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Spin-Selective Catalysts for Oxygen-Involved Electrocatalysis

Haifan Li, Quan Quan, Chun-Yuen Wong,* and Johnny C. Ho*

The sluggish kinetics of oxygen-involved electrolysis, such as oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR), hinders the efficiency of
the pertaining energy conversion process, which can be promoted by using
spin-selective materials to align the spin direction of oxygen-involved inter-
mediates. This review delivers a thorough and timely overview of state-of-the-
art spin-selective catalysts for OER and ORR. Primarily, the fundamental
principle of spin-selective process is depicted by the spin-sensitive reaction
pathways, pointing out that the existence of spin-polarized adsorption sites is
necessary for the development of spin-selective catalysts. Subsequently,
approaches for investigating the spin-related transition during electrocatalysis
are introduced by reviewing in situ technologies and theoretical calculations.
Then, the reported spin-selective catalysts are categorized into intrinsic
spin-polarized materials, doping-induced spin-polarized materials, and multiple
magnetic composites to discuss their application in electrocatalytic OER

and ORR as well as their mechanism of spin polarization. Finally, the open
questions and prospects in this field are concluded, aiming to offer a clear route
for designing novel and highly-efficient spin-polarized materials for industrial

1. Introduction

Oxygen-involved electrocatalysis (i.e., oxygen
evolution reaction [OER] and oxygen
reduction reaction [ORR]), pertaining to
industrial energy conversation applica-
tions, such as water electrolysis,"~® metal-
air batteries,”™ and fuel cells,"*** plays a
critical role in driving the transition to
clean energy and achieving carbon neutral-
ity goals. OER is the bottleneck reaction
that occurs at the anode side in water elec-
trolysis to generate oxygen gas, and its
sluggish kinetics drags down the overall
efficiency. In contrast, ORR occurs at the
cathode side of metal-air batteries and
fuel cells, turning oxygen gas into water
through a redox reaction. Improving the
oxygen-involved electrocatalysis process
through catalyst design and optimization
is essential for enhancing these electro-

oxygen-involved electrocatalysis.

H. Li, C.-Y. Wong

Department of Chemistry

City University of Hong Kong
Hong Kong SAR 999077, China
E-mail: acywong@cityu.edu.hk

Q. Quan, ). C. Ho

Department of Materials Science and Engineering

City University of Hong Kong

Hong Kong SAR 999077, China

E-mail: johnnyho@cityu.edu.hk

C.-Y. Wong, J. C. Ho

State Key Laboratory of Terahertz and Millimeter Waves
City University of Hong Kong

Hong Kong SAR 999077, China

J. C. Ho

Institute for Materials Chemistry and Engineering
Kyushu University

Fukuoka 816-8580, Japan

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aesr.202400326.

© 2024 The Author(s). Advanced Energy and Sustainability Research pub-
lished by Wiley-VCH GmbH. This is an open access article under the terms
of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.1002/aesr.202400326

Adv. Energy Sustainability Res. 2024, 2400326 2400326 (1 of 25)

chemical devices’ energy conversion effi-

ciency and overall performance. The high

energy barrier of OER and ORR originating

from the significant size differences among
absorbates, such as *OH, *O, and *OOH (* denotes absorption
sites), during the four-electron transfer steps hinders the
efficiency of electrocatalysis."* In the past few decades, numer-
ous researches on developing highly efficient catalysts have pro-
ceeded to accelerate the kinetics of OER and ORR, delivering
various material design strategies based on increasing the
density and intrinsic activity of active sites, such as d-electron
number,*”! p- and d-band center,[1%17] e orbital ﬁlling,[lgl p—d
hybridization,'*2?% charge-transfer energy,*"! etc. Beyond these
theories, the recently discovered spin manipulation strategy that
controls the spin alignment of oxygen-involved intermediates via
spin-selective electron removal received much attention and has
been demonstrated to significantly influence the intrinsic activity
of spin-polarized catalysts.**~%*!

The spin-sensitivity of OER and ORR reaction pathways is
attributed to the distinct spin states of absorbates, such as
the singlet *OH and triplet O,, and the energy consumption
is needed to conduct the spin flipping between reaction
steps.l?®?”] As reported by J. Gracia et al. such a spin-sensitive
process can be more efficient by introducing spin-polarized
active sites to align the spin direction of oxygen-involved
intermediates via quantum spin-exchange interactions.[?#>"!
In this regard, utilizing spin-polarized catalysts is a promising
way to save the energy consumption of spin flipping, thereby
lowering the overall electrocatalytic energy barrier.?'=°]
Nevertheless, it is difficult for a single material to have both
the spin polarization by magnetic ordering and the metallicity
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by electronic itineration,?*®! and the working temperature of
electrocatalysts (usually higher than room temperature) is
higher than the Curie temperature of most ferromagnetic
(FM) materials. Therefore, constructing materials with
coupled spin polarization and metallicity to serve as efficient
OER and ORR electrocatalysts is challenging. To address this
challenge, a lot of effort has been put into developing
spin-selective catalysts. While some reviews in this field
have been published in recent years,?**’# few of them
classify and review spin-selective catalysts based on the
origin of spin polarization within materials, leading to
a need for clear guidance for the synthesis of spin-selective
catalysts.

Herein, this review delivers a thorough and timely overview
of state-of-the-art spin-selective catalysts for OER and ORR.
We first depict the fundamentals of the spin-selective process
by the spin-sensitive reaction pathways of OER and ORR, which
points out that the existence of spin-polarized adsorption sites is
necessary for the development of spin-selective catalysts.
Subsequently, approaches for investigating the spin-related
transition during electrocatalysis are introduced by reviewing in
situ technologies and theoretical calculations. Then, the reported
spin-selective catalysts are categorized into intrinsic spin-
polarized materials, doping-induced spin-polarized materials,
and multiple magnetic composites to discuss their application
in electrocatalysis and the polarization mechanism (Figure 1).
Finally, the unresolved questions and prospects in this field
are concluded, aiming to offer a clear route for designing novel
and highly-efficient spin-polarized toward industrial oxygen-
involved electrocatalysis.

Figure 1. Schematic illustration of spin-selective electron transfer
fundamentals for OER and ORR and the reported spin-selective catalysts
categorized into intrinsic spin-polarized materials, doping-induced
spin-polarized materials, and multiple magnetic composites.
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2. Fundamental of Spin-Selective Electron
Transfer

2.1. Spin Interaction

Spin, an intrinsic property of angular momentum carried by fun-
damental particles within the framework of the Standard Model,
endows these particles (i.e., fermions and bosons) with a mag-
netic moment possessing a specific magnitude and orientation.
This revelation stemmed from the atomic beam experiments
spearheaded by Otto Stern and Walther Gerlach,*! and was for-
mally solidified with the seminal contributions of Paul Dirac to
the realm of relativistic quantum equations.[*” The electron is a
kind of fermion with its spin state either spin-up (1) or spin-down
(1), corresponding to the spin quantum number of +1/2 and —1/2,
respectively. The Pauli Exclusion Principle and Hund’s rules laid
the fundamental rules of electron configuration with specific
spin states for atoms and ions within the material system, which
also results in complicated interaction owing to the intrinsic spin
effect among electrons, orbits, and other subatomic particles.
These interactions, including exchange interaction, Coulomb
repulsion, spin-orbit coupling effect, etc., collectively exert a
significant influence on the structure, properties, and chemical
behavior of atoms and molecules, thereby playing a vital role in
elucidating the formation of chemical bonds, the stability of
atoms and molecules, and the advancement of chemical
reactions.

