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Efficient electrocatalyst development is crucial for
addressing global energy challenges, and recent advances have
highlighted the significant role of electron spin—a fundamental
property of electrons—in influencing catalytic processes. Regulating
the spin states of active sites has emerged as a powerful strategy to
enhance catalytic performance. In response to growing interest in
spin-induced electrocatalysis, this review offers a comprehensive
examination of the impact of spin states on electrocatalytic activity.
We explore various strategies for modulating spin states, review state-
of-the-art techniques for spin state characterization, and elucidate the
mechanisms by which spin effects enhance catalytic efficiency.
Additionally, we discuss future research directions, emphasizing the
potential of spin regulation to drive innovation in electrocatalyst
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design and application. This review aims to provide a foundational understanding of spin effects in electrocatalysis, guiding future

efforts in the rational design of high-performance catalysts.

Spin, Electronic structure, d-band theory,
Activity descriptor

The growing consumption of fossil fuels and consequent
environmental degradation have driven the advancement of
sustainable energy conversion technologies, such as water
electrolysis,l_% fuel cells,”* metal-air batteries,’ "’ and the
electrochemical reduction of carbon dioxide® and nitro-
gen.'”"! High-performance electrocatalysts are crucial for the
industrial application of these technologies. In recent years,
substantial efforts have been devoted to understanding the
intrinsic reaction mechanisms and structure-performance
relationships in electrocatalysis, and various principles and
descriptors have been proposed to guide the construction of
efficient electrocatalysts.””™'” Among them, the Sabatier
principle proposes that the interaction between the catalyst
surface and the reactants should optimally balance—not too
strong nor too weak.'® Additionally, the d-band center theory
proposed by Nerskov et al. reveals the relationship between their
electronic structure and intrinsic activity.'*"”*° However,
further refinement of the d-band center theory is still necessary
to analyze electronic structures at a more granular level.
Recently, spin—an intrinsic property of electrons—has
emerged as a promising degree of freedom for modulating the
electronic structure of catalyst surfaces, offering new oppor-
tunities for catalyst design.”'~*>’ Recent studies have demon-
strated that altering the spin state of the active centers in
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Electrocatalysis, Magnetization, Spin selection, Oxygen evolution,

electrocatalysts can modulate the adsorption strength of
reaction intermediates at the catalytic sites, thereby enhancing
catalytic activity.”* Furthermore, the spin configuration of the
catalysts can influence charge transport during electrochemical
Despite these
advancements, there is still a lack of a systematic review on the

. . . . 25
reactions and then accelerate reaction kinetics.”

spin regulation in electrocatalysts, the characterization of spin
states, and the impact of spin effects on catalyst performance.
Given the significant impact of spin on the electronic structure
and catalytic performance of active sites, there remains a critical
need for a systematic exploration of spin regulation in
electrocatalysis. This review aims to address this gap by first
outlining key strategies for modulating spin states during catalyst
preparation. We then examine advanced techniques for
characterizing spin states and analyze the mechanisms through
which spin effects enhance catalytic activity. Finally, we offer
perspectives on emerging trends and future research directions
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Figure 1. a FTIR spectra of the as-prepared spinel ZnCo,0,. b The volume fraction of high state and low state Co®* in the spinel ZnCo,0O,. ¢ The
octahedra distortion during spin state increase in ZnCo,0,. Reprinted with permission from Reference [38]. Copyright 2021 Wiley-VCH. d Co—O
bond length for LaCoOj; with different diameters. e The e, electron of LaCoO, with different diameters. Reprinted with permission under a CC-BY 4.0

license from Reference [26]. Copyright 2016 Springer Nature.

in spin-regulated electrocatalysis, with the goal of inspiring new
approaches to the rational design of high-performance catalysts.

The electronic structure of active sites directly influences the
adsorption behavior of catalytic intermediates, thereby affecting
catalytic activity.'” Controlling the spin states of active metals
has emerged as a promising strategy for precisely tuning their
electronic structures. Recently, various strategies have been
developed for controlling the sgin states of metal-based active
o o . 26-28 . 2930
sites, including size modulation, defective engineering,
doping,*' ~** magnetic field synergy’*™*° and metal-carrier
. 33,37 : .
interactions. These strategies offer effective avenues for
exploring mechanisms underlying spin-promoted catalysis.

