
Mn-Fe,03 Mn doping Pollutant degradation — — 78 — 92% (2 h) 101
Mn-CN Mn doping Water splitting — 0.6 - 1.9 60.0 — 695.1 pmol per g per h H, 24
Mn-CN Mn doping Water splitting 2.79 - 2.55 17.5 - 4.1 0.4 — 13.5 mmol per g per h H, 102
Ni-BiOBr Ni doping CO, reduction — 2.6 - 3.6 86.8 — 378.7 umol per g per h CO 103
0O-ZnIn,S,/Ni;,Ps O doping Water splitting — 1.0 -» 2.6 1.9 — 15.8 mmol per g per h H, 104
S-CTF S doping Pollutant degradation — — 9 — 100% (1 h) 105
B-CN B doping H,0, production 2.61 > 2.48 — 59 - 1710 yM h™* 106
I-GO I doping Water splitting — 1.2 —» 2.2 38.6 — 96.2 pmol per g per h H, 107
Se-CN Se doping Water splitting 3.06 - 2.73 20.0 » 16.3 0.2 — 5.4 pmol per g per h H, 108
P/N-CN P and N co-doping Water splitting — 21.6 - 1.8 0.1 — 22.2 mmol per g per h H, 109
C/B-TiO, C and B co-doping — 2.90 —» 2.10 — — 110
Bi,Tiz;04, Ti defect Pollutant degradation — 5.4 — 14.7 — 23
TiO, Ti defect Water splitting — 4.1 > 4.8 1.8 — 18.5 mmol per g per h H, 13
ZnO Zn defect Water splitting — 2.7 - 3.7 0.1 — 5.8 mmol per g per h H, 111
WO, O defect U(v1) reduction 2.67 — 2.54 99.1 —» 78.4 20.5 — 287.1mgg " 112
Cds S defect Water splitting 2.39 - 2.13 6.4 - 17.3 0.8 — 41.7 mmol per g per h H, 113
SnS, S defect Water disinfection 2.29 - 2.20 0.1 —» 1.7 — 114
Zinc porphyrin N defect CO, reduction 1.83 - 1.80 — 4.6 — 12.5 pmol per g per h CO 115
Cds Cd and S defects Water splitting — 0.86 - 0.95 1.2 — 10.6 mmol per g per h H, 116
Ti-based MOF Ti and organic linker defects Water splitting — — 1.4 — 3746.7 pmol per g per h H, 117
Fe,05/rGO Magnetic field Pollutant degradation — — 59 — 84% (40 min) 118
Co-MOF Coordination regulation CO, reduction — — — 119
Fe(Pz)[Pt""™- Coordination regulation H,0, production 2.35 > 1.86 — 0> 66mMg 'ht 120
(CN)4]L;.,-2H,0
AuzFe;/Mo Coordination regulation N, fixation — — 60 — 484 pmol per g per h NH; 49
Chiral ZnO CISS effect Water splitting — 1.8 —» 4.2 0.8 — 1.3 mmol per g per h H, 12
Fe-CsPbBr; Fe doping and magnetic field CO, reduction — 13.3 — 2.9 19.8 — 33.3 pmol per g per h CO 121
Fe-BiVO, Fe doping and magnetic field Water splitting — 3.9 - 5.5 0 — 61.5 pmol per g per h H, 122
Co-CsPbBr; Co doping and magnetic field Water splitting 2.54 - 213 — 581.7 — 1042.1 pmol per g per 123
h H,
Co-CN Co doping and magnetic field Water splitting — — 12 — 3979 pmol per g per h H, 124
Mn-CsPbBr; Mn doping and magnetic field CO, reduction — — 0.6 — 17.6 umol per g per h CO 20
Ni-CdS/MoS, Ni doping and magnetic field Water splitting — 59 — 11.0 339 — 1322 umol per g per h H, 125
C030,4 Co defect and magnetic field CO, reduction — 0.14 —» 3.51 9.4 — 70.8 pmol per g per h CO 126
Bi,WO4/CuS W, Cu defects and Pollutant degradation — 3.27 - 3.60 74.5 — 90.5% 127
magnetic field
BaTiO; O defect and magnetic field N, fixation — — 0.1 > 19mgL'h™*! 50
CulnP,S¢ S defect and magnetic field = CO, reduction — — 4.5 - 12.5 pmol per g per h CH, 128
Ni-CdS Ni doping and S defect Water splitting 2.37 = 2.26 3.6 — 20.3 mmol per g per h H, 129
K-CN/AgCl/ K doping and Ag regulation  Pollutant degradation 2.87 — 2.44 — 75 — 100% (30 min) 130
ferrihydrite
MoS,/graphene  Heterostructure construction Water splitting — 6.0 — 27.7 0 — 240 pmol per g per h H, 131
CN/graphene Heterostructure construction Water splitting 2.51 - 242 6.8 —» 4.7 0.9 — 14.2 pmol per g per h H, 132
Co-COF Metal valence regulation CO, reduction 1.10 - 1.03 — 48.6 — 93.0 pmol per g per h 68
HCOOH
Fe,03/CN Crystal size regulation Pollutant degradation 2.75 — 2.47 4.2 — 3.8 0.04 — 0.21 min" 133
FeS,/CuCo,0, Pyroelectric field Water splitting — 5.7 = 15.0 1.9 — 19.5 mmol per g per h H, 134

(Fig. 12b), and Fe-Bi OsBr, exhibited longer carrier lifetimes
and superior CIP degradation compared to Bi,OsBr, (Fig. 12c).
This is because the O-O bonds of H,0, adsorbed on
Fe-Bi,OsBr, showed increased resistance to scission, facilitat-
ing the generation of *OOH in the subsequent reaction and
thereby enhancing the formation of O,*~ (Fig. 12d). This work
demonstrates that doping with high-spin Fe can enhance
charge separation and promote the formation of surface

2170 | Chem. Soc. Rev., 2025, 54, 2154-2187

*OOH intermediates, ultimately boosting the generation of
0O,*" for more efficient pollutant degradation.

Another study introduced spin-polarized electrons into
BiOCl nanosheets by doping with magnetic Co, which signifi-
cantly improved the efficiency of photocatalytic CO, reduction
and achieved a high hydrocarbon selectivity of 76.9% for
converting CO, into CH, and C,, products.”® Compared to BiOCl,
Co-BiOCl exhibited a narrower band gap (3.32 — 3.26 eV) and

This journal is © The Royal Society of Chemistry 2025
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longer carrier lifetime (3.6 — 6.8 ns). Mechanistic analysis reveals
that the spin-polarized electrons enhanced CO adsorption and
reduced the kinetic barrier for *CH,, formation, ultimately leading
to highly selective hydrocarbon generation.

