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G R A P H I C A L A B S T R A C T
� This article reviews the recent advance-
ments on the spin effect toward electro-
catalysis applications.

� The methods for spin manipulation of
catalysts and the related catalytic
mechanisms are thoroughly discussed.

� The key directions for the future devel-
opment of spin effects in the field of
electrocatalysis are described.
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Building highly reactive electrocatalysts is of great significance for addressing the energy crisis and developing
green energy. Electrocatalytic reactions occur at the interface of catalysts, where the physicochemical properties
of the catalyst surface play a dominant role. In particular, the electron spin behavior on the catalyst surface has a
decisive impact on the catalytic reaction process. This review initially introduces the definition of electron spin
and methods for spin manipulation. Furthermore, we summarize the advanced characterization methods of
electron spin. Then, we review the latest research advancements on the spin effect in the oxygen reduction re-
action, oxygen evolution reaction, carbon dioxide reduction reaction, and nitrogen reduction reaction. The
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Fig. 1. (a) Schematic diagram for Co3þ in differen
producing triplet oxygen by two oxygen radicals
Reproduced with permission [66]. Copyright 2021
catalytic mechanisms of spin manipulation in these four reactions are thoroughly discussed. Finally, we propose
key directions for the future development of spin effects in the field of electrocatalysis. This review contributes to
a deeper understanding of the micromechanisms in electrocatalytic reactions.
1. Introduction

Developing new clean energy sources is an acknowledged global
research direction within the context of the energy crisis and carbon-
neutral economy [1–5]. Fuel cells, metal–air batteries, and water elec-
trolyzers are important devices for new energy conversion and storage
technologies [6–13]. They involve a series of catalytic conversion pro-
cesses of small molecules, such as H2, O2, CO2, and N2, and include
various reactions, such as the hydrogen evolution reaction (HER), oxygen
evolution reaction (OER), oxygen reduction reaction (ORR), CO2 reduc-
tion reaction (CO2RR), and nitrogen reduction reaction (NRR) [14–22].
However, energetic small-molecule-related reactions require multiple
steps of electron transfer, which can lead to high activation barriers and
slow kinetics [23–25]. Therefore, optimizing the efficiency and selec-
tivity of electrocatalytic reactions is essential for achieving sustainable
energy conversion and environmental protection. Electrocatalytic re-
actions occur at the catalyst interface, where the physicochemical
properties of the material surface are crucial. Specifically, the electron
spin behavior of the material surface can have a decisive impact on the
catalytic reaction process [26]. Understanding how electron spin states
affect the rate and selectivity of the reaction can provide us with in-depth
insights into the reaction mechanism. By regulating the electron spin
states, we can design catalysts that are more active and stable, optimize
the performance of catalysts, and thus achieve higher reaction efficiency
and selectivity. However the current research on electron spin states is
still in the initial stage, and it is urgent to increase the research invest-
ment to promote the rapid development of this field.

Electron spin is an intrinsic property of electrons and is described by a
quantum number representing the angular momentum of the electron
spin [27,28]. In 1925, German physicist Wolfgang Pauli introduced the
concept of electron spin to explain peculiar phenomena observed in
atomic spectra. Subsequently, Swiss physicist Felix Bloch and Dutch
physicists Samuel Goudsmit and George Uhlenbeck independently con-
nected the concept of spin with experimental phenomena. They found
that spin could explain the fine structure of atomic spectra and magnetic
phenomena [29]. With the vigorous development of electron spin
research, studies focusing on spin have expanded to cover multiple dis-
ciplines, such as physics, chemistry, and life sciences [30–33].
t spin states of low-spin, interme
with parallel/opposite spin alig
, Springer Nature.
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The application of electron spin in electrocatalytic reactions has
gained significant interest over the past few years [34–38]. From the
viewpoint of quantum mechanics, the orbital occupancy and electron
spin orientation of individual atoms determine the characteristics of
electron structures in the lattice. A change in orbital occupancy and spin
orientation at the atomic level can cause electron density redistribution
and modify interatomic exchange interactions throughout the bulk phase
[27]. As we all know, the electron structure distribution of catalysts can
affect the binding of catalysts and reaction intermediates [39]. For
example, the regulation of the spin-state could modulate the occupation
number of electrons on the eg orbitals of transition metal oxides. The
high-spin and low-spin structures of the same substance exhibit different
binding strengths towards intermediates, so electron spin behavior
directly affects the catalytic activity [40]. The spin configuration of the
catalyst can also affect the charge transport in the electrochemical re-
action and accelerate the reaction kinetics [41]. This emerging field of
research focuses on manipulating the electron spin state to adjust the
reactivity and selectivity of catalysts, leading to more efficient catalytic
processes (Fig. 1) [42–44]. This opens up new avenues for the develop-
ment of efficient electrochemical catalysts and the advancement of
renewable energy technologies. The application of electron spin in
electrocatalytic reactions involves multiple aspects. First, by controlling
the spin state of electrons, the surface adsorption capacity and catalytic
activity of catalysts can be altered [45–49]. Second, the modulation of
the electron spin can also affect the electron transfer ability of the catalyst
[50–53]. The spin coupling of electrons can regulate the electron trans-
port behavior in catalysts, thereby influencing the rate and efficiency of
electron transfer reactions. This is crucial for electron conduction in
electrocatalytic reactions and the electron transfer process of the catalyst,
leading to improved reaction efficiency and selectivity. Furthermore, the
control of electron spin can also influence the formation of the catalytic
active sites in the catalyst [54,55]. By adjusting the spin state of elec-
trons, the atomic structure and electron density distribution on the
catalyst surface can be changed, thereby modulating the formation of
catalytic active sites and the structure of reaction centers. However, to
date, there is still limited literature summarizing and reviewing the ef-
fects of spin control and spin effects on the performance of
electrocatalysts.
diate-spin, and high-spin state. (b) Schematic of spin-exchange mechanism for
nments. Reproduced with permission [55]. Copyright 2021, Springer Nature.
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In this review, we first outline the development history and applica-
tions of the electron spin effect in energy catalysis and then summarize
five methods for controlling the electron spin state. Next, advanced
characterization techniques for electron spin in electrocatalysis are
introduced.We then review the latest research progress on spin control in
four electrocatalytic reactions (ORR, OER, NRR, CO2RR) and analyze the
possible mechanisms of the spin effects in electrocatalytic processes.
Finally, we present potential avenues for advancing spin effects in energy
catalysis, providing theoretical guidance for the development of spin
electrocatalysis.

2. Electron spin effect

2.1. Definition of the electron spin effect

In quantum mechanics, subatomic particles possess an inherent
angular momentum known as spin, which results in the particles having a
magnetic moment characterized by a specific magnitude and direction
[56]. Electron spin can be described by a quantum number, typically
represented as 1/2. According to the rules of quantum mechanics, the
electron spin can only take two possible orientations, namely, spin-up (↑)
and spin-down (↓). This spin property is of significant importance in
explaining the properties of atoms, molecules, and solid materials. Elec-
tron spin is an intrinsic property of the elementary particles, and the spin
state affects the electronic structure and chemical properties of matter [57,
58]. In atoms andmolecules, the electron spin determines the arrangement
and energy level structure of the electrons, along with the nature and rate
of chemical reactions. In solid materials, the interaction between electron
spin and other electrons affects the conduction properties, magnetic
Fig. 2. Regulation of Electron Spin for defect and doping induction. (a) The calculate
bulk γ-CoOOH. (b) Transformation of electronic structure in ultrathin γ-CoOOH nano
L-edge and high-resolution L2 XAS spectra. Reproduced with permission [76]. Copyri
NFs and RuO2 at room temperature. (f) Close-up of the low-field region in M–H cu
between Mn2þ and Ru4þ and the ferromagnetic exchange between Mn3þ and Ru5þ.
ceptibility of (h) Fe, Mn/N–C, and (i) Fe/N–C. Reproduced with permission [78]. C
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properties, optical properties, etc. The spin states of electrons on an orbit
are governed by the Pauli exclusion principle, which indicates that a
specific spatial orbital can accommodate a maximum of two electrons with
opposite spins [59]. The phenomenon in which the spin states of electrons
in an atom ormolecule align uniformly in a specific direction under certain
conditions is called spin polarization [60].In the field of chemistry, the
control of chemical reactions is determined not only by free and activation
energies but also by the primary factor of the electron spin. The conser-
vation of the spin angular momentum, in addition to energy conservation,
is widely recognized as a fundamental property of nature [61]. Notably,
the foundation of the spin selection rule, also known as Wigner’s spin
conservation rule, is based on the principle that during any permissible
electronic transition process that can occur between atoms or within an
atom, the system’s spin angular momentum remains constant [62].
Consequently, the transitions between the states of differing spin multi-
plicities are prohibited. The application of this principle dictates that a
chemical reaction is permissible only when the combined spin angular
momentum of the reactants matches the total spin angular momentum
exhibited by the products. This leads to the emergence of electron and
nuclear spin selectivity in reactions. Many electrocatalytic reactions, such
as OER and ORR, involve oxygen-containing species with different spin
states (triplet oxygen molecules and singlet OH� and H2O), causing these
reactions to be spin-forbidden [63,64]. Many interaction effects, especially
strong spin-orbit coupling, can supply sufficient energy to facilitate spin
flips along the reaction path, a process known as intersystem crossing,
enabling the occurrence of the reaction. Therefore, the choice of catalyst is
very important, and the catalyst needs to be elements with spin-orbit
coupling exchange interaction, usually Fe, Co, Ni, and other fourth and
fifth-period transition elements [65–71]. The activity of the
d density of states (DOS) for γ-CoOOH nanosheet, γ-CoOOH (001) thin film and
sheets. Reproduced with permission [75]. Copyright 2015, Wiley-VCH. (c,d) Ti
ght 2020, Springer Nature. (e) Magnetization hysteresis M–H loops of Mn–RuO2

rves of Mn–RuO2 NFs and RuO2. (g) Schematic of the ferromagnetic exchange
Reproduced with permission [77]. Copyright 2023, Wiley-VCH. Magnetic sus-

opyright 2021, Springer Nature.
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electrocatalytic reaction can be influenced by regulating the spin state of
the active center of the catalyst. The methods of regulating the electron
spin state will be discussed in detail later.