Adjusting the size of the catalyst can induce lattice distortions,
thereby altering the spin state of the active center.””*" The size
of ZnCo,0, spinel oxide nanoparticles increases with the
calcination temperature.”® The Fourier Transform Infrared
(FTIR) spectroscopy (Figure la) and Superconducting
Quantum Design (SQUID) measurements (Figure 1b) show
that higher calcination temperatures intensify lattice distortions,
resulting in an increase in high spin state Co’*. Density
functional theory (DFT) calculations confirm that an increase in
unpaired spins within ZnCo,0, leads to more pronounced
lattice distortions in the octahedral units (Figure 1c). Similarly,
LaCoOj perovskite oxides with different particle sizes can be
synthesized by varying the annealing temperature.”® This size
variation causes changes in Co—O bond lengths, resulting in
spin state transitions of Co**. In bulk LaCoO;, the e, filling ratio
is approximately 1.0, with high-spin and low-spin Co®* states
each constituting 50% (Figure 1d). However, when the particle
size is reduced to 80 nm, Co®** undergoes spin state transitions,
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increasing the proportion of high-spin states and raising the e,
orbital electron occupancy to 1.2 (Figure le). This size effect
facilitates controllable regulation of the active sites spin state,
offering a reliable method for subsequent performance
optimization.

The coordination structure of the active center significantly
impacts their spin states. The introduction of defects can alter
the coordination environment of the active sites, thereby
inducing spin state transitions.””*° The Co®" usually exhibits a
low-spin configuration in CoOOH. However, by introducing
unsaturated coordinated Co atoms, a high spin CoOOH
structure was successfully synthesized.”” The high spin state
Co’" configuration is verified via SQUID (Figure 2a-b), X-ray
absorption spectroscopy (XAS) (Figure 2c-d), and electron
paramagnetic resonance (EPR) (Figure 2e), exhibiting
ferromagnetism behavior with unpaired electrons and 3d and
4p orbitals splitting. This high spin CoOOH demonstrated
remarkable oxygen evolution reaction (OER) activity, with an
overpotential of 226 mV at 10 mA cm™> (Figure 2f). In
PrBaCo,0y, varying oxygen vacancy concentrations lead to an
alternating structure of pyramid-shaped Co**Oj and octahedral
Co0’*Oy in the PrO layer, inducing a transition of Co** from a
high spin to a low spin.*’

Doping heteroatoms near active sites can induce distortions in
the coordination structure, breaking the local symmetry of the
active center and triggering spin state transitions.”' ~** For
instance, introducing Mn around Fe sites effectively stimulates
the spin state transition of Fe** (Figure 3a).>' The Mn atoms
disrupt the local Fe—N symmetry, resulting in the delocalization
of Fe’* electrons and inducing a spin state transition from low
spin (t’e,’) to Intermediate spin (ty.'e,') (Figure 3b-c).
Beyond transition metals, the spin state of carbon materials can
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Figure 2. a Magnetic hysteresis loop of R-CoOOH. b Magnetic
hysteresis loop of S-CoOOH. ¢ Co K-edge XAS spectra. d O K-edge
XAS spectra. e EPR spectra of R-CoOOH and S-CoOOH. f Cyclic
voltammetry (CV) curves of R-CoOOH and S-CoOOH. Reprinted

with permission under a CC-BY 4.0 license from Reference [39].
Copyright 2024 Springer Nature.

also be regulated through atom doping. Yang et al. investigated
the nitrogen reduction reaction (NRR) catalytic activity of
carbon-based materials doped with O, S, Se, and Te atoms using
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experimental and theoretical methods (Figure 3d).*' Their
calculations revealed that heteroatom doping promotes charge
accumulation, enhancing N, adsorption on carbon atoms. Spin-
resolved density pictures demonstrated that heteroatom doping
generates noticeable spin moments on nonmagnetic carbon
atoms (Figure 3e). This spin polarization effect facilitates the
first protonation to form the *NNH chemical step in NRR,
thereby improving catalytic activity (Figure 3f).