Single-atom doping can not only alter the electron spin
environment of photocatalysts by introducing unpaired elec-
trons but also provide a strategy to maximize atomic utilization,
offering an efficient and sustainable strategy for optimizing
photocatalysis. For instance, Zhu et al. developed a single-atom
Ti-doped covalent organic framework (Ti-CTF) for the photo-
catalytic degradation of 2,2,4,4-tetrahydroxybenzophenone
(BP-2), with 0,°~ being the primary reactive species.”® Com-
pared to pristine CTF, the spin-polarized Ti-CTF significantly
enhanced the adsorption and degradation of BP-2, achieving a
degradation rate 17 times higher than that of CTF. Experi-
mental results and theoretical calculations indicate that single-
atom Ti, bound to pyridine and triazine N, induced electron
spin-down polarization near the Fermi level, which promoted
electron transfer and subsequent surface reactions (Fig. 13a).
Moreover, Ti doping reduced the bandgap from 2.80 to 2.68 eV,
thereby improving light absorption. This demonstrates the
synergistic effect of electron spin control and Ti doping in
optimizing photocatalytic performance. In another study,
single-atom Mn was incorporated into Co;04 photocatalyst to
replace the octahedral Co (Fig. 13b), inducing electron spin
polarization and achieving a CH, generation rate 28.8 times
higher than that of Co;0, in CO, photoreduction.'®® Notably,
the doping of Mn significantly suppressed the recombination
of photogenerated electrons and holes by aligning their spin
directions antiparallel (Fig. 13c). Mechanistic analysis reveals

This journal is © The Royal Society of Chemistry 2025

that Mn sites enriched with holes initiate direct hydrogen
transfer from H,O, while adjacent Co sites preferentially cap-
ture electrons to activate CO, and convert it into *COOH
intermediates.

Compared with metal element doping, non-metallic element
doping, such as C, N, and B, typically reduces the overall
material cost and minimizes environmental pollution risks,
making it a low-cost and eco-friendly strategy. Wan et al
utilized O-ZnIn,S,/Ni;,Ps to create a polarization-induced
internal electric field through O doping and the formation of
ohmic junctions, resulting in an 8.16-fold increase in photo-
catalytic H, generation compared to the pristine ZnIn,S,."**
Herein, O doping induced electron spin polarization, while the
ohmic junctions enabled rapid migration of photogenerated
electrons to the Ni;,Ps active sites, effectively suppressing the
recombination of photogenerated electron-hole pairs. TRPL
decay spectra reveal that the average lifetime of photogenerated
carriers in O-ZnIn,S,/Ni;,P5 (2.58 ns) was significantly longer
than that of ZnIn,S, (1.01 ns), O-ZnIn,S, (1.53 ns), and
ZnIn,S,/Ni;,Ps5 (2.21 ns). Additionally, the preferential dehy-
drogenation of the o-C-H bond in benzyl alcohol further
facilitated hole transport and charge separation, ultimately
enhancing both H, generation and benzaldehyde synthesis.

In another work, 2D CN nanosheets were fluorinated and
then thermally defluorinated in Se vapor to prepare atomically
thin Se-CN nanosheets.’®® Notably, Se doping expanded the
light absorption edge of CN from 416 to 584 nm (bandgap
reduced from 3.06 to 2.73 eV). In addition, the electron spin
polarization in Se-CN significantly improved charge separation
efficiency and surface catalytic reactions, which enhanced the

Chem. Soc. Rev,, 2025, 54, 2154-2187 | 2171
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performance of photocatalytic water splitting by 27 times
compared to the pristine CN. Furthermore, Wang et al
designed 2D P/N-CN nanosheets through co-doping with P
and N, leading to an optimized photocatalytic water splitting
system that exhibited 200 times higher hydrogen production
compared to CN, while enabling the selective oxidation of
benzylamine via holes."® The spin-orbit coupling between N
2p and P 2p orbitals significantly increased the parallel spin
arrangement, thereby accelerating the charge separation and
surface catalysis in P/N-CN.

4.2 Defect engineering

It is commonly understood that introducing or adjusting
defects (e.g., defect type, concentration, and distribution) in
photocatalysts can enhance the light absorption range and
charge separation efficiency.* Notably, defect engineering also
plays an important role in manipulating electron spin by
modifying the local magnetic environment within the material,
which can further influence the photocatalytic performance.'**
Specifically, when defects are introduced into photocatalysts, they
can create unsaturated atomic bonds or incomplete electron pairs

2172 | Chem. Soc. Rev., 2025, 54, 2154-2187

within the material’s lattice, leading to the presence of unpaired
electrons. These unpaired electrons can regulate the local mag-
netic moments, thereby causing spin polarization.

Metal defects can enhance the light absorption range,
promote charge separation, and ultimately improve the cataly-
tic activity of photocatalysts by modulating the electron spin
structure around the metal atoms near the defects. For exam-
ple, Zhang et al. prepared Ti-defective Bi,Ti;O;, for the activa-
tion of O, to degrade tetracycline (TC) in water, which achieved
a degradation rate constant 3.3 times higher than that of
the pristine Bi TizO;,.>*> The Ti defects on Bi,Ti;O;, induced
electron spin polarization, reducing the recombination of
photogenerated electron-hole pairs. Additionally, surface Ti
defects formed a center for adsorbing O, and extracting
electrons, effectively generating HO®, 0,*~, and 'O, for TC
degradation. In another work, ZnO with abundant Zn defects
was synthesized to optimize the spin structure and induce
spin polarization by adjusting the electron occupancy of the e,
orbital, enabling simultaneous H, production and pollu-
tant degradation.""" Compared to the pristine ZnO, the Zn-
defective ZnO achieved a 56.4-fold increase in H, production

This journal is © The Royal Society of Chemistry 2025
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rate and a 27.5-fold improvement in pollutant degradation
efficiency.

In photocatalytic defect engineering, non-metallic defects
are often preferred due to their ease of introduction through
simple synthesis methods and their lower impact on the crystal
structure, which preserves the photocatalyst’s properties. Yang
et al. employed WO;_, nanowires rich in O defects to convert
highly mobile and toxic U"" into low-solubility and less toxic
U"Y, achieving 79.9% reduction and immobilization of UY
(initial concentration of 10 mg L") at pH 5.'"> Compared to
pristine WOj3, the band gap of WO;_, was reduced from 2.67 to
2.54 eV, enhancing its visible light absorption capacity
(Fig. 14a). Additionally, the TRPL average lifetime decreased
from 99.1 to 78.4 ns, which indicates the facilitated migration
of electrons to the WOj;_, surface for U"' reduction (Fig. 14b).
In partial density of state (PDOS) spectra, the broader green
region in WO;_, compared to WO; suggests the presence of
more O dangling bonds, promoting the spin polarization of W
5d band electrons (Fig. 14c). Moreover, density of state (DOS)
spectra reveal that the CB of WO;_, shifted to a lower energy
region compared to WO;, which indicates an increased electron
density in WO;_, (Fig. 14d). Notably, the spin polarization in
WO, _, facilitated the separation of electrons and holes, while
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the O defects created abundant active sites for photocatalytic
reduction reactions (Fig. 14e). Together, these factors worked
synergistically to enhance photocatalytic performance.