2.2. Regulation of electron spin

To understand the impact of electron spin on electrocatalytic re-
actions, we first need to establish a series of model catalysts by reason-
ably controlling their electron spin states. At present, the spin control
methods reported mainly include defect and doping induction, valence
modulation, crystal structure regulation, strong metal-support in-
teractions, magnetic field modulation, and chirality modulation [40,
72–74].

2.2.1. Defect and doping induction
The spin state is greatly influenced by the coordination structure of

the active centers. Introducing defects or doping atoms modifies both the
coordination environment and the local electronic structure of the active
centers.

Defects in materials can cause spin state changes for various reasons.
Firstly, the introduction of new local electronic states or the alteration of
existing ones by defects can result in changes in spin-orbit coupling or local
spin perturbations. Moreover, the interaction between the defect and
surrounding electrons may lead to the localization of spin, or changes in
spin coupling with other degrees of freedom, such as charge. Additionally,
defects can induce local crystal structure changes or distortions, which in
turn can influence the spin states of electrons. For example, decreasing the
catalyst size generates a multitude of defects, thereby altering the spin
state of the active center. Huang et al. achieved the synthesis of a γ-CoOOH
nanosheet with a significant abundance of defects by reducing the thick-
ness of the γ-CoOOH bulk to 1.4 nm [75]. The presence of these defects led
Fig. 3. Regulation of Electron Spin for Valence and crystal structure modulation. (a) R
photocatalytic CO2 reduction. Reproduced with permission [79]. Copyright 2020, A
original state, as well as after their application of tensile strain or the addition of a m
intermediates under various spin states. Reproduced with permission [81]. Copyright
eg orbital and the evolution of intermediate-spin state. (e) The correlation between O
with permission [82]. Copyright 2017, Elsevier.

4

to a transition in the spin state of the Co ion, shifting it from a low-spin
state to a high-spin state. This transition caused a rearrangement of the
Co 3d electrons, resulting in the formation of a t2g5eg1:2 configuration
(Figs. 2a and b). The γ-CoOOH nanosheet exhibited excellent OER activity
due to the theoretically optimal eg orbital electron occupancy. At a current
density of 10 mA cm�2, the overpotential of the γ-CoOOH nanosheet was
significantly reduced by 74mV compared to the γ-CoOOH bulk, reaching a
low of 0.30 V. In addition, anatase TiO2 with different titanium defect
concentrations was controllably prepared by Pan et al. [76]. The intrinsic
correlation between electron spin polarization and photocatalytic perfor-
mance was thoroughly explored. The Ti L-edge XAS (Figs. 2c and d)
showed that the electron polarization states in the electron spin direction
were the same in the TiO2-m samples. After the introduction of titanium
defects, the spin-down polarization of TiO2-5 to TiO2-10 near the Fermi
level increased. However, too many titanium defects (clusters) in TiO2-20
and TiO2-30 reduced the degree of spin polarization. Experimental results
showed that the defect type Ti0.936O2 (TiO2-10) with the maximum spatial
spin polarization could effectively enhance the charge separation effi-
ciency and promote the surface reaction, showing the best photocatalytic
performance. Additionally, the photocatalytic activity of spin-polarized
Ti0.936O2 could be further promoted by an external magnetic field.

Doping is also an effective way to regulate spintronic states. Doping
can also affect spin-orbit coupling, altering the interaction between
electron spin and orbit. Depending on the characteristics of the doping
species, doping can enhance or inhibit the magnetic properties of the
material, and even completely change the magnetic properties of the
material. Li et al. reported the first spin-polarization-mediated strategy to
enhance OER activity in acidic electrolytes by doping dilute manganese
(Mn2þ) (S ¼ 5/2) in antiferromagnetic RuO2 to generate a net ferro-
magnetic moment (Figs. 2e–g) [77]. When Mn was introduced into the
RuO2 lattice, its magnetic structure changed. The doped Mn atom had a
ational fabrication of COF-367-Co with various spin states of Co ions for efficient
merican Chemical Society. (b) The crystal structures of the Ni-NDA model in its
issing linker. (c) Schematic depiction of orbital hybridization between Ni and O*
2023, Wiley-VCH. (d) Schematic depiction of the electron transition from t2g to
ER activity and spin configuration of differently oriented LCO films. Reproduced
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large magnetic moment (~3.69) and induced a ferromagnetic arrange-
ment of the magnetic moments of adjacent Ru atoms. Mn–RuO2 nano-
sheets showed OER activity enhanced by a strong magnetic field,
showing a minimum overpotential of 143 mV and maintaining high ac-
tivity for 480 h without any significant attenuation. Furthermore, the
introduction of heteroatoms not only alters the magnetic properties of the
catalyst but also directly influences the spintronic arrangement of the
metal center. Yang et al. reasonably designed a bimetallic atom-dispersed
catalyst (Fe, Mn/N–C) [78]. Mn–N dispersed by adjacent atoms could
effectively activate the FeIII site, enabling FeIII to achieve a single eg
electron filling (t2g4eg1) in the FeN4 site, which was more conducive to
electrons entering the anti-bonding orbital of O and achieving the acti-
vation of O2. Based on the results obtained from magnetic susceptibility
tests and theoretical calculations, it was found that Fe/N–C contained
approximately 1.3 unpaired d electrons. This indicates that the FeIII ions
present in Fe/N–C exhibit a low-spin state without eg filling (Figs. 2h and
i). Conversely, the number of unpaired d electrons of Fe, Mn/N–C was
approximately 3, demonstrating single eg filling. Therefore, the neigh-
boring MnIII moieties in a low-spin state enable FeIII in FeN4 to achieve
the desired eg filling, resulting in an optimal electronic configuration.
Fig. 4. Regulation of electron spin for strong metal-support interactions and magnetic
and (c) TiO2 models. (d) TDOS and projected DOS of Fe–TiO2, Fe2O3, and TiO2. Projec
permission [74]. Copyright 2020, Wiley-VCH. (g) CNF/CoSx electrode under magnet
[85]. Copyright 2022, Wiley-VCH.
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This configuration leads to outstanding ORR activity and stability of Fe,
Mn/N–C in both alkaline and acidic media.

2.2.2. Valence modulation
Controlling the electronic structure by regulating the oxidation state

of the active site is an effective strategy. Valence regulation refers to the
influence of electron spin states by adjusting the chemical valence state of
a material. In different valence states, the filling state of electrons may
also change. This change in the filling state will directly affect the elec-
tron configuration and spin state. In addition, different chemical valence
states may lead to different spin-orbit coupling intensities and changes in
crystal field effects, which in turn affect the spin orientation of electrons
[50]. Gong et al. manipulated the spin state of Co in a covalent organic
framework catalyst (COF-367-Co) by altering the gas environment dur-
ing synthesis [79]. As shown in Fig. 3a, the catalyst synthesized under an
N2 atmosphere had a CoII active center (S ¼ 1/2), while the catalyst
synthesized under an O2 atmosphere had a CoIII center (S ¼ 0). Electron
paramagnetic resonance (EPR) spectra of COF-367-Co demonstrated the
existence of unpaired electrons in COF-367-CoII, and no unpaired elec-
trons were observed in COF-367-CoIII, confirming the successful change
field modulation. Side view model for DFT calculation of (a) Fe–TiO2, (b) Fe2O3,
ted (e) Fe 3d and (f) Ti 3d DOS of selected atoms in the models. Reproduced with
ic field and no magnetic field for LiPS conversion. Reproduced with permission
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in the spin state of the Co center. The modulation of the oxidation state
enabled control over the spin state. Valence regulation could enable
precise control of spin states, providing valuable insights for studying the
impact of spin electrocatalysis.

2.2.3. Crystal structure regulation
The alteration in lattice stress and orientation of the catalyst exerts a

profound impact on the coordination structure of the metal center, ulti-
mately disrupting the symmetry of the crystal lattice [80]. As the lattice
changes, the coordination environment surrounding the metal site is also
modified, leading to a transformation in its spin state. This transition can
potentially impact the catalytic activity and selectivity of the catalyst, as
the spin state of the active center is intricately linked to its catalytic
performance. Consequently, comprehending the implications of catalyst
crystallization stress and lattice orientation on the active center is of
paramount importance for catalyst design and optimization. He et al.
reported ultrathin nanosheets of a metal–organic framework
(DD-Ni-NDA), which exhibited tensile strain and unsaturated coordina-
tion defects (Fig. 3b) [81]. The results of zero-field cooling (ZFC)
temperature-dependent magnetic susceptibility indicated that more un-
paired electrons occupied the eg orbital in pristine Ni-NDA, while few
unpaired electrons were present in the eg orbital in DD-Ni-NDA nano-
sheets. Therefore, Ni2þ in pristine Ni-NDA is a high-spin state (dz2 ¼ 1)
and Ni2þ in DD-Ni-NDA nanosheets is a low-spin state (dz2 ¼ 0). The
change in the spin state of Ni2þ is due to the introduction of tensile strain
and unsaturated coordination defect. The authors considered active sites
usually adsorb oxygen intermediates through the hybridization of O 2p
and Ni 3d orbitals. Therefore, they compared the orbital hybridization
between Ni2þwith different spin states and O*, as illustrated in Fig. 3c. In
the high-spin state of Ni2þ (dz2 ¼ 1), an unpaired electron occupying the
dz2 orbitals were present compared to the low-spin state (dz2 ¼ 0).
Consequently, due to spin-orbit interactions, the O* intermediates dis-
played energy level densities of 1.5 and 2 in the high-spin and low-spin
states of Ni2þ, respectively. Notably, higher bond order values and a
lower spin state Ni2þ indicate the enhanced interaction between active
sites and oxygen intermediates, which favors oxygen evolution reaction
(OER) dynamics. As a result, DD-Ni-NDA delivered a better oxygen
evolution activity.