The spin state of the active metal site is intrinsically linked to the
overall magnetism of the material. Consequently, the application
of a magnetic field can play a crucial role in spin regulation.
When an external magnetic field is applied, the magnetic
moments of the material align with the direction of the field at a
macroscopic level, resulting in spin polarization. It should be
noted that this phenomenon is restricted to ferromagnetic
materials. Xu et al. demonstrated that Co;_Fe,O, oxides* and
NiFe films*’ can be used to regulate spin-polarized electrons and
enhance OER efficiency under a magnetic field (Figure 4a-c).
Furthermore, the Co and Mn ions in a nonprecious metal—
organic framework, characterized by thermally differentiated
superlattice structures, undergo magnetothermal stimulation to
induce spin changes in the active Co>" center (Figure 4d).** The
presence of a thermal insulation layer mitigates lattice distortion
within the structure, while the magnetic field prompts spin
reconstruction of the metal ions. After treatment, the active
center Co’* transitions from a high-spin to low-spin, thereby
modulating the OER activity (Figure 4e).

The spin states of metal centers can be modulated by the
structural diversity of different supports. Single-atom catalysts
are more strongly influenced by their supports compared to
33,37 . .
nanocrystal catalysts.”””" Fe single atoms anchored on ultrathin
TiO, nanoribbons via an adsorption oxidation strategy exhibit a
shift in the d-band center of Fe 3d to a higher energy level, while
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Figure 3. a The optimized structure of Fe/N—C and Fe,Mn/N—C. b Magnetic susceptibility of Fe,Mn/N—C (Intermediate spin Fe*"). ¢ Magnetic
susceptibility of Fe/N—C (low spin Fe®"). Reprinted with permission under a CC-BY 4.0 license from Reference [31]. Copyright 2021 Springer
Nature. d Spin moment of carbon atom of different doping materials, the red part of the model diagram represents the corresponding carbon atom. e
Top view and side view of the spin-resolved density map of Se-doped C on the left, top view and side view of the isosurface of the spin-resolved density
pictures of Te-doped C on the right. f The correlation between the spin moment and AG.yyy. Reprinted with permission from Reference [41].

Copyright 2020 Wiley-VCH.
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Figure 4. a Schematic diagram of the generation of the polarized electron under a constant magnetic field. b CV curves of CoFe, O, with and without
magnetic field. Reprinted with permission under a CC-BY 4.0 license from Reference [42]. Copyright 2021 Springer Nature. ¢ CV curves of NiFe thin
films with different thicknesses with and without magnetic field. Reprinted with permission under a CC-BY 4.0 license from Reference [43]. Copyright
2023 Springer Nature. d Schematic diagram of active sites of magnetic effect precision heating catalyst. e CV curves of the Co,gMn,,-MOF with
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the d-band center of Ti 3d shifts to a lower level.”” This strong
metal—support interaction between Fe and TiO, leads to a
transition of Fe®* from a high-spin to a low-spin state. Similarly,
the spin configuration of Co single atoms can be regulated
through metal—support interactions.” For instance, when Co
single atoms are loaded onto Ta$, monolayers, the spin state of
Co is modulated by adjusting the loading amount of Co.

Inducing spin state changes is a powerful strategy for achieving
precise control over electronic structures. Advanced character-
ization techniques are crucial for identifying and analyzing these
spin state transitions. Significant efforts have been made to
develop these techniques, including vibrating sample magneto-
metry (VSM), EPR, Mossbauer spectroscopy, XAS, and electron
energy loss spectroscopy (EELS). The following sections detail
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the analytical methods employed by these characterization
techniques.