In another study, S defects were introduced into CdS, indu-
cing a spin polarization effect that accelerated carrier transfer
dynamics from the bulk phase to surface redox sites for
photocatalytic water splitting."*> Following the introduction
of S defects, the band gap of CdS decreased from 2.39 to
2.13 eV, while the TRPL average lifetime extended from 6.4 to
17.3 ns. This enhancement in light absorption and carrier
separation efficiency resulted in a 50-fold increase in H,
production compared to pristine CdS. Theoretical calculations
reveal that H,O molecules tend to adsorb onto Cd atoms adjacent
to S defects. Subsequently, the -H group in H,O is reduced to H,,
along with another -H group from an adjacent adsorbed H,O
molecule. Simultaneously, O atoms occupy the S defects, forming
Cd-O bonds, after which the two adjacent O atoms are oxidized to
O,. Therefore, the spin polarization induced by S defects acceler-
ated the separation of photogenerated charge carriers and
enhanced the kinetics of surface photocatalytic reactions, effec-
tively facilitating the overall H,O splitting.

Recently, the introduction of dual-element defects in photo-
catalysts has been found to be effective in modulating the
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material’s electronic structure and enhancing the surface reac-
tion activity."*®""” Additionally, the interactions between dual-
element defects may create a synergistic effect, further improving
the photocatalytic performance. For instance, Qi et al. introduced
Cd and S defects on CdS nanorods by heat treatment, enhancing
the photocatalytic H, production performance.''® The interfacial
and polarization electric fields generated by the defects improved
TRPL average lifetime from 0.86 to 0.95 ns and promoted faster
interfacial charge migration, thereby improving the photocatalytic
hydrogen production rate, with an AQE 8.5 times higher than that
of pristine CdS. Moreover, Xu et al. developed Ti-based metal-
organic frameworks (MOF) with Ti and organic linker defects to
simultaneously achieve photocatalytic water splitting and pollu-
tant degradation."”” Mechanistic analysis reveals that defect-
induced electron spin polarization can control the CB position,
resulting in an upward shift of the d-band center. This enhanced
the adsorption of *H and facilitated the H, production. Addition-
ally, spin polarization mitigated the recombination of photogen-
erated electrons and holes within Ti-MOF, leading to obvious
improvements in photocatalytic activities.

4.3 Magnetic field regulation

Compared to traditional methods for enhancing photocatalytic
performance, applying an external magnetic field during photo-
catalytic reactions is regarded as an efficient, safe, convenient,
and contactless technique that significantly improves photo-
catalytic efficiency. The core mechanism behind this approach
involves the spin-orbit and magnetic interactions of electrons.
Electrons possess spin angular momentum, meaning that each
electron has an intrinsic magnetic moment, akin to a tiny
magnet. When exposed to an external magnetic field, electrons
in the photocatalyst undergo spin-orbit and magnetic interac-
tions, leading to adjustments in their spin states based on the
field’s direction and intensity."® The spin-orbit interaction
couples the electrons’ spin with their orbital motion, while the
magnetic interaction aligns the electrons’ magnetic moments
with the external field. This combined effect not only reconfi-
gures the electrons’ arrangement but also breaks the degener-
acy of energy levels, causing them to split, which is known as
the Zeeman effect. Specifically, the spin states divide into two
levels: “parallel” (with spin aligned to the magnetic field)
and “antiparallel” (with spin opposite to the magnetic field).
Electrons preferentially occupy the lower-energy parallel state,
resulting in spin polarization, where more electrons adopt the
same spin orientation.**®

Additionally, the external magnetic field influences photo-
generated charge carriers via the Lorentz force. The Lorentz
force acts on moving charges in a magnetic field, effectively
aiding in the separation and transfer of electron-hole pairs.
This is particularly useful in magnetic materials, where the
Lorentz force prevents their recombination and enhances
photocatalytic efficiency. Moreover, the Lorentz force helps
reduce catalyst particle agglomeration and increases the expo-
sure of active sites, further enhancing the catalytic reaction.™

Li et al. found that applying a magnetic field enhanced the
pollutant degradation efficiency of a-Fe,Oj/reduced graphene
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oxide (rGO)."*® This improvement is attributed to the magnetic
field facilitating carrier transfer from o-Fe,O; to rGO, thereby
greatly increasing carrier transfer efficiency. Moreover, it is
reported that the application of an external magnetic field
can control electron spin polarization in Mn-CsPbBr;, which
enhanced the efficiency of photocatalytic CO, reduction reac-
tions.”® When exposed to a 300 mT magnetic field or a perma-
nent magnet, the photocatalytic performance of Mn-CsPbBr;
improved by 5.7 times compared to pristine CsPbBr;. This is
because of the synergistic effect of doping with magnetic
elements and applying a magnetic field, which increased the
number of spin-polarized carriers and extended the carrier
lifetimes.

In another study, applying an external magnetic field was
found to manipulate spin polarization in Coz;_,0,, achieving
100% selectivity for CO production during the photocatalytic
reduction of CO,."*® Notably, the intrinsic spin polarization of
Co;z_,0, (Fig. 15a), combined with the antipodal Lorentz forces
(Fig. 15b), enhanced the TRPL average lifetime from 0.14 to
3.51 ns, significantly boosting the charge carrier mobility.
Additionally, spin polarization induced by Co defects and the
external magnetic field provided a thermodynamic advantage
for CO, reduction by facilitating the conversion of CO, to
*COOH and subsequently to *CO, while lowering the free
energy required for the reduction reaction (Fig. 15¢ and d).

In addition, controlling charge separation by the combi-
nation of ferroelectric polarization and spin polarization has
recently gained attention as a promising approach to boost the
efficiency of photocatalytic reactions. For instance, Chiang et al.
demonstrated the modulation of charge separation in 2D ferro-
electric CulnP,S crystals through the ferroelectric field and an
applied magnetic field, which enhanced the photocatalytic
reduction of CO,."*® Specifically, the ferroelectric polarization
of CulnP,S¢ can be regulated through ferroelectric phase tran-
sitions and electric polarization, while the electron spin polar-
ization can be tuned by introducing S defects and applying an
external magnetic field, enabling the simultaneous manipula-
tion of both ferroelectric and spin polarizations, which facili-
tated the conversion of CO, to CO and CH,. The in situ diffuse
reflectance infrared Fourier transformed (DRIFT) spectra exhi-
bit the formation of various surface adsorbed species during
the photocatalytic CO, reduction, including *COOH, *CH;3O,
and *CHO, which are all key intermediates for the conversion of
CO, to CH,. Notably, compared to pristine CulnP,Ss the
increased DRIFT intensity in CulnP,Se with S defects indicates
enhanced CH, production, which is attributed to the promo-
tion of charge separation through both ferroelectric and spin
polarizations.