Changes in the orientation of the lattice can indeed alter the local
environment surrounding the active center, which includes the positions
and interactions of the coordination atoms. These alterations can have an
impact on the distribution of electron spins and the energy level struc-
ture. Consequently, the spin state of the electrons within the metal center
can be modified. Tong et al. synthesized LaCoO3 thin films with various
lattice orientations [82]. The different crystallographic orientations of
the catalyst resulted in varying degrees of distortion in the CoO6 octa-
hedra, resulting in a transition of the Co3þ spin state from a low-spin (LS)
(t2g6eg0) to an intermediate-spin (IS) state (t2g5eg1, Fig. 3d). The LaCoO3
thin film with the (100) crystallographic orientation exhibited the
optimal Co3þ eg orbital occupancy and the best OER performance
(Fig. 3e).

2.2.4. Strong metal–support interactions
Strong metal–support interactions refer to the high interaction

strength between the metal and the support in a catalyst system. The
electronic structure of the active center can be optimized by utilizing the
structural diversity of different materials. Strong metal–support in-
teractions can adjust the electronic filling state of the active center,
specifically adjusting the occupation of electrons in the d orbitals. The
electrons in the metal are affected by the lattice structure of the carrier,
resulting in the spin-orbit coupling, which affects the spin-flip and
orientation of the electrons. This regulation can change the electronic
spin state of the active center, thereby affecting the rate and selectivity of
catalytic reactions. Single-atom catalysts provide an ideal model for
studying the influence of strong metal–support interactions on the spin
state transition of the active center in catalysts. By studying single-atom
6

catalysts, we can gain a deep understanding of the regulation mechanism
of strong metal–support interactions on the catalyst activity and guide
the design of more efficient catalysts. Deng et al. built a single Fe site
loaded onto graphitic carbon nitride (Fe/g-C3N4) to investigate the
impact of metal center spin polarization on the photocatalytic properties
of g-C3N4 [83]. Based on the electronic structure analysis, the strong
metal–support interaction leads to significant electronic energy changes
in the Fe/g-C3N4 moiety due to the strong metal-intermediate coordi-
nation before and after intermediate adsorption. Shen et al. used a simple
adsorption–oxidation strategy to immobilize Fe3þ atoms onto ultrathin
TiO2 nanobelts (Figs. 4a�c) [74]. Density functional theory (DFT) cal-
culations showed that the strong metal-support interaction between Fe3þ

and TiO2 led to the center of the d-band for Fe 3d and Ti 3d shifted to-
ward higher and lower energies, respectively (Figs. 4d and f). This strong
metal–support interaction induced a transition of the Fe3þ spin state from
a high-spin (HS) state to a low-spin (LS) state, leading to occupancy of the
eg orbitals of 1.08, close to the theoretically optimal value. This transition
was beneficial for the adsorption of OER intermediates.

2.2.5. Magnetic field modulation
Magnetic field manipulation is also an important method for spin

control [84]. By conducting a magnetic field, the distribution and
orientation of spin states in a material can be adjusted, thereby achieving
control over spin-related properties. For example, the energy level
structure and spin flipping processes of spin states can be altered, thereby
influencing the magnetic behavior of the material. This magnetic field
manipulation method can be used to investigate and understand the
fundamental mechanisms of spin-related phenomena. The magnetic field
plays a crucial role in spin control, thus significantly advancing spin-
tronics development. Zhang et al. synthesized a carbon nanofiber/cobalt
sulfide (CNF/CoSx) composite through the electrospinning of poly-
acrylonitrile/cobalt (PAN/Co) fibers, followed by carbonization and
low-temperature vulcanization [85]. The external magnetic field causes
Co electrons to transition from low-spin to high-spin states, which leads
to the presence of additional unpaired electrons in the Co 3d orbital. The
spin polarization significantly impacts the chemical adsorption, band
gap, and charge transport properties of catalysts. As depicted in Fig. 4g,
the spin density of the Co atom in CoS2 was uniformly distributed in the
absence of an external magnetic field. However, the presence of an
external magnetic field resulted in the alignment of electron spins. From
the projected state density, after spin polarization, the overlap of Co 3d
orbitals and S 2p orbitals increased, resulting in a stronger 3d�2p hybrid
orbit. The enhancement of 3d�2p hybridization due to ligand holes
facilitated the dynamics of charge transfer at the interface. Following the
principle of spin angular momentum conservation, there is a possibility
of electron–electron repulsion between the catalyst and the
sulfur-adsorbing species. This interaction can enhance conductivity,
lower the energy barrier of the electrochemical reaction, and enhance the
kinetics of the Li–S reaction.

Ren et al. reported the use of ferromagnetic ordered catalysts for spin
polarization with a magnetic field to promote the OER [55]. They
initially investigated the magnetic properties of CoFe2O4, Co3O4, and
IrO2. The hysteresis loop results showed that CoFe2O4 exhibited ferro-
magnetic behavior at room temperature, while Co3O4 and IrO2 exhibited
antiferromagnetic or paramagnetic behavior at room temperature,
respectively. The OER properties of catalysts with different magnetic
properties were different with a constant magnetic field of 10,000 Oe and
no magnetic field. The OER properties of ferromagnetic CoFe2O4 were
significantly improved, while the changes in nonferromagnetic Co3O4
and IrO2 were negligible. Ferromagnetic CoFe2O4 could promote the OER
through spin polarization and rapid spin-electron exchange with adsor-
bed oxygen. The results showed that the Tafel slope of CoFe2O4 changed
from ~120 mV dec�1 to ~90 mV dec�1 after the magnetic field was
applied. This indicated that the rate-determining step (RDS) of the OER
reaction under the external magnetic field had changed from the first
electron transfer step to a mixed RDS involving the first electron transfer
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step and second steps; specifically, the first electron transfer step was no
longer the RDS. Based on the principle of spin angular momentum con-
servation, the exchange of spin-polarized electrons between CoFe2O4 and
the adsorbed oxygen (reactant) resembled ferromagnetic exchange,
leading to enhanced reaction kinetics for the first electron transfer.
However, this phenomenon was not observed on nonferromagnetic
catalysts.

Under electrochemical conditions, surface reconfiguration of the
catalyst often occurs to produce the true active substance [86]. There-
fore, the control of the magnetic substrate and surface active layer by
reconstruction is another important way to develop highly efficient
spintronic catalysts. He et al. employed ZnFe2�xNixO4 as a model,
manipulating the number of Ni3þ ions to regulate the specific coordi-
nation environment, thereby enabling the in situ generation of highly
active catalytic species through surface reconstruction and construction
of a ferromagnetic core to facilitate spin-selective electron transfer [87].
Incorporating 20% Ni3þ results in the in situ formation of a paramagnetic
FeNi (oxy)hydroxide catalytic layer on the ferromagnetic ZnFe1.6Ni0.4O4
core during OER measurement. This catalytic layer accelerates the OER
kinetics, exhibiting a low overpotential of 360 mV at a specific current
density of 0.5 mA cm�2, surpassing the benchmark IrO2 (420 mV). The
activity can be further enhanced by approximately 2.9 times under an
external magnetic field, surpassing ZnFe2O4 by a factor of 39 at an
overpotential of 350 mV. This enhancement is attributed to the promoted
spin-selective electron transfer facilitated by the ferromagnetic exchange
interaction, which penetrates through the paramagnetic reconstruction
layers. This research offers a new approach to developing highly efficient
catalysts through the coupling of ferromagnetic ordering channels and
highly active catalytic species.

2.2.6. Chirality modulation
The asymmetry of chiral molecules or structures can lead to the non-

uniform distribution of electron spins and induce spin-orbit coupling, an
interaction between the electron spin and its orbital motion [88].
Therefore, by adjusting the chiral features of molecules or structures, it is
possible to effectively influence the arrangement and distribution of
spins. The impact of chiral modulation on spin structures involves mul-
tiple aspects, including the formation of spin states, spin polarization,
and spin–orbit coupling. An in-depth exploration of the influence of
chiral modulation on spin states is instructive for the development of
efficient spin catalysts.

Vadakkayil et al. proposed a scalable method for preparing chiral
cobalt oxide nanoparticle catalysts doped with iron (Co(3�x)FexO4) [89].
The chiral-induced spin selectivity (CISS) effect is used to generate spin
polarization reaction intermediates, thereby improving the efficiency of
OER. Compared with similar achiral cobalt oxide nanoparticles, the
chiral Co(3�x)FexO4 catalyst improves Faraday efficiency, reduces over-
potential, and changes the rate-determining step of OER. Besides, in the
OER process, an external magnetic field with a ferromagnetic electrode
can spin filter the electron current, increasing the current density by
about 100 mA cm�2.