Spin state transitions can be identified by changes in the
material’s magnetic properties. The VSM is a highly sensitive
magnetic measurement tool based on the principle of electrical
induction.***’” It can measure the magnetic moment as a
function of temperature (known as M-T), allowing for the
calculation of the magnetic moment of the material, which is
closely related to the number of unpaired electrons.”® At
relatively high temperatures (T > 150 K), thermal fluctuations
dominate magnetic ionic interactions, resulting in a magnetically
disordered paramagnetic state. In this region, the magnetic
susceptibility (y = M/H) calculated from the magnetization
intensity follows the Curie—Weiss law. The calculated Curie
constant can be used to derive the effective magnetic moment of

each ion using the formula (y.¢ = v8Cpug, where ug is Bohr
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magneton). When calculating the spin state volume ratio of
metal ions, we can use the formula yt ¢ = giip *Sgr (g is the Lande
factor, S.¢is the effective spin quantum number) Through VSM
characterization of cobalt-based spinel oxides (Figure Sa), the
Co’" spin state can change from low spin to high spin with the
increase of calcination temperature.”

EPR is a technique that detects resonance phenomena
associated with unpaired electrons in a substance.”” However,
its application is limited to paramagnetic materials and
ferromagnetic materials. By analyzing the EPR spectra, we can
investigate phenomena such as spin—Ilattice relaxation, spin—
spin coupling, and spin—orbit coupling.50 For instance, Figure
Sb shows the EPR spectra of Cr[CH(SiMe;),]; and Cr[CH-
(SiMe,),]5-SiO, to explore the spin-dependent electronic
structure of Cr**.°>" The spectrum of Cr[CH(SiMe;),],
(black) reveals a single S = 3/2 Cr’* species with a pure
axisymmetric zero-field splitting tensor (E/D = 0), indicating a
pure high spin (S = 3/2). In contrast, the two spectral signals of
Cr[CH(SiMe,),]5-SiO, (blue) demonstrate the presence of
both high spin (100—250 mT) and low spin (S = 1/2; 300—400
mT) Cr’". Additionally, Figure Sc also shows the ERP spectrum
of the Fe—N—C single atom catalyst, where the relative number
of unpaired electrons is inferred from the intensity of the peak.”
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Mossbauer spectroscopy is a technique that utilizes the recoilless
resonance absorption effect of atomic nuclei to measure the
interaction between the Mdssbauer nucleus and hyperfine field.
This method is used to study the valence state, spin state,
coordination environment and phase information on active
metals. M0ssbauer spectroscopy of Fe is the most widely
applied, typically providing insights into magnetic dipole
interactions, electric quadrupole interactions and electric
monopole interactions.””~ By fitting the Mdssbauer spectros-
copy, the quadrupole splitting and isomer shift can be given, and
the relevant information on Fe ions can be determined based on
these data.”””” Compared to the high spin state, the low spin
states of both Fe’* and Fe’' exhibit lower isomer shifts.
Additionally, low spin Fe** compounds display lower quadru-
pole splitting, while low spin Fe** compounds show higher
quadrupole splitting. Figure 5d shows the Mossbauer spectra of
[Fe(BPND)(Ag(CN),),]-3CHCI, at room temperature and 50
K.*” At room temperature, the spectrum has double peaks, with
an isomer shift of 1.061 mm s™' and a quadrupole splitting of
0.565 mm s, indicating that all Fe?" are in a high spin state. At
50 K, an additional double peak appears corresponding to the
low-spin state of Fe*', indicating that some Fe** undergoes a
spin-state transition. The Fe—O—T1 ligand-mediated spin-state
transition strategy was successfully verified by Mossbauer
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spectroscopy.’” As shown in Figure Se, the D1 and D2 peaks can
be attributed to the intermediate spin and low spin structures of
Fe’. And the D1 area of 0-MQFe-10:20:5 (72.6%) is higher
than that of PQD-Fe (34.6%), confirming the low spin transition
to intermediate spin of Fe**

XAS is frequently employed to analyze the oxidation state and
coordination environment of catalysts and is particularly
effective in characterizing metal spin states.”® The characteristic
shape and splitting of the lower energy front edge peak in X-ray
absorption near-edge structure (XANES) provide insights into
the local coordination field and spin state of the metal.>* For
instance, Huang et al. conducted XAS analyses on the Co L-edge
and O K-edge of a series of Co,Mn,_,O, oxides with varying
compositions and other Co-based oxides (Flgure 6a-b).°° The

content of the high-spin state was ranked by the intensity ratio of
the L; and L, edges and was correlated with the OER
performance (Figure 6¢). Low spin Co®" is more conducive to
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surface reconstruction of oxides and enhances OER perform-
ance under acidic conditions. XAS spectra also confirm the
different spin states of Co* in LaCoO3 epitaxial films with
varying orientations (Figure 6d).°" The weakest Co L; edge
peak intensity in LaCoO; (100) indicates the highest volume
ratio of Co®" in the intermediate-spin state.