In general, similar to energy conservation, a system’s total
spin angular momentum is also conserved, which means that
a chemical reaction is only permissible if the total spin angular
momentum of the reactants matches that of the products, result-
ing in electron and nuclear spin selectivity in reactions."*!
Considering the evolution of intermediates during OER and
ORR, the oxygen gas is in a triplet ground state (i.e., the two anti-
bonding #* orbitals are, respectively, occupied by two electrons
with parallel alignment) because of the lower energy of triplet O,
than singlet O, according to Hund’s rules, while the spin states
of H,0 and absorbed OH™ are singlet with their electrons all
paired.*?*3 Therefore, such a process containing the transition
between two states of different spin multiplicity should be for-
bidden. However, the multiple spin interactions among substan-
ces provide additional energy levels for spin flipping during
chemical reactions, making the reactions possible. Thus, the spin
states of catalysts should significantly impact the thermodynam-
ics and kinetics of chemical reactions.**!

The mechanisms of spin polarization induced by spin inter-
actions are varied by different material systems, and Lee et al.
summarized the spin interactions from an intra-atomic to an itin-
erant system (Figure 2).*! These diverse spin interactions facili-
tate spin-forbidden OER and ORR processes by modulating the
spin states of the intermediates via spin-polarized active sites.
Current spin-selective catalysts are primarily based on transition
metal elements, such as Fe, Co, Ni, Mn, Cr, Ru, Ir, etc., owing to
their strongly correlated d electrons via spin interactions.
According to Hubbard model, the correlated electrons within
these transition metal-based materials experience competing
forces: one pushes it to tunnel to neighboring atoms, while
the other pushes it away from its neighbors.*®! From an experi-
mental view, such force can be regulated by alloying, doping,
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Figure 2. Schematic illustration of various spin interactions from an intra-atomic to an itinerant system. Intra-atomic exchange: the FM exchange (spin
alignment) between unpaired electrons on singly occupied orbitals, as is the case of Fe, Co, and Ni metals. Spin—orbit coupling: the interaction of an
electron’s spin and its orbital motion causes the splitting of electron orbital energy. Double exchange: the FM exchange caused by the interaction between
two metal cations of the same element but with different oxidation states through a virtual. Direct exchange: the FM or AFM exchange interaction
(dependent on the magnitude of exchange integral Je,) induced by Coulomb repulsion and Paul exclusion principle. RKKY interaction: indirect exchange
between localized d-, f-shell electron spins at different locations, mediated by the common exchange interactions with the delocalized conductive elec-
trons. Super exchange is the FM or AFM exchange interaction mediated by anion (e.g., O), as most spinel oxides do. Reproduced with permission.[*’]

Copyright 2022, American Chemical Society.

heterogenization, etc. to regulate the orbital occupation, spin
states, band structure, charge distribution, and so on, which will
be discussed in detail in the following sections by specific
research cases. As for theoretical calculations, the force is com-
monly described by correlated energy (U), and its magnitude is
crucial for correcting electron correlation, adjusting band struc-
tures, simulating robust correlation systems, predicting material
properties, and ensuring computational convergence and stabil-
ity. Choosing the appropriate U value is essential for accurately
describing the strong correlation effects and aligning them
with experimental observations. Anyhow, spin-related catalysts’
properties can be attributed to the intricate spin interactions
within the material. It is these interactions that enable numerous
spin-forbidden chemical reactions to take place.l*”)

2.2. Spin-Selective Pathways of OER and ORR

The reaction pathways of OER and ORR can be typically
described by the four-electron reaction process, based on which
different reaction pathways have been proposed to explain
the catalytic mechanism of various material systems.**>% The
spin-selective process in oxygen-involved electrocatalysis will
be elucidated using the OER pathways under an acidic
environment as a representative example, which is shown by the
four formulas that represent the reaction steps 1-4 of OER
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(the underlined electrons represent the ones to be removal from

reactants, the “*” represents the absorption sites, the arrows such

as ‘1" and ‘|’ represent the spin direction of electrons):

HoO (1L 1L 11) + % = OH (I 1L 1) + H' +e
1)

«OH (11 111) = O (1L 11) + H' + @)
0 (m i) + H,0 — %OOH (1 1]) + Htte (3)
«O0H (T w) — % +0,(1 1) + Ht+e (4)

In step 1, the outer electrons of oxygen within reactant
H,0 are paired with hydrogen, and H,O as well as OH" are
spin-singlets. Through the removal of one spin-down electron
from H,0, the *OH is formed and absorbed on the active
sites of catalysts. Then, the unpaired spin-up electron of
*OH will be further removed to form *O in step 2. There-
fore, it can be seen that the removal of electrons with either
spin-up or spin-down orientation in step 1 does not affect
the electron spin configuration of the products (i.e., *O) in step
2. The spin-sensitive electron transfer is attributed to the O—O
coupling in steps 3 and 4 because a spin-state transition is
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needed owing to the different spin-state of *O (spin-singlet)
and O, (spin-triplet). Specifically, in the case of spin alignment,
the spin direction of electrons transferred from *O in step 3 is
parallel to the ones removed from *OOH, which benefits the
formation of triplet oxygen. In contrast, if the two removal
electrons in steps 3 and 4 are spin-unaligned, additional
energy consumption will be needed to perform spin flipping.
Obviously, this spin-flipping step causes additional energy
consumption, thus materials with spin-selective functionality
will be more efficient than other materials. It has been pointed
out that through the quantum spin-exchange interactions, the
spin direction of oxygen-involved intermediates (i.e., *O and
*OOH) can be controlled by the spin-polarized active
sites.2873033] Therefore, to accelerate OER and ORR kinetics
from the perspective of spin-selective electron transfer, the
primary task is to develop spin-polarized materials with consid-
erable conductivity, intrinsic activity, and ferromagnetism.