ZnO crystals with hierarchical chirality were synthesized by using
chiral methionine molecules as symmetry-breaking agents [90]. Magnetic
circular dichroism spectroscopy and magnetic permeability atomic force
probe microscopy confirm that the chiral structure plays a spin-filtering
role in the photogenerated carrier migration and induces spin polariza-
tion of the carriers. Spin-polarized carrier not only has a long lifetime, but
also can effectively increase the formation rate of triplet O2 and inhibit the
formation of singlet by-product H2O2 during the reaction.

3. Characterization of electron spin states

The analysis of electronic spin states can be viewed as a refined rep-
resentation of the electronic structure, and obtaining precise information
about the arrangement of extranuclear electrons is often challenging.
Currently, methods for characterizing electronic spin states are being
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gradually developed. Commonly used characterization techniques in the
literature include temperature-dependent magnetization, M€ossbauer
spectroscopy, X-ray absorption spectroscopy, and electron paramagnetic
resonance [91–97].
3.1. Temperature-dependent magnetization

Temperature-dependent magnetization is one of the methods applied
to analyze the electronic spin structure of materials. When a catalyst is
exposed to a magnetic field, its magnetization determines its response to
the field. By measuring the magnetization of the material at different
temperatures and plotting the magnetization–temperature curve, the
electronic spin structure of the material can be inferred. Different elec-
tronic spin structures result in different magnetization behaviors. For
example, the magnetization of paramagnetic materials decreases with
increasing temperature, while the magnetization of ferromagnetic mate-
rials exhibits a distinct peak within a certain temperature range. By
analyzing the shape and characteristics of the magnetization–temperature
curve, the type of electronic spin structure present in the material, such as
paramagnetic, ferromagnetic, and antiferromagnetic, can be inferred. The
measurement of temperature-dependent magnetization requires the use of
magnetization measurement instruments like a vibrating sample magne-
tometer (VSM) or superconducting quantum interference device (SQUID).
Commonly, temperature-dependent measurements of magnetization are
performed using field-cooling techniques at an applied magnetic field of
1000 Oe over a temperature range of 5–300 K. In the high-temperature
regime (above 150 K), the susceptibilities obtained from the magnetiza-
tions (χ ¼ M/H) follow a paramagnetic Curie‒Weiss law: χ ¼ C/(T�Θ),
where C represents the Curie constant and Θ represents the Curie‒Weiss
temperature. The effective magnetic moment μeff can be calculated
through the equation μeff ¼

ffiffiffi
8

p
CμB, where μB is the Bohr magneton. Sun

et al. obtained the μeff of ZnCo2O4 by temperature-dependent magnetiza-
tion (Fig. 5a) [45]. The spin state of Co3þ was considered to be a combi-
nation of a high-spin state (4.9 μB) and a low-spin state (0 μB). By utilizing
these values, the relative proportions of Co3þ in the high-spin and low-spin
states could be determined using the following equation: μeff ¼ gμBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SLSðSLS þ 1ÞVLS þ SHSðSHS þ 1ÞVHS

p
, where SLS (¼0) and SHS (¼2) are the

number of unpaired spins in eg orbitals for low-spin and high-spin state
Co3þ, respectively; VLS and VHS (¼1 � VLS) are the volume fractions for
Co3þ in low-spin and high-spin states, respectively; and g is the Land�e
g-factor and equals 2 for electrons.

Information regarding the electronic spin structure obtained through
temperature-dependent magnetization measurements is typically an in-
direct method and requires combined analysis with other techniques.
When only one type of metal site in the material contributes the effective
magnetic moment, a more reliable number of unpaired electrons can be
calculated, and in other cases only an approximate value can be obtained.
3.2. M€ossbauer spectroscopy

M€ossbauer spectroscopy is an experimental technique used to study
the interaction between atomic nuclei and electrons. By measuring the
energy level transitions of atomic nuclei, information regarding the
electrons surrounding the atomic nuclei in the material can be obtained,
including the electronic spin structure. M€ossbauer spectroscopy can be
used to determine many elements, such as Fe, Co, Mn, Sb, and Sn.
However, the elements applied to M€ossbauer spectroscopy are very
limited, and the current M€ossbauer spectroscopy research mainly focuses
on 57Fe nuclides. M€ossbauer spectroscopy of Fe can yield valuable in-
sights regarding the structure of iron compounds. In M€ossbauer spec-
troscopy, there are three important parameters: isomer shift, quadrupole
splitting, and magnetic interaction; these parameters are associated with
different types of interactions. The isomer shift arises from the electric
monopole interaction, which is connected to the 4s electron density
surrounding the metal nucleus and indirectly linked to the 3d electron



Fig. 5. The advanced characterization of spin state. (a) Temperature-dependent magnetization characterizations of the as-prepared samples at H ¼ 1000 Oe.
Reproduced with permission [45]. Copyright 2021, Wiley-VCH. (b–d) Room-temperature 57Fe Mçssbauer spectra of Fe1‒NC, Fe1‒NS1.3C, Fe1‒NS1.8C. Reproduced
with permission [98]. Copyright 2021, Wiley-VCH. (e) Co L-edge XAS spectra and (f) Ni L-edge XAS spectra of NiCo2(OH)x, Ti3C2Tx MXene@NiCo2(OH)x and Ti3C2Tx
MXene@NiCo2(OH)x-p. Reproduced with permission [100]. Copyright 2022, Elsevier. EPR spectra for (g) Na2CoP2O7 and (h) Li2CoP2O7 at 0.8 V for 30 min.
Reproduced with permission [101]. Copyright 2015, Springer Nature.
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density. The isomer shift describes the displacement of nuclear energy
levels relative to a reference material. Quadrupole splitting is caused by
the electric field gradient at the iron nucleus. It represents the deviation
from cubic symmetry. The electric field gradient is caused by the charge
distribution of the surrounding electrons; thus, quadrupole splitting
provides information regarding the electron distribution. Magnetic
interaction involves the interaction between nuclear magnetic moments
and the surrounding magnetic field. Magnetic interaction can lead to
more complex spectra, such as magnetic hyperfine structure and mag-
netic quadrupole splitting. Chen et al. conducted a study to investigate
the effect of S doping on the spin polarization configuration of Fe1�NC
material using 57Fe M€ossbauer spectroscopy (Figs. 5b–d) [98]. Based on
the isomer shift and quadrupole splitting values, three distinct doublets
(D1�D3) were identified in the three samples mentioned above, corre-
sponding to low-spin Fe3þ, high-spin Fe2þ, and high-spin Fe2þ. S-doped
Fe1–N–C single-atom catalysts could generate more low-spin Fe3þ sites.
Furthermore, in situ 57Fe M€ossbauer spectroscopy showed that the
low-spin single Fe3þ atoms in the C–FeN4–S moiety served as active sites
for the oxygen reduction reaction.

Notably, there are certain limitations in the application of M€ossbauer
spectroscopy. First, there are very few elements that can be fully tested
using M€ossbauer spectroscopy. Currently, the majority of M€ossbauer
spectroscopy research focuses on 57Fe. Second, the long-range structure
and electronic properties in transition metal compounds may differ from
the active sites of catalysts, making it difficult to draw comprehensive
conclusions. The measurement time of M€ossbauer spectroscopy is rela-
tively long, whichmay cause significant changes in the sample during the
testing process. In addition, the temporal resolution of M€ossbauer spec-
troscopy is relatively low, limiting the study of fast reactions or kinetic
processes. Despite the demanding testing conditions, M€ossbauer spec-
troscopy still holds high value in spin characterization due to its high
resolution and strong resistance to interference. It can also be combined
with other techniques to obtain more comprehensive information.
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3.3. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is an effective technique to
analyze the spin polarization and spin configuration of transition metals
[76,99]. XAS spectra of the L2,3-edges of transition metals are highly
sensitive to the oxidation state, spin state, and bonding of the transition
metal ions. L2 and L3-edge absorptions correspond to the transitions from
2p1/2 to 3d3/2 and 2p3/2 to 3d5/2, respectively, which are electric
dipole-allowed transitions, and thus, the X-ray intensities absorbed at the
L-edges are directly proportional to the density of electron holes in the 3d
orbitals, making L-edge XAS a precise probe for the covalency of transi-
tion metal cations [27]. The L-edge signals obtained from the soft XAS
can be used to semiquantitatively estimate the occupancy of electrons in
the t2g and eg orbitals with consideration of the multiplet effect caused by
the interaction between 2p core hole and 3d electrons and ligand field
strength and spin configuration. By analyzing the characteristics of XAS
spectra, valuable information regarding the spin configuration of tran-
sition metal ions can be obtained. For 3d transition metals, the mea-
surement of XAS spectra at the metal L-edge enables the sensitive
measurement of the unoccupied 3d states of the transition metal, and
lower electron density transition metal ions can exhibit higher white line
intensities. By analyzing the characteristics of XAS spectra, valuable in-
formation regarding the spin configuration of transitionmetal ions can be
obtained. As presented in Figs. 5e and f, the spectral characteristics
observed at the L2,3 edges of Co (Ni) were attributed to the Co (Ni) 2p →
3d transition, which was allowed by electric dipole selection rules [100].
These spectral features consisted of two main components corresponding
to the Co3þ/Co2þ (Ni3þ/Ni2þ) transitions at both the L3 and L2 edges,
representing the Co (Ni) 2p3/2 → 3d and Co (Ni) 2p1/2 → 3d transitions,
respectively. When NiCo2(OH)x was grown in situ on Ti3C2Tx MXene, the
binding energy of the peak shifted to 779.2 and 780.6 eV compared to
777.8 and 779.3 eV for NiCo2(OH)x alone. This shift indicated that
Ti3C2Tx MXene@NiCo2(OH)x had a greater concentration of occupied eg
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states. This implies that Co ions underwent a change from a low-spin
state to a high-spin state, specifically a transition of the Co 3d electron
configuration from t2g6eg0 to t2g4eg2.