EELS is a technique that measures the change in the kinetic
energy of electrons after interacting with the materials. It is
sensitive to the local structure of materials and can effectively
characterlze the local structural changes induced by spin state
transitions.””~°® Figure 6e and Flgure 6f show the electron
energy loss spectrum of ZnCo,0,.°” The Co L-edge spectrum is
dominated by Co 2p-3d transitions, with the two peaks
corresponding to the L; edge and L, edge, respectively. The
shape of the L; edge spectrum is strongly influenced by Co 3d-3d
interaction and the degree of hybridization between the Co 3d
and O 2p orbital. The decrease in intensity indicates that a
portion of the Co e, orbital has been filled, resulting in the
formation of the intermediate-spin state Co*. The reduction in
the O K-edge spectrum prepeak intensity suggests a spin state
transition of Co®* from low spin to intermediate spin, where
electrons are redistributed, with some t,, electrons occupying
the e, orbital. EELS also distinguishes between the spin states of
Co’" in the bulk and surface phases of LaCoO;. The prepeak
around 530 eV in the O K-edge spectrum is closely associated
with the spin state of LaCoQ;, with a lower prepeak intensity
corresponding to a higher spin state of Co®* (Figure 6g).%°

In magnetic analysis, theoretical modeling and calculations help
to understand and predict the structure, thereby helping to
explore the reaction mechanism.®® The commonly used
computational simulation method is the first-principles
calculation based on DFT. Wang et al. calculated that the
introduction of single-atom W delocalizes the spin state of Ni,
resulting in an increase in the d electron density of Ni. This
optimizes the adsorption/desorption process of hydrogen and
oxygen intermediates, thereby accelerating the thermodynamlcs
and kinetics of the hydrogen evolution reaction and OER.*’
Tang et al. calculated the catalytic activity and stability of Fe—
N-C catalysts with different axial coordination functional
groups. The results showed that low-spin pyridine-type FeN,
has excellent ac1d resistance and high oxygen reduction reaction
(ORR) activity.”®

The spin configuration of a catalyst has been demonstrated to
significantly influence its electrocatalytic activity.”® Recent
developments in spin catalysis mechanisms, such as spin
polarization, spin—orbit couphng, and spin pinning effects,
have rapidly advanced the field.”" As a result, there is an
increasing need to summarize these various mechanisms to
further guide the synthesis of electrocatalytic materials with
controllable spin states.

The adsorption and desorption energy of reactants and
intermediates on metal active sites are crucial in determining
the electron transfer efficiency during electrocatalysis, directly
impacting the overall electrocatalytic performance. According to
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the Sabatier principle, the interaction between the catalyst
surface and the reactants should be neither too strong nor too
weak. The d-band theory proposed by Nerskov et al. further
elaborates that the energy level of the d-band center determines
the degree to which the antibonding energy band is filled with
electrons, thereby determining the stability and strength of
adsorption bonding. Recent studies have demonstrated that
different spin states can affect the energy level of the d-band
center.”””” For example, Li et al. synthesized FeCoPS; via a
synchronous phosphorization and sulfidation method, resulting
in notable orbital splitting and a high-spin configuration, which
increases the number of unpaired electrons in the 3d orbital
(Figure 7a-c).”” This unique electronic structure enhances
charge transfer and shifts the d-band center, thereby changing
the adsorption energy and potential reaction pathways of lithium
polysulfide. Sun et al. achieved a transformation of the Fe low
spin to the high spin in pentlandite.”” Theoretical calculations
show that the high spin Fe has a lower d-band center, which
optimizes the adsorption of active intermediates and exhibits an
ultralow OER overpotential (245 mV @ 10 mA cm™?) (Figure
7d).