Recent progress in developing spin-selective catalysts
can be divided into three categories based on the origin of
ferromagnetism, which are intrinsic spin-polarized materials,
doping-induced spin-polarized materials, and multiple magnetic
composites. The catalytic activity of reported spin-selective
catalysts herein is summarized in Table 1. Most research in this
field focuses on common materials with intrinsic ferromagne-
tism, such as Fe-, Co-, and Ni-based alloys and compounds.
However, their intrinsic activity lags behind that of noble metal
catalysts.***>) To combine the advantages of noble metals and
spin-polarization strategy, inducing Ru, Ir-based ferromagne-
tism by doping is proposed as an effective route to develop highly
efficient spin-selective catalysts.**~>®) Additionally, by establish-
ing robust magnetic coupling at the interface between materials
with various magnetism, the multimagnetism composites can
address the bottlenecks in integrating considerable activity, con-
ductivity, and spin polarization.”*~%%

3. Approaches for Spin-Selective Mechanism
Research

3.1. In Situ Experimental Characterization

The application of insitu characterization techniques in
electrocatalysis is of paramount significance, through which
researchers can monitor in real time the structural evolution
of catalytic surfaces, changes in active sites, formation, and
conversion of reaction intermediates during electrocatalytic
reactions. However, to directly present the transition of
spin states for catalytic materials or absorbed intermediates
is difficult, and current insitu experimental characterization
on identifying spin states during electrochemical reaction
includes X-ray absorption spectroscopy (XAS), electron
paramagnetic resonance (EPR) spectroscopy, and Mossbauer
spectroscopy (MS). Through combing these spin-related
technologies with other insitu characterization, such as
Raman spectroscopy, infrared spectroscopy, transmission
electron microscopy, mass spectrometry, etc., insights into
the behavior of catalysts under operational conditions can be
obtained, and researchers can precisely tailor more efficient
and stable catalysts.
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3.1.1. XAS

The in situ XAS is a significant characterization technique used
to investigate materials’ structure and chemical states.®®! As
X-rays pass through a material, the energy within the X-rays
is absorbed by the atoms in the material, resulting in the genera-
tion of photoelectrons. XAS comprises two primary components
as distinguished by their energy position relative to the absorp-
tion edge of a specific element: X-ray absorption near-edge struc-
ture (XANES, from 30 to 50 eV above the absorption edge) and
extended X-ray absorption fine structure (EXAFS, from 50 to
1000 eV above the absorption edge). In the XANES region,
X-ray energy is close to the absorption edge, causing inner-shell
electrons to be excited to unoccupied orbitals, forming specific
shape resonance. The position and shape of the absorption edge
provide information about the chemical state of the absorbing
atoms and their local environment in the material. In the
EXAFS region, after X-rays are absorbed, electrons are excited
to higher energy levels and then scatter due to interactions with
surrounding atoms. By analyzing the vibrational characteristics
of the scattering signals through Fourier transformation or wave-
let transformation analysis, multiple details such as atomic dis-
tances, coordination numbers, and types of neighboring atoms in
the material can be further obtained.

For instance, Oh et al. used in situ near-edge X-ray absorption
fine structure (NEXAFS) and Raman spectroscopy to characterize
the evolution of spin states for the reconstructed Fe—-CoOOH
phase during OER (Figure 3a).!°" Through iron dipping, sulfur
treatment, and restructuring during OER conditions, the CF-
FeSO electrode is developed on the basis of cobalt foam (CF).
As demonstrated by the results of insitu Raman spectroscopy,
the retention of intrinsic OER-active Fe-CoOOH species rather
than low-activity CoO, under operational OER conditions is con-
firmed for CF-FeSO (Figure 3b,c). Then, the in situ NEXAFS spec-
troscopy reveals a moderate increase in the spin states of Co ions
during OER operations by comparing the shape resonance asso-
ciated with t,, orbital occupation (Figure 3d). Specifically, as indi-
cated by the moderate intensity of t,, peaks associated with
intermediate spin (IS) state (tggeé), the Co ions undergo a conver-
sion from low spin (LS) state to IS state under operational OER
conditions with the existence of Fe*", rather than transform into
high spin (HS) state (tggeé) (Figure 3e). This optimizes the elec-
tronic structure and energy of OER intermediates, consequently
enhancing OER performance. Analogously, Luo et al. introduced
a novel perspective on the significance of the initial spin configu-
ration in metal (oxy)hydroxides in influencing the dynamic gener-
ation of active species during the OER.1*® The spin configuration
of CoOOOH can be effectively controlled via the substitution of tran-
sition metals. Through transitioning from LS state into IS state via
d—d orbital coupling induced by Mn doping, the Co sites within
CoMnOOH are successfully manipulation, as demonstrated by
the in situ XAS, Raman spectroscopy, and theoretical calculations.
The CoMnOOH displays significant lattice distortion and the
highest orbital energy of d,,, resulting in the narrowest energy
gap between d,, and d,” orbitals. This structural feature facilitates
electron transitions to the d,? orbital, enhances the formation of
active high-valent *O—Co(IV) species, and reduces the energy bar-
rier of the rate-determining step.
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Table 1. The catalytic activity of reported spin-selective catalysts.
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Catalyst Overpotential (MV@mA cm?) Electrolyte Durability (h@mA cm™3?) References
OER Ni;—MoS, 437@100 1.0m KOH NA [32]
Cur—NigFe,~LDH 180@10 1.0M KOH 50@35 34]
Coy-Ta$, 330@10 1.0 M KOH 12@20 35]
Mno 4Rug 602 196@10 0.5Mm H,SO, 120@10 [56]
Colr 220@10 0.5M H,SO4 120@NA [57]
Mn—-RuO, 143@10 0.5M H,SO4 480@10 [58]
Co3;0,@NiFe-LDH/CC 217@10 1.0m KOH 24@1000 [62]
CF-FeSO 192@10 1.0m KOH 150@100 [64]
230@100
CoMnOOH 256@10 1.0m KOH 200@10 [65]
Ce—CoP 240@10 1.0M KOH 25@10 [77]
NiGA 340@10 1.0m KOH 100@10 [104]
MgFeNsC 224@10 1.0m KOH 15@10 [107]
NiFe films 310@10 1.0m KOH NA [109]
NisFe-CW 266@10 1.0m KOH 50@10 [116]
CrMnFeCoNi 315@10 1.0 m KOH 300@10 [117]
CoFe,O,@NF 323@100 1.0m KOH 50@20 [118]
CoFe,04 522@100 1.0m KOH 20@10 [119]
1T-VSe, 228@10 1.0m KOH 50@24 [121]
NiCoFe-LDHs 230@10 1.0m KOH 100@100 [128]
Lag §Sro,MnO; 120@10 1.0 M KOH NA [140]
Lag.7Sr0.2Cag.1MnO3 540@0.1 1.0m KOH 6@0.25
Catalyst Eonset (V)/E12 (V) Electrolyte Durability (h@mA cm™2) References
ORR CoNi@NC 0.98/0.86 0.1 M KOH 18@NA 131]
High spin Fe(lll)-N-C 1.0/0.86 0.1 M KOH 70@20 [74]
Fesaac@HNC 0.88/0.78 0.5m H,S04 130@5 [75]
Co-Er,03/CNF 0.99/0.83 0.1m KOH NA (78]
CoFe-NG NA/0.95 0.1 m KOH 250@5 [96]
Fe-N-C/S NA/0.91 0.1m KOH NA [101]
FeCo-MHs 1.05/0.95 0.1 m KOH 550@20 [106]
FeCoNi@NC NA/0.918 0.1m KOH 3@6.5 [108]

In in situ XAS, setting up specialized electrochemical cells can be
intricate and expensive, and changes in electrode materials during
reactions may complicate data interpretation. Surface alterations in
samples under electrochemical conditions might obscure insights
into internal structures. Additionally, the complexity of data analysis
and the necessity for specialized expertise to decipher results further
compound the challenges. To overcome these limitations, research-
ers usually integrate in situ XAS with other complementary techni-
ques and theoretical models to gain a more comprehensive
understanding of electrocatalytic mechanisms.