The determination of electron spin states by XAS has the advantage of
high sensitivity and element selectivity detection. However, due to the
microscale resolution provided by XAS technology, high precision, and
quality are also required for sample preparation and processing to obtain
clear and accurate data.

3.4. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) is used to analyze unpaired
electrons. EPR is based on the principle of magnetic resonance and uti-
lizes a magnetic field to excite and detect the spin of unpaired electrons.
In the presence of an external magnetic field, the spin of unpaired elec-
trons can undergo energy-level transitions. By measuring the microwave
radiation absorbed or emitted during electron transitions between
different energy levels, information regarding the electron spin state can
be obtained. The most important parameters in an EPR spectrum are the
g-factor and the hyperfine interaction. The g-factor is a dimensionless
constant that describes the interaction between the magnetic moment of
unpaired electrons and the external magnetic field. The hyperfine
interaction arises from the interaction between unpaired electrons and
the nuclear spins in their vicinity, providing information on the distance
and relative orientation between the electron and the nucleus. By
analyzing the shape, peak position, and line width of an EPR spectrum,
the spin state of unpaired electrons, the nature of electron-nuclear in-
teractions, and the environment surrounding the electrons can be
determined. For example, EPR can be used to determine whether the
electron is in a singlet or triplet state and study the effects of spin–lattice
relaxation, spin–spin coupling, and spin–orbit coupling in paramagnetic
materials. By comparing the EPR spectra of the original MOF (Ni-NDA)
with that of the stressed MOF (DD-Ni-NDA), no evident signal was
observed when the g value was 2800 at 120 K [81].In contrast, the
original Ni-NDA exhibited a robust signal, suggesting the lack of un-
paired electrons in the DD-Ni-NDA nanosheets. Kim et al. observed the
Co(II) and Co(IV) species in Na2CoP2O7 and Li2CoP2O7 directly using
EPR analysis to analyze their structural stability [101]. The EPR spectrum
of Na2CoP2O7 showed only the characteristic Co(II) signal with S ¼ 3/2
and geff � 5 after electrolysis at different potentials and for different
durations (Fig. 5g). The stability of the EPR signal during the electrolysis
process supported the high structural stability of Na2CoP2O7. In contrast,
under NHE conditions above 1.2 V, significant EPR signals appeared
around geff � 2.3 during the electrolysis of Li2CoP2O7, which were
attributed to the low-spin Co(IV) species with a total spin of S ¼ 1/2. As
the Co(II) signal decreased, the Co(IV) signal increased with increasing
applied potential or electrolysis time, indicating the oxidation of Co(II) to
Co(IV) in Li2CoP2O7 during the OER process (Fig. 5h).

3.5. Density functional theory calculations

DFT calculation is a quantum mechanical method to study the elec-
tronic structure of multi-electron systems, which is used to calculate the
electronic structure and material properties [102]. DFT can provide
critical insight when studying electron spin states and spin polarization
[50]. DFT can give information such as electronic band structure and
state density of materials, which helps understand the origin and influ-
ence of spin polarization. Through DFT calculations, the optimal position
of the magnetic atoms and the strength of the exchange coupling between
them can be determined [103]. This is essential for understanding and
predicting the distribution and dynamical behavior of spin polarization
in materials. It is important to note that although the DFT is a powerful
tool, there may be certain challenges when describing spin polarization
and strongly correlated electronic systems. For these cases, researchers
may need to consider using more advanced methods such as Hubbard-U
correction, spin–orbit coupling effects, or more advanced density
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functionals to more accurately describe the nature of the electron
structure and spin polarization.

Li et al. effectively controlled the spin polarization of Co3O4 catalysts
by adjusting the concentration of cobalt defects and Co3O4-50 with
14.5% cobalt defects demonstrating the highest spin polarization and
displaying superior normalized oxygen evolution reaction activity [104].
DFT calculations were conducted to elucidate the electronic structure of
both pristine Co3O4 and defective Co3O4-50. The band gap of pristine
Co3O4 measures 1.2 eV, a value significantly reduced to nearly 0 eV in the
case of Co3O4-50. The electron wave function of Co and O atoms exhibits
larger overlap areas in Co3O4-50 compared to pristine Co3O4, indicating
enhanced Co–O bond hybridization in the defective catalyst, which
proves advantageous for charge transfer. Additionally, the projected
density of states for the spin-down state near the Fermi level in Co3O4-50
surpasses that of the spin-up state. This outcome suggests that Co defects
induce electron spin polarization. Due to the Co defects result in con-
spicuous electron spin polarization in Co-defected Co3O4, allowing for
the regulation of spin polarization in surface-adsorbed oxygen species.
The spin-polarized Co3þ active sites in Co-defected Co3O4 govern the spin
polarization of oxygen species through a spin electron exchange process,
such as M–O(↓) and M–O(↓)–O(↓)–H, facilitating the generation of
triplet-state O2 and significantly enhancing OER performance.

4. Electrocatalysis applications

As research on the spin effect in electrocatalysis continues to deepen,
the thermodynamic and kinetic mechanisms of the spin effect in different
electrocatalytic reactions become important [41,105]. By separately
elucidating the mechanisms of action in different reactions, we can better
understand and design efficient electrocatalytic systems. Future research
will further show the role of the spin effect in electrocatalysis, offering
novel perspectives and approaches for advancing renewable energy
conversion. This section briefly summarizes and discusses the recent
application of spin effects to electrocatalysis in the ORR, OER, HER,
CO2RR,NRR, and other reactions.

4.1. Spin regulation in ORR catalysts

The electrocatalytic ORR is essential for new-generation clean energy
technologies, such as fuel cells and metal–air batteries, serving as the
foundation for energy conversion and storage [106]. The ORR involves
triplet oxygen molecules as reactants and singlet OH� and H2O as reac-
tion products. Oxygenmolecules have unpaired electrons in their orbitals
and exhibit paramagnetic properties; additionally, OH� and H2O orbitals
do not have unpaired electrons and show diamagnetic properties [107].
According to the principle of spin conservation, spin-conserving
elementary reactions more easily occur, while spin-forbidden elemen-
tary reactions, which require additional energy to achieve spin coupling
to facilitate the excitation and conversion of triplet-singlet states, result
in higher reaction overpotentials. For ORR, there is a highly correlated
scale relationship between the adsorption energies of oxygen-containing
intermediates (*OOH, *O, and *OH) [108]. Therefore, the energy
pathway of ORR is influenced by these scaling relationships, specifically
those between the binding energies of oxygen-containing intermediates
such as *OOH, *O, and *OH. Consequently, the properties of d-electrons
(spin and energy) in the active transition metal centers play a crucial role
in determining the materials’ activities [27]. For example, the unity oc-
cupancy of the eg orbital optimizes the ORR reaction in alkaline condi-
tions for perovskites [109]. This observation was attributed to the
presence of singly occupied eg, which enhances dioxygen adsorption on
the surface by weakening the binding of the hydroxide ion. Larger eg
fillings, on the other hand, lead to excessively destabilized O2 binding,
thereby impeding the reaction. Additionally, given that the paramagnetic
triplet dioxygen constitutes the majority of natural oxygen, the spin
properties of electrocatalytic materials become crucial in influencing the
adsorption of O2 on the catalytic surface [110,111]. Therefore, a



Fig. 6. ORR performance based on spin effect. (a) PDOS of dz2 and dx2�y2 orbitals of the edge model. (b) Schematic representation of the electronic configuration of the
Ce atom in the high-spin state. (c) LSV polarization of CeNCs, NC, and Pt/C in 0.1 m PBS. Reproduced with permission [113]. Copyright 2023, Wiley-VCH. (d) Spin
density diagrams of Fe–N–C and Fe–N–C/PdNC. (e) Performances of Fe–N–C/PdNC, Fe–N–C, and Pt/C catalyst for H2–O2 fuel cell at 80 �C. Reproduced with
permission [114]. Copyright 2023, Elsevier. (f) Proposed spin-up hole exchange for enhancing ORR at Er2O3–Co with localized Er–O–Co unit site. Reproduced with
permission [115]. Copyright 2023, Wiley-VCH.
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thorough understanding of the electronic spin behavior in electro-
catalytic reactions is crucial for determining the microscopic reaction
principles of the ORR and is also a necessary path for designing
high-performance nonprecious metal catalysts. At present, many re-
ported works have paid attention to the mechanism between electron
spin states and ORR performance [112].

Zhao et al. obtained excellent catalytic performance for the ORR
under neutral conditions by regulating the electron spin states of a Ce
single-atom catalyst (CeNC-40) [113]. A zero-field cooling test showed
that CeNC-40 had a high-spin phenomenon, and its effective magnetic
moment was calculated to be 5.7 μB. DTF calculations showed that the
edge sites of CeNC-40 had higher magnetic moments and that the free
energy was more favorable to the ORR process. Furthermore, the asym-
metry between dz2 and dx2�y2 was revealed through PDOS (Fig. 6a). This
result demonstrated that the electrons in the dz2 and dx2�y2 orbitals acted
as electron donors, being excited to the 4f orbital, resulting in the tran-
sition from the 4d104f1 to the 4d84f3 configuration (Fig. 6b). This tran-
sition led to the high-spin state of the Ce electron. The high-spin Ce site
played a decisive role in the ORR process by efficiently activating oxygen
molecules through the strong coupling of d–p–f orbitals and generating
appropriate interaction forces with oxygen intermediates. At very low Hþ

and OH� concentrations, CeNC-40 showed a higher initial potential
(1.03 V) and half-wave potential (0.78 V) under neutral conditions than
commercial platinum–carbon catalysts (1.00 V and 0.68 V), as shown in
Fig. 6c.