The spin effect influencing electrocatalytic kinetics is particularly
significant in oxygen electrocatalysis.”*~"® This is because the
type of oxygen molecule involved in these processes is crucial to
the catalytic reaction.”” Typically, singlet oxygen-containing
molecular compounds (all electron spins are paired, and the
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total quantum number is 0) and triplet oxygen molecules (there
are two unpaired electrons, with a total quantum number of 1)
are present during the oxygen electrocatalytic process, and the
interconversion between these two forms is governed by
electron spin restrictions (Figure 8a). Triplet oxygen molecules
possess higher spin angular momentum, making their energy 0.8
eV lower than that of singlet oxygen. Therefore, in oxygen
electrocatalysis, the electron spin configuration of the catalyst’s
active center can be adjusted to modulate its electron spin
interactions with reaction intermediates. At present, the research
on the effect of spin on electrocatalytic kinetics and the
enhancement of catalytic performance can be divided into two
categories: spin catalysis and magnetic field catalysis (Figure
8b). Among them, magnetic field enhancement can be divided
into external magnetic field and internal magnetic field.

4.2.1. Adjust the ey Electrons Occupied. The occupation
of the e, orbital electron is primarily relevant in transition metal
compounds, including perovskite oxides,”””*' spinel ox-
ides,”*>* and metal chalcogenides.”* Due to the crystal field
effect, the d orbital of the ion at the octahedral site is split into
thrcie ltzgzver-energy t,, orbitals and two higher-energy e,
orbitals.” In a strong crystal field, the six electrons of the
Co’" ion will occupy the ty, orbital in pairs, resulting in a low-
spin state.””*° In contrast, under a weak crystal field, the d
electrons will follow Hund’s rule, occupying the orbit as many as
possible to form a high-spin state."’ When the crystal field
energy is intermediate, the spin state can shift to a intermediate
spin state (Figure 8¢).*® Studies have indicated that there is a
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volcano-type relationship between the number of e electrons at
the octahedral site and the OER/ORR activity (Figure 8d).*~">
Wu et al. controlled the lattice orientation of LaCoOj5 film to
cause different degrees of distortion of Co octahedron, thereby
inducing the spin state of cobalt to transition from the low spin
(t,%e,”) to the intermediate spin (t,,’e,"), changing the electron
filling rate of the e, orbital, and thus obtaining better OER
performance.’’

4.2.2. External Magnetic Field Enhancement. Tran-
sition metal compounds contain numerous magnetic domains.
When a magnetic field is introduced, these magnetic domains
can be aligned in the same direction, thereby increasing the spin
polarization rate. The formation of triplet oxygen requires the
alignment of three electron spins in the same direction.*® Spin
polarization can optimize the selectivity and transfer efficiency of
spin electrons, thereby reducing the kinetic energy barrier.
Previous studies have shown that the OER activity of some
magnetic materials is significantly enhanced under the action of
an external magnetic field. In contrast, nonmagnetic catalysts do
not show a significant enhancement effect (Figure 9a-c).”” In
addition, reducing the size of nanoparticles resulted in the
formation of single-domain CoFe,0,, which did not exhibit
enhanced catalytic performance under the magnetic field.”*
However, multidomain ferromagnetic CoFe,O, aligns its
magnetic domains in a magnetic field, promoting the arrange-
ment of spin electrons to meet the formation requirements of
triplet oxygen, thereby enhancing the OER activity (Figure 9d-
e). By preparing NiFe films of varying thicknesses, it was

g
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observed that the magnetic domains were striped, with adjacent
domains oriented in antiparallel directions (Figure 9f5).”> As
the film thickness decreased, the width of the domain walls
narrowed, and their area increased (Figure 9f-g). Under the
influence of an external magnetic field, the domain walls
disappeared. All NiFe films demonstrated enhanced OER
activity after the application of a magnetic field. The spin
polarization in the domain wall regions was weak, leading to
poor OER activity. When an external magnetic field was applied,
all domains aligned in the same direction, the domain walls
vanished, spin polarization was strengthened, and OER activity
improved (Figure 9h). Thus, the introduction of an external
magnetic field can regulate the spin state of the catalyst, enhance
spin polarization, and accelerate spin-related OER reactions
(Figure 9i-j).