3.1.2. EPR Spectroscopy

EPR, or electron spin resonance (ESR), is a spectroscopic tech-
nique for studying materials containing unpaired electrons and
their spin states (Figure 4a).*”°®) The principle underlying EPR

Adv. Energy Sustainability Res. 2024, 2400326 2400326 (5 of 25)

spectroscopy involves the interaction between unpaired elec-
trons, an external magnetic field, and microwave radiation.
When a sample with unpaired electrons is subjected to a mag-
netic field, the Zeeman effect causes the electron energy levels
to split. This effect arises from the variation in the work required
to align the magnetic moment of each electron with the external
magnetic field, leading to the splitting of degenerate electronic
states. The energy gap between these levels is directly propor-
tional to the strength of the magnetic field. By applying micro-
wave radiation at the resonant frequency matching this energy
separation, the unpaired electrons absorb energy and transition
between these levels, thus enabling the detection of the EPR
signal.

For instance, Hollmann et al. characterized the evolution of
magnetism and active phase for mixed cobalt-nickel and
cobalt—copper oxides during OER by utilizing insitu Raman
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Figure 3. a) Schematic illustration of the in situ Raman spectroscopy and XAS setup. In situ Raman spectrum of b) CF-O and c) CF-FeSO electrodes,
respectively. d) Insitu Co L-edge NEXAFS spectra of CP-O and CP-FeSO catalysts. e) Spin state under open-circuit voltage and OER conditions,
respectively, and the chemical phase and Co 3d-O 2p overlap under OER conditions for CF-FeSO. Reproduced with permission.[*? Copyright 2022,

Springer Nature.

spectroscopy and EPR.I*”! Their study revealed the formation of
y-NiO(OH) in the less active 2Co1Ni300 catalyst and p-NiO(OH)
in the more active 2Co1Ni300p catalyst through in situ Raman
analysis of CoNi oxides. This observation suggests that poorly
crystalline or amorphous structures, rather than crystalline
spinel-type oxides, promote the generation of active NiO(OH)
phases. This principle also applies to the CoCu oxide system,
where a stable spinel phase impedes OER activity. Further-
more, insitu EPR results highlighted significant structural
changes, including partial dissolution of copper and modifica-
tions in the antiferromagnetic (AFM) order within the mixed
oxide. Interestingly, the spinel phases’ alterations in NiCo and

Adv. Energy Sustainability Res. 2024, 2400326 2400326 (6 of 25)

CuCo oxides, along with the emergence of distinct NiO(OH) var-
iants at the onset of OER, were uniquely observable through in
situ spectroscopic methods. These modifications are partially
reversible upon discontinuing the potential, emphasizing the
dynamic behavior of these catalyst systems during OER condi-
tions. In addition, Kutin et al. investigated a cobalt oxide material
deposited on a gold electrode that showed efficient water oxida-
tion properties at neutral pH with minimal overpotential.l*®
Using insitu EPR technology, they observed the absorption of
Co®" from the solution along with tracking the oxidation state
of the Co film (Figure 4b). By pinpointing a crucial Co*" inter-
mediate, they could measure its redox potential. Moreover, they
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Figure 4. Schematic illustration of a) EPR (or ESR) and d) MS setup. Reproduced with permission.”? Copyright 2024, Royal Society of Chemistry.
b) In situ EPR spectra of the Co—Po-modified working Au electrode electrolyzed at increasing potentials. c) The loss of the Co(ll) species (black circles)
and the increase in the Co(IV) intensity (red diamonds) as a function of applied potential. Reproduced with permission.l®®! Copyright 2019,
Multidisciplinary Digital Publishing Institute. The insitu *’Fe MS of NiFe-LDH collected at different pH electrolytes: e) 1.57V versus RHE,
0.1molL™" KOH, pH=13; f) 2.17V versus RHE, 0.1 molL™' BBS (K,B40,~H3BO; borate buffer solution), pH 9.2; g) 2.17V versus RHE,
0.1mol L' PBS (KH,PO,~K,HPO, phosphate buffer solution), pH = 7. Reproduced with permission.”"! Copyright 2023, Elsevier.

interpreted fluctuations in the Co*" signal above 1.2V as indi-
cations of essential localized structural changes necessary for
advancing the O—O bond reaction.

For insitu EPR, it has specific limitations that impact its
application in various studies. When studying catalysts involved
in catalyzing redox reactions (e.g., OER), challenges may arise
regarding signal intensity and detection limits. In some catalyst
systems, EPR may require higher concentrations to achieve suf-
ficient signal strength, especially when dealing with catalytic
activities governed by rare intermediate species. Additionally,
EPR often falls short in providing detailed structural information
compared to techniques like X-ray diffraction, necessitating the
integration of complementary methods for a comprehensive
understanding of catalyst structures (e.g., in situ Raman spec-
troscopy, in situ XAS, etc.). The complex interactions within cat-
alyst systems involving multiple radicals or intricate couplings
like dipolar or hyperfine interactions can lead to challenging
interpretations of EPR spectra, requiring advanced theoretical
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knowledge or computational modeling for accurate analysis.
These constraining factors underscore the importance of
employing multiple characterization techniques when investigat-
ing complex catalyst systems.

3.1.3. MS

MS is a powerful technique used to study the properties of iron-
containing compounds (Figure 4c).*”*! When *’Fe nuclei are
subjected to gamma radiation, they can undergo a nuclear tran-
sition where they emit or absorb gamma rays at specific energies,
which are characteristic of the local chemical environment of the
iron atom. This allows researchers to probe the oxidation state,
coordination environment, and magnetic properties of iron
within a sample. In the realm of catalysis, MS can provide valu-
able insights into iron oxidation states, the iron species’ distribu-
tion on the catalyst surface, and the nature of iron-containing
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active sites. This information is crucial for understanding the
catalytic mechanisms and optimizing the performance of iron-
based catalysts in various reactions.

Nickel-iron oxides/hydroxides are highly potent electrocata-
lysts for the OER. To unravel the significance of iron in these
catalysts, Chen et al. conducted in situ Méssbauer spectroscopic
examinations on a 3:1 Ni:Fe layered hydroxide and a hydrous Fe
oxide electrocatalyst.”” These catalysts, synthesized through a
hydrothermal precipitation method facilitating direct growth
on carbon paper electrodes, revealed the presence of Fe*'
species in the NiFe hydroxide catalyst during steady-state water
oxidation, constituting up to 21% of the total Fe content.
Interestingly, no Fe*' was discerned in the Fe oxide catalyst.
While the identified Fe*" species do not directly drive the cata-
Iytic activity observed, forthcoming mechanistic hypotheses must
consider the availability of this oxidation state of iron within
these catalysts. Analogously, Luo et al. employed electrochemical
measurements, operando surface-enhanced Raman spectros-
copy, and operando *’Fe MS to elucidate the operational mecha-
nism of NiFe layered double hydroxide (LDH) in the OER
process across varying pH electrolytes (Figure 4d).”! Their find-
ings indicate that despite Ni** and Fe*" species, NiFe-LDH-
based electrocatalysts exhibit inferior OER performance in neu-
tral electrolytes compared to alkaline conditions. By integrating
electrochemical measurements with spectroscopic inquiries,
they illustrated that the rate-determining step of the OER on
NiFe-LDH-based electrocatalysts shifts from *O to *OOH in
alkaline mediums, whereas *OH formation serves as the rate-
determining step in neutral environments.