Wei et al. synthesized a Fe single-atom catalyst with an adjustable
spin state by introducing Pd nanoclusters (Fe–N–C/PdNC) [114].
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Theoretical and experimental results showed that the strong interaction
between PdNC and Fe atoms triggered the transition of the Fe site from LS
to medium spin (MS), as shown in Fig. 6d; this was beneficial to the
side-on adsorption mode of O2, 4e� dissociation path and rapid desorp-
tion of OH*. Fe–N–C/PdNC showed better catalytic activity (E1/2 ¼ 0.87
V (vs. RHE)) and stability than commercial Pt/C in acidic media.
Assembled in MEA for proton membrane fuel cell testing, Fe–N–C/PdNC
demonstrated superior performance to commercial Pt/C catalysts with a
maximum power density of 920 mW cm�2 at 2.79 A cm�2 (Fig. 6e).

By uniformly injecting Er2O3–Co particles into carbon nanofibers
(Er2O3–Co/CNF), Wang et al. successfully prepared a Mott-Schottky
catalyst that enhanced ORR performance through spin-selective
coupling [115]. By constructing localized Er–O–Co sites, the induced
Co sites provided additional spin-up holes, reduced the band gap of
Er2O3, and regulated the covalency of Co(3d)‒O(2p). The presence of
spin-up holes in the Co 3d state in the z direction may facilitate ferro-
magnetic exchange between Co sites and O atoms in the adsorbate,
thereby influencing the interaction between the Er–O–Co site and the
oxygen intermediate (Fig. 6f).

Liu et al. proposed that magnetic moment as an ideal activity
descriptor to predict the ORR performance instead of the active sites with
the eg1 electron configuration [116]. The reduction of O2 on the Fe–N4
catalyst primarily takes place at the Fe(III) site with a medium spin state,
where the presence of a single eg electron (t2g4eg1) enables it to easily
penetrate the antibonding π-orbital of oxygen, resulting in relatively
weak adsorption of oxygen-containing intermediates. However, it has
been observed that the catalytic activity of medium spin (eg1) catalysts
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varies, indicating that the eg theory is insufficient to explain ORR activity
when multiple putative active sites with eg1 are present. Liu et al.
developed a method to modify the spin state of Fe–N–C from low-spin to
medium-spin (FeSAC–NC, eg1) by leveraging the secondary coordination
sphere effect of adjacent N¼C–N moieties. They constructed seventeen
possible structures labeled as FeSAC–NXC (X ¼ 1–17) to evaluate their
ORR activity, with X representing different configurations of the N¼C–N.
DFT calculations revealed that the activities of the active sites with the
eg1 electron configuration in these seventeen possible structures are not
identical. Notably, a nearly linear relationship between the magnetic
moment of 3dxz þ 3dyz orbitals,ΔG*OH, and overpotential was identified,
demonstrating that the magnetic moment of 3dxz þ 3dyz orbitals can
elucidate the origin of ORR activity. This finding of the relationship be-
tween magnetic moment and ORR activity provides new insight into the
origin of M–N–C ORR activity.

The spin state also can regulate the stability of the active site of the
ORR catalyst [117,118]. Li et al. synthesized a Fe–N–C catalyst with
high-spin Fe(III)Nx site and intermediate- or low-spin Fe(II)Nx as
demonstrated by D1 and D2 signal in 57Fe M€ossbauer spectroscopy,
respectively [119]. Then the electrochemical test was conducted on the
Fe–N–C catalyst to estimate the stability of active sites. After operating at
a voltage of 0.5 V for 5 h, the activity declined sharply, and then slowly
Fig. 7. OER performance based on spin effect. (a) Free energy profile of the OER ove
with permission [121]. Copyright 2023, Springer Nature. (b) LSV of Fe3O4 at pH 9 in t
Fe3O4 under the influence of a periodically alternating magnetic field (150 mT) at p
breakage during the OER. Reproduced with permission [122]. Copyright 2023, Wile
annealing treatment and magnetic stimulation. (f) Polarization curves of the Co0.
Copyright 2021, Springer Nature.
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but steadily for 50 h. The spin state of the Fe–N–C catalyst after the
durability test was characterized with 57Fe M€ossbauer spectroscopy at 5
K. The fittings show consistent spectral parameters and absolute intensity
for D2, with operation time. The signal intensity for D1 decreases
continuously, while the signal intensity for the two sextets assigned to
superparamagnetic ferric oxide increases continuously. The above results
indicate that the high-spin Fe(III)Nx site (D1) is not durable in long-term
operation and can be quickly converted to iron oxide, while the inter-
mediate- or low-spin Fe(II)Nx site (D2) shows better durability. Hence,
the active site of the catalyst may exhibit varying stability due to dif-
ferences in spin states.
4.2. Spin regulation in OER catalysts

The oxygen evolution reaction is the reverse reaction of the oxygen
reduction reaction and involves the conversion between the triplet and
singlet states of the reactants. According to the spin conservation prin-
ciple, the OER is also a spin-forbidden reaction [27]. Therefore, the spin
effect may have a significant role in the OER reaction.

Recently, OER under magnetic field conditions has attracted
increasing research attention. The presence of a magnetic field can lead
to changes in the rate, selectivity, and yield of OER, providing a new field
r ferromagnetic (dark blue) and antiferromagnetic (pink) Ni1/MoS2. Reproduced
he presence or absence of 150 mT magnetic fields. (c) Current–time (I–t) curve of
H 9 or 14. (d) Spin polarization mechanisms for coupled O–O bonding and O–H
y-VCH. (e) Theoretical simulations compare the heating process of conventional
8Mn0.2–MOF with different times of MS. Reproduced with permission [123].
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of study. The influence of a magnetic field on OER can be achieved
through various methods. One common approach is to utilize the mag-
netic effect of the field to control the movement and arrangement of the
reactant molecules. Additionally, the magnetic field can also alter the
spin state of the reactant molecules, affecting their interactions with
other molecules and thereby regulating the reaction rate and selectivity
[120]. Sun et al. developed a widely applicable method for synthesizing a
range of single-atom spin catalysts in which magnetic atoms are incor-
porated into theMoS2 structure [121]. Among them, Ni1/MoS2 adopted a
distorted tetragonal crystal structure, which promoted ferromagnetic
coupling with nearby S atoms and adjacent Ni1 sites, resulting in global
room-temperature ferromagnetism. The ferromagnetic coupling inside
the Ni1/MoS2 catalyst facilitated spin-selective charge transfer and the
formation of trilinear molecular oxygen (↑O¼O↑) in the OER (Fig. 7a).
Therefore, Ni1/MoS2 could achieve an ultrahigh current density at a
magnetic field of 502 mT and had excellent catalytic performance in the
range of 1.5–1.8 V; its performance was approximately an order of
magnitude higher than that without an appliedmagnetic field, which was
better than that of commercial IrO2 catalysts.

When using ferromagnetic Fe3O4 to electrocatalytic water oxidation,
Huang et al. found that an external magnetic field (150 mT) could
effectively promote water oxidation (Fig. 7b) [122]. Unlike previous
studies, the spin-enhancing effect of the external magnetic field on water
oxidation showed a pH dependence (Fig. 7c); the increase in water
oxidation current at pH 9 (approximately 20%) was 20 times greater than
that at pH 14. Through hydrogen/deuterium kinetic isotope effect ex-
periments, the main participant in water oxidation under neutral/weak
Fig. 8. CO2RR and NRR performance based on spin effect. (a) Schematic diagram of t
over the three Co-based molecules. Reproduced with permission [125]. Copyright 2
Cu* species. (d) LSV curves of Cu and OD-Cu electrodes. The i–t curves under magnet
[126]. Copyright 2023, Chinese Chemical Society. (g) Molecular orbital diagram of
profiles of FeN3S1 and FeN4 models at �0.4 V. Reproduced with permission [129].
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alkaline conditions was H2O, while under strong alkaline conditions, it
was OH�. Nucleophilic attack on the surface FeIV¼O species to oxidize
H2O involved not only the formation of spin-parallel O–O bonds but also
a coordinated spin-antiparallel O–H bond-breaking process (Fig. 7d).
This showed that the parallel spin arrangement of electrons in the
bonding and antibonding orbitals of excited O–H could promote the O–H
bond-breaking process. Therefore, in the process of oxidizing H2O, the
external magnetic field copromoted O–O bonding and O–H bond
breaking, which could produce a more significant spin enhancement
effect than the oxidizing OH� process involving only O–O bonding. This
work demonstrated for the first time that an external magnetic field
promoted the bond-breaking process of a more common ground state
singlet molecule and expanded the application of spin catalysis
mechanisms.