4.4 Metal coordination modulation

Modulating the metal coordination environment in a photo-
catalyst can typically alter the energy level distribution of the
metal center and the local electron cloud around the metal,
thereby manipulating the spin state of the metal and inducing
spin polarization.""® Current methods to adjust the metal
coordination environment include controlling the number of

This journal is © The Royal Society of Chemistry 2025
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ligands around the metal, altering the ligand types at the metal
center, and modifying the geometric symmetry of the coordina-
tion environment (e.g.,, octahedral and tetrahedral)."** For
instance, Sun et al. synthesized three different Co-doped Zn-
based MOFs, with Co centers coordinated to ~-CH;COO (Co-
OAc), -Br (Co-Br), and -CN (Co-CN), by varying the Co pre-
cursor (Fig. 16a)."*° It was proposed that during the photoca-
talytic CO, reduction process, spin-up electrons are excited
from the HOMO to the LUMO under visible light irradiation,
while spin-up holes remain in the HOMO. Due to spin-orbit
coupling (SOC) and hyperfine interactions (HFI), the excited
spin-up electrons transition to a spin-down, while the spin-up
holes retain their spin orientation. This spin mismatch between
electrons and holes effectively suppresses their recombination
(Fig. 16b). Both experimental results and DFT calculations reveal
that modulating the coordination environment of the Co site
adjusted its spin state, resulting in varying levels of charge
separation efficiency and CO, reduction capacity in Co-OAc,
Co-Br, and Co-CN. Notably, Co-OAc, with its highest spin state,
exhibited exceptional charge separation and optimized CO,
adsorption and activation energy barrier (Fig. 16c), leading to a
remarkable photocatalytic CO, reduction rate of 2.3 mmol g *h™*
and a 99.1% selectivity for CO production.

Additionally, Huang et al. proposed to regulate the spin state
of the Fe center in the Fe-Pt Hofmann clathrates through
facilitating the valence state conversion of Pt coordinated with
Fe from Pt" to Pt" by iodine treatment.'*® Notably, when the
spin state of Fe"" in the Fe-Pt Hofmann clathrates is high spin,
only the photocatalytic oxygen reduction reaction (ORR) occurs,
leading to the synthesis of H,0,. Conversely, when Fe' is in a
low spin state, both ORR and water oxidation reactions (WOR)

This journal is © The Royal Society of Chemistry 2025

can take place. This spin state transition enables the switching
between ORR and WOR in H,0, photosynthesis (Fig. 17a). This
is because the low spin state of Fe"" reduced the energy barriers
for both ORR and WOR processes. Moreover, compared to the
high spin state, the low spin state of Fe'" exhibited enhanced
light harvesting ability, improved photogenerated -carrier
separation efficiency, and superior charge transfer capability.

In another study, the spin state of Fe'™ in a AusFe;/Mo alloy
photocatalyst can be finely tuned to enhance photocatalytic N,
fixation by altering the metal coordination environment.*’
Theoretical calculations indicate that the strong electronic
interactions among Mo, Fe, and Au enable the Fe site to serve
as a crucial center for N, adsorption and activation. Specifically,
the unpaired electrons of N, first occupy the empty d orbital of
Fe', after which the unpaired electrons from Fe™ fill the
antibonding orbital of N=N, resulting in its dissociation. In
high spin Fe sites, the lack of an empty orbital hinders N,
activation. In contrast, medium spin Fe sites have an empty
orbital that can accept these unpaired electrons from N,, which
then feed back into the N=N antibonding orbital, weakening
the N=N bond and facilitating the N, fixation process
(Fig. 17b).

4.5 Chiral induced spin selectivity

The chiral induced spin selectivity (CISS) effect refers to the
preferential alignment of electron spins in a specific direction
within a chiral molecule (whose structure cannot be super-
imposed on its mirror images) after charge polarization
(Fig. 18a), which plays a crucial role in controlling chemical
reactions, enantiomer separation, and biorecognition proces-
ses.’®'"® When an electron moves through a chiral molecule,

Chem. Soc. Rev., 2025, 54, 2154-2187 | 2175
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the curvature of the potential energy within the chiral structure
generates a centripetal force that acts perpendicular to the
electron’s velocity (Fig. 18b)."® The direction of this force
depends on the handedness (left- or right-handed) of the chiral
molecule. Moreover, the centripetal force can create an effective
magnetic field (B) along the electron’s path, which interacts
with the electron’s magnetic moment, stabilizing one spin
orientation while destabilizing the other. This preferred spin
orientation is determined by the chiral axis of the chiral
molecule, which is influenced by its handedness and linear
momentum. Additionally, when a chiral molecule is subjected
to an electric field along its axis, charge polarization occurs,
accompanied by spin polarization [(5(+) and 67 at the ends of
the helix) (Fig. 18c)."® Notably, the spin polarization associated
with each pole is influenced by the handedness of the chiral
molecule. Thus, when a chiral molecule participates in an
electron transfer process, it can selectively facilitate or inhibit
electron transfer based on the spin direction of the electrons. In
other words, the CISS effect enables chiral molecules to act as
spin filters, allowing only electrons with a specific spin orienta-
tion to pass while blocking others (Fig. 18d). In addition, the
spin-orbit coupling (SOC) model posits that the spin of elec-
trons within a chiral molecule is intertwined with its orbital
motion, linking the CISS effect to the intricate interaction

2176 | Chem. Soc. Rev., 2025, 54, 2154-2187

between electron spin and molecular chirality (Fig. 18e)."*°

As a result, the electron spin is closely tied to the molecular
chirality.

Mott polarimetry is a powerful technique for investigating
the magnetic properties of thin films and characterizing the
CISS effect. In this approach, electrons striking an Au foil with
significant spin-orbit coupling are scattered at varying angles
based on their spin orientation, with the angle-dependent
detection providing quantitative data about the electron spin
population (Fig. 18f)."*" Specifically, the typical procedure
involves first exciting photoelectrons in the substrate (i), which
then pass through a chiral spin filter (ii), resulting in spin polariza-
tion. These photoelectrons are subsequently scattered onto the Au
foil according to their spin orientation (iii) and quantified using
two independent detectors (iv). Additionally, the CISS effect is often
demonstrated using magnetic conductive probe atomic force
microscopy (mCP-AFM), which combines AFM with magnetic
conductivity measurements.'*> This technique assesses a material’s
conductivity and magnetic properties by applying an external
magnetic field during the scanning process. The structure of chiral
molecules modulates the electron spin during migration, resulting
in spin-selective charge transfer. Using mCP-AFM, researchers can
quantify the strength of the CISS effect and elucidate how chiral
molecules influence electron transfer.

This journal is © The Royal Society of Chemistry 2025
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American Chemical Society. (b) Schematic of orbital interaction between the metal and N, in medium-spin AusFe;/Mo. Reproduced with permission

from ref. 49. Copyright 2024 Elsevier.