4.2.3. Internal Magnetic Field Enhancement. While
external magnetic fields can enhance spin polarization, catalytic
activity significantly diminishes once the field is removed,
limiting its commercial application in technologies such as fuel
cells. To overcome this limitation, the intrinsic magnetic
properties of the catalyst itself can be utilized to generate an
internal magnetic field, thereby accelerating spin-related oxygen
electrocatalytic reactions. This approach requires a hetero-
structure composed of two components: a ferromagnetic (FM)
material (magnetic layer) that generates the internal magnetic
field, and a catalyst (catalytic layer) responsible for electro-
catalysis, which is so-called spin pinning.”*"” The spin pinning
effect at the interface can align the spin direction, thereby
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enhancing spin selectivity and catalytic activity. Xu et al
pioneered the use of the spin pinning effect to enhance the OER
activity at the interface of FM oxide and oxyhydroxide
(OHD).*” In an alkaline environment, the surface of metal
sulfides undergoes reconstruction to form OHD, and the
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reconstructed CosFe,O,/Co(Fe)O,H, structure has higher
OER activity than the original Co,_ Fe, O, (Figure 10a-c). This
enhancement is attributed to the spin pinning at the interface
between the FM substrate and the OHD layer. The internal
magnetic field generated by the FM layer can align the spin
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direction of the catalyst layer at the interface through spin
polarization. If the OHD layer is thin enough (about 4—5 nm),
spin pinning can align the spins throughout the entire OHD
layer. Figure 10d-e further proves that the enhanced spin
alignment can improve the OER activity. Specifically, as the
remanence of the FM substrate increases (Figure 10d), the
internal magnetic field strengthens, resulting in more robust spin
alignment and improved OER activity (Figure 10e). In addition,
core—shell catalysts can take advantage of ferromagnetic-
antiferromagnetic (FM-AFM) coupling to enhance the internal
magnetic field, thereby improving spin selectivity and catalytic
activity.” When the temperature is higher than the Neel
temperature (Ty) of the AFM shell (T > T > Ty), the shell
transitions into a spin-disordered paramagnetic state (Figure
10f). Conversely, when T < Ty, the shell becomes AFM, and the
spins at the interface couple with the spin alignment of the
ferromagnetic core. This exchange bias effect provides strong
evidence of AM-AFM coupling at the core—shell interface. The
AM-AFM coupling at the interface enhances spin electron
selectivity by aligning the spins within the shell (Figure 10f),
which in turn improves OER activity (Figure 10g). In summary,
leveraging the inherent magnetism of the catalyst to generate an
internal magnetic field represents a promising strategy for
enhancing oxygen electrocatalytic performance by improving
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spin selectivity. Nonetheless, further research is necessary to
fully explore and optimize this approach for more efficient
oxygen electrocatalytic reactions.

Precious metal catalysts, such as Ir, Ru, and Pt, continue to be
the cornerstone of oxygen electrocatalysis under acidic
conditions due to their exceptional activity and stability.”” "’
However, the exploration of spin-enhanced catalysis has
primarily focused on magnetic elements like Fe, Co, and Nj,
rather than paramagnetic elements such as precious metals. To
address this gap, Shao et al. employed a spin-polarization-
mediated strategy to induce a net ferromagnetic moment in
antiferromagnetic RuO, by doping it with manganese (Mn**, S
= 5/2) (Figure 11a-b), thereby enhancing its OER activity in
acidic electrolytes.'”” Element-selective X-ray magnetic circular
dichroism (XMCD) revealed ferromagnetic coupling between
Mn and Ru ions, consistent with the Goodenough-Kanamori
rule (Figure 1lc-d). The Mn-doped RuO, nanosheets
demonstrated significant magnetic field-enhanced OER activity,
achieving a minimal overpotential of 143 mV at a current density
of 10 mA cm™* (Figure 11e). Similarly, Cai et al. modified the
electronic structure of Ir by doping magnetic Fe into the
paramagnetic Ir lattice, achieving Fe 3d-Ir Sd orbital hybrid-
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permission from Reference [102]. Copyright 2023 Wiley-VCH. f Illustration of the spin-induced orbital hybridization. Alloying Ir and Fe results in the
hybridization of the Ir Sd and Fe 3d orbitals. Increasing the magnetic moment of Fe causes the spin splitting of the Fe 3d orbitals, shifting the spin-down
band toward Er. These two effects, i.e., spin splitting and orbital hybridization, alter the d-band structure of Ir at high magnetic moments, optimizing the
binding strength with oxygen intermediates. g Variation of bonding/antibonding states of £ and Wy of Ir for Ir;Fe and the O p-band center of the *O
intermediate under different magnetic moments. h CVs of the Ir;Fe-xmT aerogels in 0.5 M H,SO, with a scan rate of 50 mV s™". Reprinted with