Zhou et al. reported a magnetic field stimulation strategy to rearrange
the spintronic-occupied states in metal–organic frameworks (MOFs) with
thermally differentiated superlattices, where local magnetic field heating
within a periodic spatial distribution could cause spin flip at specific
active sites, showing a spin-dependent reaction pathway [123]. The
organic molecules with low thermal conductivity constructed a thermal
insulation layer, and at the same time, the coordination of the magnetic
ions was injected between the layers as a thermal conductivity zone.
When an alternating magnetic field (magnetic stimulation) was applied
directionally, magnetic heating was strictly confined to the magnetic ions
due to molecular thermal insulation (Fig. 7e). After magnetic heat
treatment, the active center Co3þ changed from a high-spin state to a
low-spin state. Therefore, a magnetic exchange interaction could be
hree Co-based molecules with different spin states. (b) FECO at selected potentials
021, Elsevier. (c) Spin-related catalysis for CO2RR in OD-Cu catalyst containing
ic fields (350 mT) of (e) OD-Cu and (f) Cu catalysts. Reproduced with permission
N2 and possible Fe spin configurations in FeN4 and FeN3S1. (h) The free energy
Copyright 2022, Wiley-VCH.
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forced to cause spin-flip and reconfiguration. The spin state changed the
charge density of the active center, optimized the free energy in the re-
action process, and then regulated the OER reactivity (Fig. 7f).

4.3. Spin regulation in CO2RR catalysts

Electrocatalytic CO2 reduction has multiple possible reduction path-
ways, and the selectivity of the products is a significant challenge [124].
Ideally, CO2 should be selectively reduced to useful hydrocarbon com-
pounds. Controlling the selectivity of the reaction is a complex problem
that requires designing and optimizing the structure and active sites of
the catalyst. In addition, the competing hydrogen evolution reaction also
significantly affects the Faradaic efficiency of electrocatalytic CO2
reduction. By controlling the spin state of the catalyst's active sites, the
energy level distribution and reaction pathways can be adjusted, leading
to higher selectivity and reaction activity. Kong et al. used peripheral
ligand-substituted Co-based molecular catalysts (Co–salophen–X, X rep-
resenting Cl, Br, and I) to study the mechanism of the electronic effects
caused by the structural modification of ligands on the catalytic perfor-
mance of CO2RR (Fig. 8a) [125]. Through X-ray absorption spectroscopy
and temperature-dependent magnetization, the Co centers of the three
cobalt-based molecules were found to have different numbers of spin
single electrons. The proportion of high-spin Co sites in Co–Salophen–Br
was the highest among the three, reaching 65.6%. Co–Salophen–Br
showed the highest CO2RR activity compared to Co–Salophen–Cl and
Co–Salophen–I (Fig. 8b). The calculation results of density functional
theory showed that when the Co site had a high-spin, the energy barrier
of electron transfer and proton coupling to produce *COOH in CO2 was
significantly lower than that when the Co site had a low-spin; this result
indicated that the Co site with a high-spin had a higher activation ability
for CO2. They further proposed that the production of *COOH and *CO
by the same Co-based molecule with different spin states did not follow a
linear relationship between adsorbed species. Therefore, the electro-
catalytic process of CO2 could not only be studied from the perspective of
reaction thermodynamics. To further obtain the reaction energy barrier,
they conducted a transition state search for the reaction kinetic process of
CO2 formation *COOH. According to the calculated results, the high-spin
state reaction energy barrier of the three Co-based molecular catalysts
was lower than that of the low-spin state reaction energy barrier, which
further confirmed the promotion effect of high-spin electrons on CO2
activation.

Currently, copper is the only metal catalyst capable of catalyzing the
reduction of CO2 to produce multicarbon products (C2þ). Among them,
the intrinsic copper catalyst exhibits relatively low selectivity toward C2þ
products; however, the copper catalysts obtained through oxide reduc-
tion (OD-Cu) can significantly reduce the overpotential for C2þ product
generation and improve its selectivity. Existing research generally pre-
sumes that the preparation process of OD-Cu generates unsaturated co-
ordinated Cu* sites. However, there is still considerable controversy
regarding the exact role of these Cu* sites in promoting C2þ product
generation. Hao et al. used a vibrating sample magnetometer (VSM) to
characterize the magnetic properties of Cu-based catalysts and found that
the magnetization curve (M�H loop) of OD-Cu had the same electron
magnetic moment signal as Cu2O at low fields; this result confirmed that
a magnetic Cu* site that was not completely occupied by 3d orbitals was
generated during the preparation of the OD-Cu catalyst (Fig. 8c) [126].
The CO2RR current density of OD-Cu was significantly higher than that of
Cu (Fig. 8d). When an external magnetic field (350 mT) was applied, the
current of the OD-Cu catalyst was significantly increased (nearly 10%),
while the current of the diamagnetic intrinsic Cu catalyst was almost
unchanged (Figs. 8e and f). The catalytic performance of OD-Cu under a
magnetic field was directly related to the magnetic properties of the Cu*
site. The results of the magnetic field effect measurements at different
potentials indicated that this spin catalysis mechanism could effectively
inhibit the HER on the OD-Cu catalyst and improve its CO2 reduction
performance. Interestingly, the electron spin arrangement of the
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asymmetric Cu*–Cu binary sites in OD-Cu could reduce the reaction
energy barrier of the C–C bonding process, which was essential for the
formation of C2þ products. Therefore, the spin-enhanced catalytic
mechanism could significantly improve the Faraday efficiency and
selectivity of C2þ products of OD-Cu catalysts at low overpotential.

4.4. Spin regulation in NRR catalysts

Electrochemical nitrogen reduction is a process that utilizes electro-
chemical methods to convert nitrogen gas into ammonia or other useful
compounds [127]. Although this method has the potential to be envi-
ronmentally friendly and efficient, there are still some challenges and
difficulties. Nitrogen gas molecules have a highly stable triple bond
structure, which requires overcoming a high energy barrier to reduce
them into ammonia or other useful compounds. In addition, the insuffi-
cient electron density causes difficulty for nitrogen gas molecules to
adsorb and dissociate on the electrode surface, thereby reducing the
reactivity of the reaction. Effective catalysts are crucial for enhancing the
reaction activity of nitrogen reduction. By finely controlling the elec-
tronic spin structure, the intermediate state energy barriers and stability
in the nitrogen reduction reaction catalyst can be adjusted, thus con-
structing nitrogen reduction catalysts with high reaction activity.

Fang et al. conducted a systematic study on the NRR with a series of
transition metals (M) from group IIIB-VB, which were embedded in
defect sites of two-dimensional boron nitride (BN) nano monolayers,
utilizing the density functional theory (DFT) calculation method [128].
Magnetic fluctuation of the active site existed in the sequential hydro-
genation step of electrocatalytic nitrogen reduction, which showed that
the electron spin state of the single atom active site played an important
role in regulating the potential determination step of the NRR. If the
active site of MN2B2 had a high-spin magnetic moment (μ), it was
conducive to reducing the limit potential of the NRR. Increasing the
electron spin state of the M center of the active site of MN2B2 helped to
break the linear proportional relationship between the adsorption en-
ergies of the key nitrogen-containing reaction intermediates of NRR
(*N2H/*N2 and *NH2/*N2), and the moderate nitrogen affinity of the
active site was crucial to the efficient NRR.

Li et al. found that the incorporation of S into the coordination of
FeSA-NSC could induce a transformation of the spin polarization config-
uration to form amedium spin state of Fe(t2g6eg1), as presented in Fig. 8g,
which was conducive to eg electron penetration of the antibonding π
orbital of nitrogen [129]. The medium spin structure of the Fe site
facilitated accelerated N2 activation and protonation in the
rate-determining step from *N2 to *NNH, as demonstrated by the free
energy profiles (Fig. 8h).

4.5. Spin regulation in HER catalysts

HER refers to the process of inducing the generation of hydrogen gas
under the influence of an external electric potential, utilizing catalysts
[130]. This is a significant method for hydrogen production, character-
ized by its efficiency, controllability, and environmental advantages.
Hydrogen evolution reaction finds widespread applications in fields such
as fuel cells, water electrolysis, and other energy conversion domains.
The involvement of catalysts is typically required to enhance the reaction
rates and efficiency of HER. Spin control can influence the formation and
stability of active centers on the catalyst’s surface, thereby modulating
the catalytic activity of the hydrogen evolution reaction. By adjusting the
electron spin state, the adsorption and dissociation capabilities of the
catalyst for hydrogen molecules can be increased or decreased, thereby
impacting the reaction rate [63,131].

Li et al. developed Ce–CoP nanoarrays on carbon cloth (Ce–CoP@CC)
as a representative catalyst to explore the impact of Ce-induced on Co
sites in the hydrogen evolution reaction [132]. The Ce and Co elements
are connected by the p-block P element, ensuring a strong coupling be-
tween Ce and Co through the Ce–P–Co unit. The introduction of Ce
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induces modifications in the electronic state of Co sites, leading to
exceptional HER performance in Ce–CoP@CC, characterized by low
overpotentials, small Tafel slopes, and remarkable stability. These
properties surpass those of individual CoP@CC and most reported
Co-based catalysts. DFT calculations revealed that the Ce-4f state plays
important regulatory roles for the spin state of Co sites during HER
through f–p–d gradient orbital coupling. The preserved Ce-4f electron
induces redistributed spin-parallel coupling at surface Co sites,
enhancing the adsorption of *H intermediates and consequently opti-
mizing the HER activity.