Chiral materials encompass both organic materials, such as
chiral polymers, chiral MOFs, and chiral quantum dots, as well
as inorganic materials, including chiral oxides, chiral metals,
and chiral silicon materials. Inorganic chiral materials typically
exhibit superior thermal stability, mechanical strength, and
optical properties, making them suitable for a broader range of
applications, including photocatalysis, optoelectronic devices,
and sensors."*? Additionally, the synthesis of inorganic materials
often allows for more precise control over their crystal structure
and chiral characteristics, enhancing their overall performance
and functionality. Chirality in inorganic nanomaterials is intri-
cately related to their shape, crystal structure, and interactions
with chiral ligands. The origins of chirality in these materials can
be categorized into four main types (Fig. 19): (a) intrinsic chirality
from chiral crystals;'**"° (b) chiral interactions between inorganic
nanomaterials and chiral ligands;**”™**° (c) chiral shapes at sub-
wavelength scales;">™"*>* and (d) chiral assemblies formed by
inorganic nanoparticles.">* ™’ Intrinsic chirality in chiral crystals
originates from the asymmetric arrangement of atoms within their
lattice, primarily involving Sohncke space groups (such as rotation,
rotational translation, and translation), as well as lattice distor-
tions or defects (Fig. 19a)."**™*® When synthesized under appro-
priate conditions, nanocrystals with chiral space groups can
develop chiral lattices featuring uniform rotational stacking.
A robust method for introducing chirality into inorganic

This journal is © The Royal Society of Chemistry 2025

nanomaterials is interacting with chiral ligands or molecules,
such as deoxyribonucleic acid (DNA) and amino acids, which
can induce chirality in nearby achiral materials (Fig. 19b)."*">°
This can be achieved either by direct synthesis in the
presence of chiral ligands or through post-synthesis ligand
exchange, where initial achiral ligands are replaced by chiral
ones. Chiral-shaped inorganic nanomaterials, characterized by
mirror-asymmetric geometries, are typically synthesized using
two main methods: bottom-up and top-down (Fig. 19¢).">*
In the bottom-up approach, chiral ligands direct atoms to form
chiral stacking patterns, enabling the synthesis of chiral nanos-
tructures from various inorganic materials. Top-down methods,
on the other hand, use advanced tools such as focused ion
beams, electron beam lithography, and multi-photon direct
laser writing to precisely shape chiral nanostructures, allowing
for meticulous control over their size, geometry, and symmetry.
However, the top-down methods typically come with high
equipment costs and complex processes. Chiral assembly refers
to the organization of inorganic nanomaterials into chiral
configurations, typically facilitated by chiral ligands and poly-
mer composites acting as scaffolds or bridges (Fig. 19d).">* "%’
These ligands promote interactions between nanomaterials,
leading to their chiral arrangement. Furthermore, the chiral
ligands on the surface of inorganic nanomaterials can mutually
attract, resulting in the formation of chiral superstructures.
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Fig. 18 Fundamentals of CISS effect. (a) Schematic of CISS effect in the transport of electrons with opposite spin through the chiral structure.
Reproduced with permission from ref. 140. Copyright 2024 Royal Society of Chemistry. (b) Schematic of the electron transmission through a chiral
potential of pitch p. (c) Schematic of the charge and spin polarization in chiral molecules, when the molecules are exposed to an electric field acting
along their axes. Reproduced with permission from ref. 16. Copyright 2019 Springer Nature. (d) The spin-filter model demonstrating how electrons with
specific spin states are selectively transmitted. () The SOC model highlighting the interaction between an electron’s spin and its orbital motion within the
chiral structure. Reproduced with permission from ref. 140. Copyright 2024 Royal Society of Chemistry. (f) Schematic of CISS determination using Mott
polarimetry measurements. Reproduced with permission from ref. 141. Copyright 2024 American Chemical Society.

Recent advancements in the CISS effect have demonstrated
its significant potential for controlling the spin orientation of
electrons, providing a novel approach to enhancing the perfor-
mance of photocatalytic water splitting. In this process, the
oxygen evolution reaction is usually regarded as the rate-
limiting step, as the oxidation of H,O by photogenerated holes
generates HO® with random spin orientations. These free
radicals with antiparallel spin orientations tend to combine
into the singlet byproduct H,O, rather than forming triplet O,.
The CISS effect can align the unpaired electrons in HO® in a
parallel configuration, facilitating their combination along the
triplet pathway to produce 0,."*° For example, Pan et al.
synthesized chiral ZnO to induce the CISS effect in photocata-
lytic water splitting, offering a robust strategy for manipulating
electron spin-dependent redox reactions.’” Magnetic circular
dichroism (CD) spectroscopy reveals that the chiral-structured
ZnO functioned as a spin filter, inducing the CISS effect in the
photoinduced carriers (Fig. 20a). The photocatalytic water
splitting performance of chiral 1- and p-ZnO was notably higher
than that of the achiral pr-ZnO, with activities 2.0 and 1.9 times
greater in photocatalytic O, production, respectively (Fig. 20b).
Moreover, the charge carrier dynamics of chiral and achiral
ZnO were investigated using TAS, with the data analyzed using
a triple exponential decay function to account for electron

2178 | Chem. Soc. Rev., 2025, 54, 2154-2187

capture. The average carrier lifetimes for 1- and p-ZnO were
determined to be 4.2 and 2.1 ns, respectively, representing
increases of 2.4 and 1.2 times compared to pr-ZnO (Fig. 20c).
This extended carrier lifetime is attributed to the high spin
polarization induced by the CISS effect (Fig. 20d). Mechanistic
analysis indicates that polarized holes regulated the spin
alignment of HO® intermediates, preventing the formation of
H,0, from spin-antiparallel HO® recombination and ultimately
enhancing the efficiency of O, production (Fig. 20e).

4.6 Combined strategies

Generally, combining two electron spin control strategies can
generate a synergistic effect, optimizing light absorption, elec-
tron-hole pair separation efficiency, and surface reaction
kinetics, resulting in a comprehensive enhancement of photo-
catalysis. For example, Li et al. utilized an external magnetic
field along with single-atom Co doping to synergistically
enhance the electron spin polarization of C;N,, promoting
photocatalytic water splitting and the simultaneous oxidation
of benzylamine."*® With a modest external magnetic field of
24.5 mT, the H, production rate of Co-C;N, reached approxi-
mately 340 times that of pristine C;N, in the absence of a
magnetic field. Experimental results and theoretical calcula-
tions reveal that the interaction between Co d and N p orbitals