Limitations of MS include the requirement for samples
containing *’Fe, limiting its applicability to iron-containing
compounds. It may also be less effective for samples with low
iron concentrations or where iron species are highly dispersed,
as the signal-to-noise ratio can pose challenges in such cases.
Furthermore, interpreting Mdssbauer spectra can be complex,
particularly when dealing with overlapping signals from multiple
iron environments or when the iron atoms exhibit high mobility
within the catalyst structure.

3.2. Theoretical Calculations

Density functional theory (DFT) calculations can provide in-
depth insights into spin-selective catalysts’ thermodynamic
and kinetic effects for OER and ORR (Figure 5a). Frequently
used tools for the theoretical analysis via DFT calculations
include difference of charge density, density of states (DOS),
band structure, transition state theory, etc. Through the compre-
hensive utilization of descriptors such as formation energy,
adsorption energy, scaling relations, d-/p-band models, orbital
occupations, and correlation energy, DFT calculations can pro-
vide robust support and guidance for designing efficient
catalysts, optimizing reaction conditions, and exploring reaction
mechanisms. We refer readers elsewhere for detailed discus-
sions on principles, methods, and mathematical interpretation
of various descriptors in DFT."?! Some progress in investigating
the catalytic mechanism of spin-selective catalysts via theoretical
calculations will be introduced briefly as follows. Besides the
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examples reviewed in this section, more research cases on
spin-selective catalysts can be seen.

The spin-selective electron removal mechanism during OER
can be described by visualizing the difference in charge density
and considering the spin direction on specific ions within mate-
rials. For example, Xu et al. calculated and compared the spin
value of Co and O ions for ZnCo,0,4 and LiCoVOy, respectively,
to present the spin-selective conduction channels.”* For
ZnCo,0,, the Co*" sites are edge-shared, and their electrons
are paired with opposing spin directions, resulting in zero mag-
netization for both Co®* and O sites (Figure 5b). However, in
LiCoVOy,, the Co®™ sites are in HS states with their spin config-

uration as (tggeé) and the magnetic moment as +2.66 up (the

direction of magnetic moment is alternated with layer), in which
case the edge-shared channels in LiCoVO, are spin-polarized
(Figure 5c,d). In contrast, the ones of ZnCo,0O, are not spin-
sensitive. When operating at a specific potential, the active sites
within magnetically aligned pathways can capture electrons
oriented by spin from incoming reactants, guiding them along
these specialized routes. This action disrupts electron pairs
found on the adsorbed molecules, accumulating a suitable mag-
netic charge at these active sites. Consequently, this sequence
supports the creation of triply bonded oxygen molecules, and
LiCoVO, demonstrates superior performance in the OER
compared to ZnCo,0y4.

Additionally, Xu et al. proposed that spin-selective electron
transfer on the absorption site is crucial for efficient OER for dif-
ferent reaction pathways, which are analyzed through step-by-
step adsorption energy calculations (Figure 5¢).1°") A crucial step
to produce triplet oxygen under the lattice oxygen mechanism
(LOM) is creating the Co™OO. intermediate, which requires
two oxygen radicals with parallel spins. The oxyl radical triggers
spin alignment in the early OER stages. Additionally, aligning
two oxygen radicals from different sources before forming the
Co"-00- intermediate shows how spin exchange leads to triplet
oxygen production. Without the oxyl radical, aligning oxygen
spins incurs an extra barrier, slowing down triplet oxygen forma-
tion. High activation energy in the O—O coupling step, when lim-
iting the rate, can be offset by spin-polarized oxyl radicals,
enhancing OER activity by reducing the coupling’s kinetic bar-
rier. As for the absorbate evolution mechanism (AEM), the spin
polarization of oxygen ligands begins with creating the oxyl radi-
cal through dehydrogenation. This spin effect helps the O—O
coupling step by guiding electrons selectively. During OH
absorption, specific spin directions leave unpaired electrons in
-OH radicals, opposite to Co-O- electrons. Co-OOH prefers
paired electrons, aiding O—O bonding. Without Co-O-, pairing
7 electrons complicates bonding. Creating an oxyl radical with an
unpaired electron is crucial for efficient OER. Co~OOH turnover
needs electron removal from ooy and oy_o bonds. Spin-
selective removal leaves two parallel-spin electrons, aiding O,
turnover in a triplet state. Without this, a spin flip is required,
posing a barrier.

The ORR is the inverse reaction of OER, and generally, the
adsorption models of intermediates are the same as OER (i.e.,
*OH, *O, *OOH). By comparing the changes of Gibbs free
energy among intermediate steps by calculating absorption
energy, the impact of the spin states of active sites on the energy
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Figure 5. a) Schematic illustration of DFT descriptors and tools for theoretical analysis. b) Spin distribution map of ZnCo,0,4 (111) plane. c) The spin
value of Co and O sites of LiCoVO, and ZnCo,0, along the spin channels. d) Spin distribution map of spin-up and spin-down layers in LiCoVOy, along the
[001] direction.”®! Reproduced with permission. Copyright 2020, Wiley-VCH. e) Schematic illustration of the LOM and AEM OER pathway for the spin
polarization mechanism with Co—O- oxyl radical and Co = O oxo species, respectively. Reproduced with permission.!*"l Copyright 2021, Springer Nature.
f) Free energy diagram of ORR for Fesa@HNC and Fesa/ac@HNC at 1.23 and 0V versus RHE and schematic ORR process on the Fe—N, site of
Fesa/ac@HNC. Reproduced with permission.”! Copyright 2024, Wiley-VCH.

barrier of ORR can be directly depicted. For example, Fu et al.  occupancy of d,, and d,, orbitals decreases, resulting in the lower
systematically computed the free energy for Fe single-atom cata-  occupation of the antibonding orbital after hybridization with
lysts in the LS, MS, and HS states.”* As the spin state rises, the O, thereby promoting O, absorption. The robust interaction
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between O, and high-spin Fe*" can significantly lower the energy
barrier of the ORR. Analogously, Wang et al. theoretically con-
firm the impact of electron spin states on ORR kinetics through
DFT calculations (Figure 5f).”*! The introduction of Fe clusters
in proximity to Fe-N, attracts electrons via the nitrogen bridge,
altering the interfacial electronic structure of the Fe sites. This
leads to the separation of paired electrons in the d-orbital and
a transition of the spin configuration to an IS state. This change
in spin state reduces the energy barrier for *OH desorption,
thereby boosting the catalytic activity of FeSA/AC@HNC during
the ORR process, ultimately improving the performance of
rechargeable Zn-air batteries.

4. Spin-Selective Electrocatalysts

4.1. Intrinsic Spin-Polarized Materials

Current spin-selective catalysts are usually based on 3d transition
metal elements such as Fe, Co, and Ni owing to their strong cou-
plings among lattice structure, electronic orbit, and electron
spin.”*®% By combining these elements through alloying, creat-
ing spinel oxides, and forming LDHs, a wide array of materials
exhibiting original spin-polarization effects can be synthesized as
platforms for further exploration. Beyond that some novel tran-
sition metal chalcogenides exhibit FM behavior with their Curie
point much higher than room temperature, enriching the family
of potential spin-selective catalysts.®"52 To systematically review
these spin-polarized materials, we divide this part into Fe-, Co-,
Ni-based alloys, spinel oxides, transition metal chalcogenides,
and LDH.