permission from Reference [103]. Copyright 2024 Wiley-VCH.

ization (Figure 11£)."” The increased magnetic moment
induced by the spin splitting of the Fe 3d orbital caused the
spin-down band to shift toward the Fermi level, thereby altering
the d-band structure of Ir through orbital hybridization (Figure
11g). The resulting Ir—Fe aerogels exhibited outstanding OER
electrocatalytic activity for water oxidation, with an over-
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potential as low as 236 mV at 10 mA cm ™ (Figure 11h). These
studies demonstrate the potential of incorporating spin-
polarization strategies in paramagnetic precious metal catalysts
to enhance their electrocatalytic performance, opening new
avenues for the development of high-performance catalysts
under acidic conditions.
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This review systematically summarizes the regulation of spin
states of catalytic active sites. We began by detailing various
strategies for regulating active sites, including size regulation,
defect engineering, doping engineering, magnetic field applica-
tion, and metal—support interactions. Each of these approaches
offers unique avenues for manipulating the electronic structure
of active sites, thereby optimizing their catalytic performance.
Next, we examined current spin characterization techniques,
such as Vibrating Sample Magnetometry, Electron Para-
magnetic Resonance, Mossbauer Spectroscopy, X-ray Absorp-
tion Spectroscopy, and Electron Energy Loss Spectroscopy.
These advanced methods are crucial for identifying and
understanding spin state transitions, providing deep insights
into the relationship between spin states and catalytic activity.
Finally, we summarize the current understanding of how spin
effects enhance electrochemical performance and classify it into
categories. These include spin polarization, spin—orbit coupling,
and spin pinning, each contributing differently to the
optimization of catalytic processes. Despite the significant
progress, research on spin state transitions is still in its infancy.
Future research directions might focus on the following aspects:

1) While existing techniques have provided valuable insights
into the relationship between spin states and electro-
catalytic performance, there remain significant challenges.
One of the foremost challenges is the real-time detection
of spin state changes during catalytic reactions. Current
methods often fall short in capturing the dynamic nature
of spin states under operational conditions. Therefore,
advancing in situ and operando characterization techni-
ques is critical. These methods would allow for real-time
monitoring of spin states, offering a clearer understanding
of how spin configurations evolve during reactions and
directly influencing catalyst design.
Industrial electrocatalysis continues to rely heavily on
noble metal catalysts due to their exceptional stability and
activity. However, research on spin regulation within
noble metal-based materials is relatively underdeveloped
compared to transition metal systems. Future studies
should focus on exploring how spin states can be
manipulated in noble metal catalysts, potentially leading
to breakthroughs in catalyst efficiency and cost-effective-
ness. Understanding and controlling spin effects in these
materials could revolutionize their application in indus-
trial electrocatalysis, particularly under harsh conditions
where stability is paramount.

3) Another promising direction involves the integration of
concepts from spintronics into catalysis. By harnessing
spin-polarized currents or magnetic effects, it may be
possible to create next-generation catalysts with un-
precedented control over reaction pathways. This
interdisciplinary approach could open up new possibilities
for energy conversion technologies, offering catalysts that
are not only more efficient but also more selective and
tunable.

2)

In conclusion, while the field of spin state transitions in
electrocatalysis is still emerging, it holds tremendous potential
for advancing the design of high-performance catalysts. We hope
this review not only highlights the current achievements but also
inspires future research that will pave the way for the rational
design of spin-regulated electrocatalysts. By addressing the
challenges outlined and exploring new frontiers, the field can
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make significant strides toward more efficient and sustainable
energy conversion technologies.
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