This journal is © The Royal Society of Chemistry 2025
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Fig. 19 Schematic diagram of chirality origin in inorganic nanomaterials. Reproduced with permission from ref. 143. Copyright 2023 American Chemical
Society. (a) Intrinsic chirality from chiral crystals. Reproduced with permission from ref. 144. Copyright 2015 American Chemical Society. Reproduced
with permission from ref. 145. Copyright 2020 Springer Nature. Reproduced with permission from ref. 146. Copyright 2013 Springer Nature. (b) Chiral
interactions between inorganic nanomaterials and chiral ligands. Reproduced with permission from ref. 147. Copyright 2016 American Chemical Society.
Reproduced with permission from ref. 148. Copyright 2018 American Chemical Society. Reproduced with permission from ref. 149. Copyright 2018 John
Wiley and Sons. Reproduced with permission from ref. 150. Copyright 2019 American Chemical Society. (c) Chiral shapes at subwavelength scales.
Reproduced with permission from ref. 151. Copyright 2018 Springer Nature. Reproduced with permission from ref. 152. Copyright 2020 Springer Nature.
Reproduced with permission from ref. 153. Copyright 2022 John Wiley and Sons. (d) Chiral assemblies formed by inorganic nanoparticles. Reproduced
with permission from ref. 154. Copyright 2012 American Chemical Society. Reproduced with permission from ref. 155. Copyright 2015 American
Chemical Society. Reproduced with permission from ref. 156. Copyright 2014 Springer Nature. Reproduced with permission from ref. 157. Copyright

2012 American Chemical Society.

altered the symmetry center of C3;N,, leading to increases in
both the dielectric constant and spin polarization.

Furthermore, the magnetic field enhanced the alignment of
electron spins, increasing the number of electrons with parallel
spins. Thus, the combination of the magnetic field and Co
doping strategy created a significant built-in electric field and
active sites, which improved charge transfer and surface reac-
tions. In another study, a dilute magnetic Ni-CdS/MoS, photo-
catalyst with high ferromagnetic spin polarization was
developed by doping Ni ions into CdS/MoS, for photocatalytic
water splitting.'*® The electron spin polarization induced by Ni
doping and the applied magnetic field reduced charge recom-
bination in Ni-CdS/MoS, and improved the interfacial transfer
efficiency between CdS and MoS,, resulting in a 3.89-fold
increase in the photocatalytic H, production rate.

The combination of defect engineering and magnetic field
regulation also exhibits synergistic electron spin control for
boosting photocatalytic activities. For instance, BaTiO; with O
defects exhibited remarkable activity under an applied mag-
netic field, achieving an NH; yield of over 1.93 mg L™ h™ " in

This journal is © The Royal Society of Chemistry 2025

photocatalytic N, fixation.”® The preparation of O defect-
modified BaTiO; involves mechanically grinding BaTiO; with
NaBH, in a glove box, followed by reducing the mixture with
molten NaBH, in an Ar atmosphere to create O defects on the
BaTiO; surface. Characterization tests reveal that O defects not
only induced lattice distortion and valence state changes of
BaTiO; but also increased local disorder, facilitating the spon-
taneous polarization of surface electrons. DFT calculations
indicate that the desorption of NH; to form *N is the rate-
determining step in the photocatalytic N, fixation process.
Interestingly, the internal electric field induced by O defects
and the applied magnetic fields reduced the energy barrier of
this step, thereby accelerating NH; production. Thus, the
electromagnetic synergy between the internal electric field
and the external magnetic field was achieved by controlling O
defects, effectively suppressing the recombination of photo-
generated charge carriers and promoting the reduction of N,.

Besides using magnetic fields, combining doping with
defect engineering is also an effective strategy for electron spin
control. For example, Ni-CdS photocatalyst was synthesized by
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Springer Nature.

incorporating highly dispersed Ni atoms into the CdS lattice to
replace Cd atoms." This incorporation induced local lattice
distortion and S defects, which increased the dipole moment
and enhanced the spin-polarized electric field. The resulting
charge redistribution, driven by the enhanced internal electric
field, shifted the S p-band center downward, facilitating the
desorption of the *H intermediate during photocatalytic water
splitting, ultimately achieving a hydrogen yield 5.58 times
higher than that of pristine CdS.

4.7 Other strategies

Recently, the development of van der Waals heterostructures
has been shown to modify the electronic band structure
and local electron density distribution in photocatalysts.'*"*3
These alterations influence the distribution of electron spin
states, leading to spin polarization effects. By integrating
heterostructures with spin polarization, it becomes possible
to suppress the recombination of photogenerated charge car-
riers while enhancing the activity and selectivity of surface
redox reactions. For example, spin-polarized monolayer gra-
phene was in situ grown on 2D MoS, using chemical vapor
deposition to form van der Waals heterostructures capable of
photocatalytic overall water splitting under visible light."*" The
spin polarization facilitated the spatial separation of photo-
generated electrons and holes in MoS, and directed electrons to
active sites on the graphene surface through heterojunctions,
resulting in an extended TRPL average lifetime from 6.0 to
27.7 ns. Moreover, CN/graphene composites with van der Waals
heterostructures and spin-polarized electronic properties have
demonstrated high charge separation efficiency and enhanced
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surface catalytic reactions, achieving efficient photocatalytic
water splitting.'*”

Altering the oxidation state of a transition metal can directly
change the number of d-electrons, which in turn affects the
orbital occupancy. As a result, the number of unpaired elec-
trons varies, influencing the spin state. Gong et al. regulated
the spin state of Co-COF by altering the oxidation state of Co at
the porphyrin center, significantly promoting photocataly-
tic CO, reduction and enhancing selectivity for HCOOH
production.®® Theoretical calculations reveal that in Co™-
COF, the Co-3d,. orbitals interact with the O-2p orbitals of
CO,, whereas in Co"-COF, the Co-3d,, or Co-3d,, orbitals
couple with the O-2p orbitals. Notably, the CO, adsorption
energy in Co™-COF is more than twice that in Co™-COF. More-
over, Co™-COF exhibited stronger interactions with HCOOH,
further promoting selective HCOOH generation. These findings
highlight that the spin state transition induced by metal
valence regulation plays a crucial role in optimizing photoca-
talytic performance.

In addition, regulating the size of a nanocrystal can influence
its spin state, primarily due to the enhanced quantum confine-
ment effects that arise as the nanocrystal size decreases.'”®
In smaller nanocrystals, discrete energy levels replace continu-
ous ones, altering the distribution and alighment of electron
spins. For instance, Fe,O; nanoclusters with low spin Fe were
synthesized through a nanocrystal size modification strategy and
subsequently anchored on g-C;N, for photocatalytic pollutant
degradation."** Notably, the low spin Fe,0s/g-C;N, exhibited
superior photocatalytic activity compared to its high spin coun-
terpart. This improvement was attributed to the d-band center of

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00317a

Open Access Article. Published on 22 January 2025. Downloaded on 7/30/2025 7:16:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

the Fe 3d orbital in low spin Fe being closer to the Fermi energy
level, which weakened the antibonding state. Consequently, the
Fe-O interaction was strengthened, enhancing the production of
HO*® and O,*" for the degradation of diclofenac.