4.1.1. Fe-, Co-, Ni-Based Alloys

The alloy family with intrinsic ferromagnetism (e.g., Fe, Co, Ni)
is an ideal platform for investigating spin-selective electrochemi-
cal reactions. Alloys represent a crucial category of heteroge-
neous catalysts and usually exhibit notably enhanced catalytic
stability, activity, and selectivity compared to their single-metal
counterparts.®3) This is because the alloying strategy has effec-
tively reduced the kinetic overpotentials of electrocatalytic reac-
tions by altering the intermediate’s absorption on the catalyst
surface.®*®¢ Based on the complexity of structure and chemical
composition, the alloy electrocatalysts can be categorized into
single-atom alloys (SAAs),®”~#% polymetallic alloys (PAs),*°
and high-entropy alloys (HEAs).””~1%%

At present, several SAAs electrocatalysts utilizing spin-
polarization strategy to enhance their performance for OER
and ORR in case of the absence or presence of magnetic field
assistance have been investigated. Fu et al. prepared a Fe-N-C
SAAs catalyst with Cu doping and a controllable magnetic field to
regulate the spin state of Fe (Figure 6a).”* Briefly, the Fe- and
Cu-contained phthalocyanine solutions are deposited on the sub-
strate by coaxial electrospinning technology to form fibers with a
core-shell structure. The inner layer then decomposes, while
the Fe/Cu precursors in the outer layer transform into Fe-N
and Cu-N, dispersing within the N-doped carbon nanofibers
during the ensuing carbonization process, forming Cu-doped
Fe-N-C SAAs. The spin state of Fe within Fe-N-C SAAs catalyst
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can be regulated from LS to IS and HS by the doping of Cu and
applying a magnetic field, leading to the promotion of ORR cata-
lytic activity (Figure 6b,d). Based on the results of DFT calcula-
tion, the increasing spin quantum number (S) from LS (S = 0) to
mediate spin (MS) (S=3/2) and to HS (S=5/2) leads to the
incremental atomic magnetic moment from 1.28 to 2.72 and
3.36 uB (Figure 6c). Accordingly, the changes of Gibbs free
energy for the rate-determined step (i.e., AG*oon = G*oon—
G*o,) decrease following the same order of magnetic moment,
owing to that the HS state of Fe can optimize the adsorption of
triplet oxygen and promote the evolution from *O, to *OOH.
Analogously, Nowicka et al. studied the impact of applying a
magnetic field on ORR performance by inducing the metallic
state of Fe within single-atom Fe-N-C catalyst via S-doping
and reductive H, annealing (Figure 6e).!"°"! Through controlling
the presence of a magnetic field as well as the angle between the
working electrode surface and magnetic field, they found that the
existence of a magnetic field can improve the catalyst perfor-
mance owing to the higher selectivity toward ORR rather
than its competing reaction (i.e., the production of H,0,), which
can be further enhanced by setting the angle to 60° (Figure 6f,g).
It is worth noting that the influence from the angle of the mag-
netic field can directly regulate its intersection angle with the
electric field to change the Lorentz force and Kelvin force, which
was discovered to influence the O, gas release during OER.['"?
Such spin-polarized active sites optimize the rate-determined
O—O0 coupling step via the selectivity of the spin direction of
adsorbed intermediates can also applied to OER, which is the
reverse reaction of ORR. Lu et al. reported a FM single-atom cat-
alyst for OER with tunable metal content named Ni; /MOSZ.[3 2
Through controlling the Ni content, the Ni;/MoS, exhibits tun-
able saturated moment with distinct FM behavior due to the real-
ization of long-range magnetic ordering by local magnetic
moment from the unpaired 3d electron at Niy, (III) sites. The
gradual enhancement of OER activity by applying an incremental
magnetic field is demonstrated by the increasing current density
and the more rigorous oxygen gas bubbling at the surface of Ni;/
MoS,. Further theoretical calculation indicates that the spin
alignment of intermediates (e.g., *OH and *O) absorbed on
FM active sites tends to be parallel, causing the lowering thermo-
dynamics barrier of rate-determined steps. At the same time,
there is additional energy consumption if the absorbed inter-
mediates have antiparallel spin alignment. Similar to the regula-
tion of saturated magnetic moment, Lu et al. also discovered
that the spin density modulation by tuning the Co loading in
Coy/TaS, can directly influence oxygen adsorption energy.*”
However, too strong or too weak adsorption of intermediates
harms the reaction kinetics,!'** and this work reveals the impor-
tance of the single atoms loading from the perspective of spin den-
sity controlling. Notably, these research works on SAA catalysts
also inspire the exploration of single-molecule catalysts (SMCs)
with spin-polarized active centers. For example, Sreenivasan
et al. anchored NiCl, on graphene acid to form a highly efficient
SMC, and the resultant enhancement in OER catalytic activity
under a magnetic field is attributed to the interfacial charge trans-
fer from paramagnetic (PM) Ni center to the substrate and the
insitu spin-selective electron transfer (Figure 6h,i)."*¥
Compared to SAAs, the additional metal sites in PAs further
diversify the approaches of tuning the electronic structure owing
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Figure 6. a) Schematic illustration of the synthesis route for the Cu-doped Fe—C—N single-atom catalyst. b) The ORR polarization curves of Fe SAs at LS,
MS, and HS, respectively. ) Comparison of magnetic moments and AGgoop« for the Fe SAs LS, Fe SAs MS, and Fe SAs HS. Reproduced with permis-
sion.”*l Copyright 2023, Wiley-VCH. d) Schematic illumination of Fe spin configuration at LS, MS, and HS. e) Schematic illustration of the electrochemical
cell with its angle between the applying magnetic field and the working electrode surface controlled by rotating the cell. f) The ORR polarization curves of
Fe—N—C in the presence and absence of a magnetic field and the angle are set at 0° and 60°, respectively. g) Fraction of hydrogen peroxide (%H,0;)
produced during ORR. Reproduced with permission.'®" Copyright 2019, Elsevier. h) The ORR polarization curves of NiGA in case of magnetic field’s
presence (Hon) and absence (Hoff). i) Schematic illustration of the spin-selective OER reaction pathways for NiGA. j) Gibbs free energy plots of NiGA
with and without spin alignment. Reproduced with permission.'® Copyright 2023, Wiley-VCH.
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to the greater choice of chemical composition. The PAs can pro-
vide a platform to investigate the role of the interaction between
metal sites, especially the magnetic coupling effect.*>'%! By the
construction of molecular heterostructures (MHs), Chen et al.
reported an efficient ORR FeCo-MHs catalyst with diatomic sites
to investigate the spin state modulation of Fe and Co sites
(Figure 7a).l'%! Noticeably, the “true” MH is confirmed by rotat-
ing the sample platform for atomic-resolution scanning trans-
mission electron microscopy (STEM). The distance between
the selected two Fe and Co sites remains unchanged after rota-
tion. This method excludes the “false” information that the pho-
tographed atoms can also come from two different surfaces of
the carbon support. However, distinct from the monotonic rela-
tionship between magnetic moments and ORR performance in
SAAs, the overpotential for ORR as the function of magnetic
moments in this research indicates that the optimized spin states
of Fe and Co sites through MH effect can promote ORR via tun-
ing the binding strength of ORR intermediates toward a suitable
level (Figure 7b). Additionally, Hou et al. reported a MgFeN;C
dual-site catalyst with low-spin state Fe sites induced by in-plane
square local field deformation via the incorporation of Mg, which
can also promote the generation of triplet O, through optimizing
the absorption thermodynamics.'”) Therefore, to utilize mag-
netic moments as activity descriptors in PAs, it is more rigorous
to consider the modulation effect for each kind of metal site to
avoid the misunderstanding obtained from the isolated metal
site. The enhancement of OER and ORR catalytic activity by
spin-polarized active sites in PAs can also be achieved by apply-
ing an external field. Fu et al. prepared a spin-polarized CoNi
alloy with an ORR overpotential reduction of 350 mV by applying
a magnetic field of 150 mT, which is attributed to the spin-
exchange mechanism between metal sites and intermediates
to strengthen the p—d hybridization to help spin-selective