Zeng et al. utilized a high-frequency alternating magnetic field to
influence the spin polarization direction of individual Gd atoms, trig-
gering localized magnetic heating characteristics [133]. By heating the
active single atoms without the need to increase the loading amount, they
further enhanced the hydrogen evolution activity of single-atom cata-
lysts. Building on the synthesis of large-area air-stable monolayer mo-
lybdenum disulfide, they anchored Gd single atoms into the monolayer
molybdenum disulfide using laser molecular beam epitaxy technology,
successfully creating Gd@MoS2 single-atom catalysts. Due to strong hy-
bridization between Gd (4f), Mo (4d), and S (3p), the Gd single-atom
catalyst exhibits in-plane room-temperature ferromagnetism, with spin
density primarily concentrated on the anchored Gd single atom.
Spin-correlated electrochemical experiments indicate that the spin po-
larization direction of Gd single-atom catalysts changes with the direc-
tion of the magnetic field. Therefore, when applying a high-frequency
alternating magnetic field, the Gd single-atom catalyst undergoes spin
flipping (or canting) with the changing magnetic field, generating mag-
netic heating effects associated with N�eel relaxation. This localized
magnetic heating effect near the active site (Gd) significantly enhances
the hydrogen evolution activity of this single-atom catalyst.

4.6. Spin regulation in other reactions

In addition to the types of reactions mentioned above, spin regulation
can also be used to enhance the reactivity of other reactions, such as
water purification, oxidation reaction of small organic molecules, lith-
ium–sulfur batteries, and so on.

The adsorption capacity of Hematite for oxygen-containing pollutants
can be improved by adjusting the electron spin state. Shen et al. reported
a method of synthesizing a new type of highly efficient adsorbent by
adjusting the spin state of Fe2O3 with crystal size restriction [134]. Using
MCM-41 mesoporous silica as the skeleton, TiO2@MCM-41(TM) is
formed by TiO2 deposition and etching, and then FeSO4 is introduced and
evenly distributed on the skeleton, and Fe2O3&TiO2@MCM-41(FTM) is
obtained after calcination in air. Finally, FTM is expanded and ruptured
by rapid gas and air calcination to form the final product FTMC. This
method enables the formation of Fe–O–Si bonds between Fe2O3 and SiO2,
transferring Fe electrons to Si through oxygen bridges, and forming
Fe2O3 electron defects. This results in a decrease in the spin state of Fe
and a decrease in the occupancy of eg orbitals, resulting in a large amount
of positive charge on the surface of FTMC, which greatly enhances its
adsorption effect on anionic pollutants. The experimental results of the
adsorption of dyes, antibiotics, and arsenic salt showed that the
adsorption effect of FTMC was much higher than that of commercial
activated carbon. The adsorption equilibrium time of FTMC for Rose
Bengal dye was within 5 min, and the maximum adsorption capacity and
adsorption rate were 8 times and 300 times that of commercial activated
carbon, respectively.

Spin regulation provides an effective strategy for the oxidation of
small organic molecules, which can optimize the reaction conditions by
adjusting the spin state of the catalyst, and improve the catalytic activity
and selectivity, to achieve a more efficient and environmentally friendly
oxidation process. Especially, the application of spin control to the
degradation of organic pollutants in the environment has been widely
reported. Chai et al. regulated the electronic structure of Fe single-atom
catalyst (Fe–NC) by introducing P in the second shell to improve the
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activation capacity of peroxonosulfate (PMS) as widely applied in
degrading contaminants [135]. Compared with Fe–NC (Fe–N4, low-spin
state), Fe–PNC has a unique coordination environment (Fe–N4P2) and a
high-spin state. Due to the doping of P, the energy enhancement of the Fe
3d orbital electrons induces the production of more unpaired electrons,
thus transforming the catalyst from the original low-spin state to a
high-spin state. This allows the Fe 3d orbitals to better bind to the O 2p
orbitals of the PMS, thus allowing more electrons to be transferred from
the Fe site to the PMS, accelerating the decomposition of the PMS and
leading to the degradation of bisphenol A. In addition, the doping of P
reduces the splitting field energy and energy gap of the catalyst, and
promotes the rapid and efficient transfer of electrons from bisphenol A to
the Fe site, so that Fe is in a higher spin state, thus achieving continuous
degradation of bisphenol A.

The current research on the catalysis of sulfur oxidation–reduction
mainly focuses on the adsorption and catalytic conversion of lithium
polysulfides, while neglecting the regulation of the catalyst's electronic
structure, which involves charge transfer and orbital interactions related
to spin. Li et al. used bimetallic phosphorus trisulfide embedded in
nitrogen-doped hollow carbon nanotubes derived from Prussian blue
analogs (FeCoPS3/NCs) as hosts to investigate the relationship between
the catalytic activity of Li–S batteries and the spin configuration [136].
The orbital spin splitting in FeCoPS3 drives the electronic structure from
a low-spin state to a high-spin state, resulting in more unpaired electrons
in the 3d orbitals. Specifically, the non-derivatized orbitals involved in
the high-spin configuration of FeCoPS3 lead to an upward shift in energy
levels, generating more active electronic states. This tailored electronic
structure enhances charge transfer, affects the d-band center, and further
alters the adsorption energy of lithium polysulfides and potential reac-
tion pathways. As a result, the FeCoPS3/NC primary battery exhibits
extremely low capacity decay over 1000 cycles, with a decay rate of only
0.037% per cycle.

At present, an increasing number of studies have confirmed the
important role of the spin effect in electrocatalysis. Further investigation
is required to explore and understand the regulation and mechanism of
electron spin as a novel research direction for electrocatalysts.

5. Conclusions and perspectives

In summary, the utilization of spin effects provides a new design
strategy for the development of efficient electrocatalysts. By incorpo-
rating spin properties into the design and synthesis of electrocatalysts,
researchers can manipulate the spin to regulate the activity and selec-
tivity of the catalysts. By precisely controlling the spin state of electro-
catalysts, researchers can achieve control over the stability of reaction
intermediates, reaction rates, and selectivity of catalytic reactions. This
spin manipulation strategy provides new insights and approaches for the
design and development of efficient electrocatalysts. We surveyed the
recent advances in the electron spin effect toward electrocatalytic ap-
plications, including the mechanism and regulation methods of the
electron spin effect, characterization techniques, and their applications in
electrochemical catalysis (ORR, OER, NRR, and CO2RR). However,
research on the electron spin effect is still in its infancy, and the practical
application of the spin effect in the design of electrocatalysts inevitably
has many challenges. Based on the reported results, prospects for the
future development of spintronics in electrocatalysis center on the
following aspects (Fig. 9).

First, there is a lack of precise control methods for electronic spin
structures. Currently, the means of controlling the spin states also lead to
other structural changes, such as changes in conductivity, valence states,
and composition. This presents a problem where multiple structural
changes coexist with spin state modulation, causing difficulty in deter-
mining which factor has a decisive impact on catalytic performance.
Furthermore, the current methods for controlling the spin state are still
not controllable, hindering the study of the effects of different spin states
(low-spin, medium-spin, and high-spin) on activity by adjusting the spin



Fig. 9. Summary of challenges and perspectives of spin effect for application in electrocatalysis.
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state in the same catalyst. Hence, a critical need arises for designing a
spin state optimization system that minimizes unintended alterations
during mechanistic studies.

Second, establishing advanced in situ characterization methods to
directly observe the correlation between spin state and catalytic activity
changes is crucial for understanding the mechanism of spin effects.
Through this method, we can monitor the changes in the spin state in
real-time and compare them with the changes in catalytic activity. Since
electrocatalytic reactions are dynamic processes, the catalyst in solution
may undergo spin state changes during the electrocatalytic process.
Therefore, in situ characterization can show the actual state of active sites
in chemical reactions. For example, in situ XAS can analyze the spin state
of metal atoms by measuring the absorption spectra of X-rays interacting
with the catalyst under catalytic reaction conditions. This direct obser-
vation method can clarify how spin states influence catalytic reactions
and offer valuable guidance for designing new spin catalysts.

Third, due to the current challenges in the controllable modulation
and in situ characterization of spin states, theoretical calculations have a
unique advantage in studying spin processes in catalysis and are of great
significance in exploring mechanisms. However, theoretical calculations
of spin processes in electrocatalysis are complex and challenging, and
there are few detailed reports on the computational aspects of spin pro-
cesses in electrocatalysis. Therefore, developing suitable theoretical
methods to observe the processes of spin transfer or flip occurring in
electrocatalytic reactions could be a breakthrough inmechanistic studies.
In addition, the development of suitable spin catalysis descriptors and the
use of first-principles calculations combined with high-throughput
screening methods based on machine learning frameworks can enable
the rational prediction of catalytic activity, accelerate the design of novel
spin electrocatalytic materials, and elucidate the relationship between
reaction mechanisms and the spin properties of active centers.

Fourth, the spin effect has been applied to promote electrocatalytic
reactions in research on the ORR, OER, NRR, and CO2RR, opening up a
new avenue for studying efficient electrocatalysts. However, the spin
effect of metal site electrons is not only widely applied in electrocatalytic
reactions but also shows potential applications in organic synthesis,
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photocatalysis, electron transfer and transport, and biomedical fields. For
example, the spin behavior of active site electrons can influence the rate
and selectivity of organic synthesis reactions. The spin behavior of the
metal center electrons is also crucial for the efficiency and selectivity of
photocatalytic reactions. By controlling the spin state of the metal com-
plexes, the charge transfer and energy transfer during light absorption
and excitation processes can be adjusted, thereby achieving efficient
photocatalytic reactions. Therefore, in-depth research on the application
of the spin effects in other types of reactions is equally significant.

It is important to study and understand the electron spin effect for
designing and optimizing electrocatalytic reactions. Although the future
in-depth study of the electron spin effect is still challenging, we firmly
believe that through persistent research efforts, the electron spin effect
will aid in the preparation of high-performance electrocatalysts to solve
the current energy problems.
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