It has been reported that the pyroelectric field can induce
the reconstruction of electron spin states."** He et al. prepared
FeS,/CuCo,0, hollow core-shell heterojunctions and utilized
temperature fluctuations between hot and cold regions to drive
the pyroelectric field. Specifically, FeS, generated heat under
NIR light, providing the necessary high-temperature endpoint
for the pyroelectric field in CuCo,0,. This pyroelectric field
enabled CuCo,0, to release surface charges and generate
spontaneous polarization. Additionally, it modified the filling
of electrons on Co sites and reversed the electron spin state.
This resulted in an extension of TRPL average lifetime from
5.7 to 15.0 ns, enhancing photocatalytic water splitting with an
average AQE of up to 19.8%.

5. Conclusions and outlook

Electron spin control of photocatalysts has emerged as a
promising strategy for precisely manipulating the spin and
spin state of electrons to optimize the separation of photogen-
erated electron-hole pairs and their subsequent reactions on
the photocatalyst surface, offering an innovative approach to
improve photocatalytic efficiency. By modulating the electron
spin of active sites to enhance interactions with reactants and
aligning the electron spin in a specific direction to improve
product selectivity, this approach also offers a novel strategy for
regulating surface reaction pathways. Summarizing recent pro-
gress in electron spin control within the field of photocatalysis
is therefore of particular importance. This review provides a
comprehensive overview of advanced strategies for manipulat-
ing electron spin, including doping design, defect engineering,
magnetic field regulation, metal coordination modulation,
CISS effect, and combined strategies, aiming at enhancing
photocatalytic processes such as water splitting, CO, reduction,
pollutant degradation, and N, fixation.

Among these strategies, doping design, defect engineering,
magnetic field regulation, metal coordination modulation, and
CISS effect are recognized as key approaches. We compared
the number of published academic papers utilizing these
strategies to promote photocatalytic applications, with the
results presented in a pie chart in Fig. 21a. The findings
indicate that doping design is the most widely employed
strategy, while defect engineering and magnetic field regulation
have also received considerable attention. In contrast, research
on electron spin manipulation through metal coordination
modulation and the CISS effect remains relatively limited.

A comparison of the five strategies based on multiple
metrics, including light absorption, charge separation, surface
reaction efficiency, selectivity, stability, and practicality, is
presented in Fig. 21b, with a detailed overview of the advantages
and limitations provided in Fig. 21c. Notably, each strategy
has unique strengths and limitations that must be carefully

This journal is © The Royal Society of Chemistry 2025
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considered when designing spin control approaches. For
instance, doping design remains the most popular strategy
due to its ability to enhance light absorption, increase active
sites, provide high stability, and offer a straightforward synth-
esis process. However, it also presents several challenges,
including the potential formation of recombination centers
that reduce the separation efficiency of photogenerated car-
riers. Additionally, structural defects introduced during dop-
ing can adversely impact the optical and electronic properties
of photocatalysts. Furthermore, controlling the doping level is
often difficult, ultimately affecting the reliability of photoca-
talytic performance. In contrast, defect engineering signifi-
cantly enhances charge separation but introduces limitations,
such as uncontrolled defect formation, structural instability,
and reduced efficiency over time, making instability a key
challenge to address. The application of an external magnetic
field during photocatalytic reactions is an efficient and con-
tactless technique that not only promotes charge separation
but also improves reaction selectivity. Nevertheless, this
approach requires specialized magnetic field generation
equipment and precise control, inevitably increasing the
complexity and cost of operation. Furthermore, not all photo-
catalysts are compatible with magnetic field, particularly
flexible or non-magnetic materials. Additionally, the effective-
ness of magnetic field can be sensitive to environmental
factors such as temperature and humidity, potentially affecting
the stability and repeatability of the photocatalytic reaction.

Currently, research on metal coordination modulation and
the CISS effect remains relatively limited. This may be due to
unclear mechanisms of spin control and the underdeveloped
state of material preparation techniques, which complicate the
implementation of these strategies. The challenges typically
associated with metal coordination modulation and the CISS
effect include complex photocatalyst synthesis, stability issues,
and limited scalability. However, these two strategies also offer
significant advantages. Metal coordination modulation allows
for precise active site tuning and design flexibility, while
the CISS effect promotes charge separation and improves
reaction selectivity. These benefits are likely to attract increased
research attention, driving the development of new photocata-
lysts that enable robust electron spin control. Thus, when
designing photocatalysts and spin control strategies, it is
essential to carefully consider both the advantages and limita-
tions to select the most appropriate approach.

Despite the continuous progress made in recent years in
electron spin control for optimizing photocatalysis, several
areas still require further development and improvement:

1. Further improving strategies for electron spin control.
Developing more robust manipulation techniques is essential
to fully realize the potential of electron spin control and
enhancing photocatalytic efficiency. For instance, advanced
doping techniques such as co-doping can boost light absorp-
tion and improve spin polarization, while employing suitable
non-metallic dopants reduces reliance on rare metals and
minimizes ecological impact.'* "' Moreover, optimizing the
concentration and distribution of dopants can lead to more
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precise electron spin control, ultimately raising photocatalytic
performance.

Employing defect engineering to create and control defects
within the photocatalyst lattice can introduce local states that
facilitate spin manipulation. Exploring the relationship bet-
ween different defect types (e.g., metallic and non-metallic
defects) and their impacts on electron spin control is essential
for enhancing photocatalytic performance. Additionally,
developing defect engineering techniques that precisely reg-
ulate the location and concentration of defects, while
also improving the stability of the synthesized materials, is

2182 | Chem. Soc. Rev, 2025, 54, 2154-2187

essential to ensure their long-term efficacy in photocatalytic
applications.

Currently, most studies on magnetic fields in photocatalysis
focus on static magnetic fields, where both the direction and
intensity remain constant throughout the process. However,
varying the frequency of magnetic field can trigger different
mechanisms, such as natural resonances and exchange reso-
nances, both of which may influence electron spin alignhment."®
Unfortunately, research providing specific parameters for field
intensity and frequency settings is lacking. Further inves-
tigation into the effects of external magnetic fields on spin

This journal is © The Royal Society of Chemistry 2025
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polarization, particularly the impact of magnetic field direction
and intensity, could lead to breakthroughs in charge separation
and reaction kinetics, offering valuable insights for optimizing
electron spins. Additionally, designing electrically, magneti-
cally, or dielectrically sensitive materials as supports for photo-
catalysts, or utilizing these supports directly as composite
catalysts, could enhance response to external fields without
compromising the optimal performance of the photocatalyst
components.'®

Modulating the metal coordination environment to enhance
electron spin polarization has opened new avenues of research
in photocatalysis. By meticulously designing the geometric
structure and electronic properties of metal ligands, it is
possible to improve electron spin polarization in photocata-
lysts, thereby optimizing the electronic environment of active
sites and enabling selective modulation of reaction pathways.
Future research should integrate theoretical calculations with
experimental investigations to develop a comprehensive under-
standing of how metal coordination affects electron spin
polarization, ultimately guiding photocatalyst optimization.
Additionally, crucial to advance synthetic methods that enable
precise design of the metal coordination environment.