electron removal (Figure 7c).*'! Analogously, the trimetallic
FeCoNi alloy, as reported by Yuan et al. also exhibits distinct
reaction kinetics by applying a tunable magnetic field, owing
to the efficient capture of oxygen through regulating the spin
magnetic moment via electron transfer between multimetal sites
(Figure 7d,e).'%®!

Different from the above explanation concentrating on the
spin-polarized active sites, the origin of magnetic field-enhanced
OER catalytic activity can be attributed to the evolution of mag-
netic domain wall on a larger scale, as reported by Xu et al. in
NiFe thin films with intrinsic ferromagnetism (Figure 7f).'*
The density of the magnetic domain wall can be controlled by
varying the thickness of NiFe thin films, and the domain walls
will disappear with the help of the magnetic field, causing an
enhancement in OER activity. The larger enhancement in
OER activity is associated with the higher density of the magnetic
domain wall, which means a more significant variation in the
highly efficient domain area before and after magnetization.
This research highlights the role of the magnetic domain size
in inducing catalytic activity increment by magnetization, reveal-
ing that the existence of a domain wall is the precondition for
magnetic field assisting OER. Noticeably, if the scale of materials
is small enough, the spin-polarized single-domain catalysts can
exhibit the same intrinsic activity without a magnetic field as the
magnetic field assisting multidomain catalysts.**** Apart from
the alloys prepared on commonly used substrates such as metal
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foam, carbon cloth, bulk g-C;N,, semiconductor, etc,, 11151 the
sustainable and abundant wood was used to develop Ni;Fe-wood
carbon electrode (CW) PAs with uniform metal ions distribution
inside the wood channels by Gan et al. (Figure 7g).''® The
higher charge density around Ni and Fe sites optimizes the
0O—O0 coupling step under a magnetic field, which is the reason
for enhancing OER catalytic activity (Figure 7h). Moreover, Xu
et al. found the improvement of OER performance by magnetic
field for CrMnFeCoNi HEAs owing to the spin-selective electron
transfer on the spin-polarized metal sites (Figure 7i).'"”
Although significant advancements have been achieved in
nonprecious metal-based alloy electrocatalysts related to spin,
numerous unresolved issues necessitate further investigation.
For instance, SAA catalysts exhibiting FM properties have dem-
onstrated spin selectivity to augment catalytic activity in diverse
studies, both with and without external magnetic field assistance.
Given that single-atom or other atom catalysts are expected to
behave as single domains at the atomic scale, the influence of
an external magnetic field requires additional elucidation. This
demands the synergistic application of complementary in situ
characterization techniques to confirm that the external magnetic
field alters individual atoms’ spin direction or state, thereby
impacting their catalytic performance. This integrated approach
will not only enhance our understanding of spin-related catalytic
mechanisms but also pave the way for developing more efficient
and tailored catalysts for various applications. In addition, the
relationship between the intrinsic catalytic activity of spin-
selective catalysts and their atomic magnetic moment and
other magnetic properties needs further clarification. Anyhow,
the intrinsic spin-polarization originating from the net
magnetic moment of metallic atoms is necessary to serve as
spin-selective electrocatalysts for spin-sensitive oxygen-involved
electrocatalysis.

4.1.2. Spinel Oxides

CoFe,0, is a representative spinel oxide with intrinsic ferromag-
netism and has been investigated for spin-polarization-assisted
OER under a magnetic field. Xu et al. conducted systematic
research on the catalytic activity response of CoFe,O, to the mag-
netic field and its counterparts, such as AFM Co;04 and PM IrO,
(Figure 8a).”*! Through applying the magnetic field beyond the
saturation field intensity, the FM CoFe,0, exhibits a significant
reduction in overpotential. At the same time, the AFM Co;0, and
PM IrO, show negligible response to the magnetic field
(Figure 8Db). Since the magnetic ordering within materials is
sensitive to temperature, the higher temperature will cause
the random spin aligned of atoms, weakening the materials’
ferromagnetism. Therefore, it is natural to observe that the over-
potential with a magnetic field increases with temperature. The
overpotential of CoFe,0, gradually decreases owing to the more
disordered spin direction of active sites with increasing temper-
ature. Through theoretical calculation, the more efficient OER
performance by applying the magnetic field is attributed to
the FM exchange between spin-polarized active sites and the elec-
trons on the O p orbitals of intermediates to save the additional
energy consumption on spin flipping while generating triplet
oxygen (Figure 8c). In addition, the p—d hybridization is also
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Figure 7. a) Schematic illustration of the MHs design of FeCo-MHs. b) Plots of overpotential against magnetic moment (1) for ORR. Reproduced with
permission.l"%! Copyright 2023, American Chemical Society. c) Schematic of the spin-exchange mechanism for the ORR and the LSV curves of CONi@NC
with and without magnetic field. Reproduced with permission.®" Copyright 2023, American Chemical Society. d) Synthesis protocols of FeCoNi@NC.
€) Spin state of Fe’* and Co®* ions and the LSV curves of FeCoNi@NC under various magnetic fields. Reproduced with permission.l"®! Copyright 2024,
Elsevier. f) Schematic illustration of the evolution of domain wall in NiFe films with different film thicknesses. Reproduced with permission.!'® Copyright
2023, Springer Nature. g) SEM images of pure CW and NisFe-CW and element mappings. h) The spin density for Ni;Fe in CW with and without spin
polarization. Reproduced with permission.l""® Copyright 2022, Elsevier. i) Schematic illustration of OER reaction mechanism in spin-selective electron
transfer pathways. Reproduced with permission.!''”! Copyright 2022, Elsevier.