Integrating chiral materials in photocatalysis has shown
promise in inducing spin selectivity, leading to improved
charge separation and selective product generation. Future
research should concentrate on synthesizing innovative chiral
nanostructures and exploring their influence on electron spin.
By merging insights from theoretical studies with practical
applications, researchers can develop new chiral photo-
catalysts, such as chiral MOFs, chiral COFs, and chiral halide
perovskites.'***®! Additionally, a deeper understanding of the
mechanisms underlying the CISS effect is essential for fully
harnessing its potential. Notably, combining different materials
or strategies can create hybrid systems that leverage the advan-
tages of each component, thereby enhancing spin control and
photocatalytic efficiency.

2. Developing spin-regulated photocatalysts that fulfill the
requirements for practical photocatalytic applications. In prac-
tical photocatalytic applications, complex environmental con-
ditions and the presence of multiple components can weaken
the spin polarization effect, posing a significant challenge to its
practical implementation. To address practical needs, it is
imperative to develop stable and efficient spin-regulated photo-
catalysts for photocatalytic water splitting, CO, reduction,
pollutant degradation, and N, fixation. This will facilitate their
integration into industrial and environmental settings.

Certain photocatalysts have the potential for practical appli-
cations due to their stability, efficiency, and scalability. For
instance, TiO, is one of the most widely employed photocata-
lysts, known for its excellent photostability and non-toxic
characteristics. Researchers are actively exploring methods to
control its electron spin through techniques such as morpho-
logy control, defect engineering, and the integration of chiral
materials.">'®*'®® COFs also offer a promising avenue for
development, as their tunable structures facilitate the incor-
poration of various functional groups and metals, allowing for
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precise regulation of electron spin.'®" Chiral halide perovskites
are potential candidates due to their unique optical properties
and ability to induce spin selectivity.'*® Their compositional
flexibility imparts the design of photocatalysts that efficiently
utilize light energy while maintaining favorable spin character-
istics. Overall, future research on spin-regulated photocatalysts
should focus on integrating these advanced materials into prac-
tical systems, ensuring effective operation under diverse environ-
mental conditions while achieving high efficiency and stability.

3. Innovating synthesis methods to achieve precise control
of electron spin. The development of novel synthetic techni-
ques that enable precise tuning of spin-selective sites in photo-
catalysts will pave the way for materials with optimized spin
states. Future research should prioritize integrating molecular
and atomic-level spin control mechanisms during synthesis,
including the precise introduction of dopants, defects, ligands,
and chiral components to promote spin polarization without
compromising material stability or scalability. Advanced tech-
niques such as atomic layer deposition and template-assisted
methods allow for fine-tuning of morphology, lattice structure,
and coordination environment of materials, thereby facilitating
precise control over electron spin. Furthermore, combining
theoretical modeling with experimental synthesis is crucial
for understanding how these modifications impact electron
spin. As the field progresses, developing environmentally sus-
tainable and cost-effective synthesis methods will be key to
translating these advances into practical applications, driving the
next generation of efficient and spin-regulated photocatalysts.

4. Deepening understanding of mechanisms underlying
electron spin control. Acquiring a deeper understanding of
the mechanisms governing electron spin control is crucial for
advancing the development of efficient spin-regulated photo-
catalysts. Future research should elucidate these mechanisms
through a synergistic approach that combines experimental
techniques with theoretical calculations. Advanced techniques
include XAS, Mdssbauer spectroscopy, EELS, ESR spectroscopy,
and M-T measurement render the scrutiny of local electronic
environments and spin dynamics within photocatalysts. Addi-
tionally, TRPL and TAS can be employed to investigate the
ultrafast processes related to charge carrier dynamics influ-
enced by electron spin control. Furthermore, the generation
and transformation of intermediates at active sites of photo-
catalysts during reaction can be examined using in situ techni-
ques such as in situ EPR, FTIR, and Raman spectroscopy,
offering insights into spin-affected surface reactions.

Theoretical calculations can be utilized to model how vari-
ous factors such as doping, defects, and coordination environ-
mental affect electron spin behavior. This approach elucidates
the underlying mechanisms from a theoretical perspective
while offering supplementary analysis of experimental results.
Additionally, these calculations enable the prediction and
optimization of electronic structure and spin characteristics
of photocatalysts. By integrating these theoretical insights with
experimental data, we could deepen our understanding of spin
control mechanisms and guide the design of new materials and
strategies aimed at optimizing photocatalytic performance.
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One of the key challenges in mechanism studies is separating
the effects of electron spin control from the inherent impacts of
modification strategies on photocatalytic performance. Accurately
making this distinction is critical, as any ambiguity could result in
misinterpretation of the results and lead to flawed conclusions.
When investigating the effects of electron spin induced by differ-
ent strategies, it is essential to first consider how each strategy
influences photocatalysis. For instance, defect-induced electron
spin polarization can enhance the separation efficiency of photo-
generated carriers, while the defects may also act as reaction sites,
working synergistically to improve photocatalytic performance.
Furthermore, it is crucial to differentiate whether the enhance-
ment in photocatalytic performance stems from the intrinsic
effects of strategies like doping or defect engineering, or from
the spin polarization induced by these strategies. A combination
of experimental and theoretical approaches could clarify this
distinction. Comparative experiments using non-spin-active mate-
rials or adjusting the strength of spin polarization (e.g., through
application of magnetic field) could isolate the spin-related con-
tributions. Advanced characterization techniques, such as EPR
and spin-resolved photoelectron spectroscopy (PES), could directly
probe spin polarization. Coupled with time-resolved spectroscopy
and surface reaction kinetics measurements, these techniques
enable the assessment of how spin polarization influences carrier
dynamics and reaction pathways. Additionally, theoretical calcula-
tions and dynamic simulations could provide insights into the
independent effects of spin polarization and structural or electro-
nic modifications.

However, the characterization techniques and theoretical
calculations for evaluating electron spin behavior are still in
development, posing challenges for research in this area. Future
efforts should emphasize interdisciplinary collaboration, integrat-
ing expertise from chemistry, physics, materials science, and
engineering. This collaborative approach will facilitate the design
and optimization of next-generation spin-regulated photocatalysts.

In summary, both opportunities and challenges coexist in the
field of spin-regulated photocatalysis. Researchers are encouraged
to undertake persistent efforts to advance electron spin control
strategies aimed to optimize photocatalysis. This involves
transitioning fundamental research into practical applications,
including photocatalytic water splitting, CO, reduction, pollutant
degradation, and N, fixation. We hope this review provides
valuable insights and inspiration for those interested in leveraging
electron spin control to enhance photocatalytic activity.
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