enhanced with spin polarization, as revealed by the difference in  the saturation moment of CoFe,0O, via Fe doping, as reported
charge density (Figure 8d). The spin-polarization effect to by Qin et al.''® This positive correlation between saturation
enhance OER catalytic activity can be amplified by increasing moment and activity enhancement is a universal tendency for
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Figure 8. a) The M-H loops of CoFe,04, Co304, and IrO, powders at 300 K. b) Tafel slopes at various temperatures for CoFe,O,4, Co30,4, and IO,
powders in case of the presence and absence of magnetic field. c) Schematic illustration of spin-exchange mechanism for OER. d) The projected DOS
(PDOS) and visualized spin density of CoFe,O, with and without spin alignment. Reproduced with permission.?*! Copyright 2021, Springer Nature.
e) M—H loops of bulk and 8 nm CoFe,O,. f) The TOF of CoFe,O4 (8 nm and bulk) and Co304 (8 nm and bulk) in case of the presence and absence of a
magnetic field. The schematic illustration of the OER activity with spin polarization versus single domain. Reproduced with permission.*! Copyright
2023, Wiley-VCH. g) Comparison of electrochemical performance of CoFe,0, as a function of coercivity in case of the presence and absence of magnetic
field. Reproduced with permission.!'"® Copyright 2022, American Chemical Society. h) The chronoamperometry (i—t) curves of Fe;Oy at 1.6 V in H,O and
D,0 and in two electrolytes with different pH. i) The i~ curves of Fe;04 at 1.6V in H,O and D,O under a switchable magnetic field of 150 mT.
Reproduced with permission.'®” Copyright 2023, Wiley-VCH. j) Schematic illustration of spin selective electron transfer in layered AFM LiCoVO,.
Reproduced with permission.l”?! Copyright 2020, Wiley-VCH.
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various FM electrocatalysts such as NiZnFe,O,, NiZnFeO,,
ZnFeO,, Ni,Cr,FeO,, FeNi4O,, and NiFe,0,, as investigated
by Galan-Mascarés et al.*?! Additionally, by controlling the size
of the CoFe,0, particle from nanometer to bulk scale, its catalytic
activity response to the magnetic field can be further regulated,
which is the case reported by Xu et al. (Figure 8e).?*! By compar-
ing bulk CoFe,04 and single-domain CoFe,O, (8 nm), it is
observed that the bulk sample can exhibit an obvious increase
in intrinsic activity via turnover frequency (TOF). In contrast,
the response of bulk CoFe,0, is negligible (Figure 8f). The
single-domain CoFe,0, (8 nm) can achieve spin polarization
without a magnetic field, while the multidomain bulk
CoFe,0,4 cannot be self-polarized. As a comparison, the AFM
Co304 has no response to the magnetic field for Co;0, particles
(8 nm) and bulk Cos0,, indicating that such size-dependent
activity enhancement originated from the ferromagnetism within
materials. Analogously, such size-dependent magnetization-
enhanced OER catalytic activity can also be explained from
the coercivity perspective, as Xu et al. reported.''”) The coercivity
gradually increased by controlling the grain size of CoFe,O4
nanoparticles, leading to a larger magnetic domain size and
higher reaction kinetics improvement under a magnetic field
(Figure 8g). Based on the flexible and intrinsic ferromagnetism
of CoFe,0,, more research can be conducted to disclose
further the mechanism of magnetic field enhancing OER catalytic
activity.

Apart from CoFe,O4, other non-noble metal oxides with
intrinsic ferromagnetism can also act as spin-selective electroca-
talysts for spin-sensitive OER. For instance, Zhao et al. docu-
mented a spin-enhanced O-H cleavage for enhancing OER
upon Fe;O,4 within a mildly alkaline electrolyte (pH =9). This
process notably boosts O, generation compared to situations
in strongly alkaline electrolytes (pH = 14), where the mechanism
primarily revolves around spin-enhanced O—O bonding.*®! By
employing both H,0 and D,0 in electrolyte preparation, the
kinetic isotope effect (KIE) becomes evident in weakly alkaline
electrolytes. This observation suggests that the rupture of
H-related bonds plays a role in the rate-determining steps of
OER under mildly alkaline conditions, with molecular H,O
serving as a reagent. (Figure 8h). In contrast, the KIE at strongly
alkaline electrolytes is negligible, which means there is no break-
age of H-related bonds. Additionally, the magnetic field depen-
dence of O—H cleavage is further verified by the current density
fluctuation with the switching magnetic field in the D,O-
prepared electrolyte (Figure 8i). Therefore, besides the previously
reported spin-polarization optimized O—O coupling, the simul-
taneous occurrence of O—H cleavage is also spin-sensitive and
can be promoted using FM materials like Fe;O,4, enlarging
the research scope of spin-sensitive electrocatalysis. In addition
to the above FM materials that can provide spin-polarized active
sites to interact with intermediates directly, the AFM materials
with spin-polarized channels can also promote spin-sensitive
OER, which is the case in LaCoVO, reported by Xu et al
(Figure 8j).”*) The HS configuration of Co** (£5,¢2) leads to
the polarized channels of edge-shared Co®* octahedra, accelerat-
ing the accumulation of appropriate magnetic elements for
OER. This finding on AFM materials enriches the family of
spin-selective catalysts.
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4.1.3. Transition Metal Chalcogenides

To date, certain novel transition metal chalcogenides additionally
demonstrate FM characteristics, featuring Curie points well
above room temperature, which expands the materials frame-
work of potential spin-selective catalysts. However, research
on their application as spin-selective catalysts for OER and
ORR is limited. The separate 1T-VSe, nanoparticles are synthe-
sized through pulsed laser deposition in conjunction with rapid
thermal annealing treatment on carbon matrix, exhibiting room
temperature superparamagnetic with clear FM behavior at high-
field region owing to the magnetic single-domain structure
(Figure 9a), as reported by Wang et al.'*!! The 1T-VSe, shows
increasing OER catalytic activity with the elevating magnetic field
intensity. It indicates its spin-polarization-dependent OER reac-
tion pathways by applying a magnetic field (Figure 9b), similar to
other spin-selective catalysts discussed above. Through theoreti-
cal calculations, the lower overpotential of 1T-VSe, under a mag-
netic field is attributed to the spin-aligned electrons on O p orbits
via the exchange interaction between oxygen-involved intermedi-
ates and spin-polarized active sites, in which case the overall
energy consumption of generating triplet oxygen is reduced.
Notably, the ferromagnetism of 2D 1T-VSe, can be further reg-
ulated by controlling the monolayer morphology and interlayer
FM coupling."**%*! The OER mechanism of 1T-VSe, and other
TMCs with intrinsic spin polarization needs further exploration
from the perspective of 2D material characteristics.

4.1.4. LDHs

LDHs are a category of anion clays composed of brucite-like host
layers and interlayer anions that are well known for their unique
layered structure and outperforming properties. NiFe-LDHs
have especially been discovered in electrocatalysis, photoactive
materials, supercapacitors, etc.'?®! Additionally, owing to the
unpaired spin single electron on ¢, orbitals for Fe’*, Co’",
and Ni’*, the LDHs based on these elements are promising
to exhibit enhanced OER catalytic activity by spin-polarization
optimized bonding between oxygen intermediates and spin-
aligned active sites.***>'*”) Sun et al. reported iron-group
LDHs with enhanced OER catalytic activity by applying a mag-
netic field (Figure 9¢)."?®! The ferromagnetic behavior of these
LDHs is regulated by the varying element compositions, result-
ing in the varying response of these LDHs to the applying mag-
netic field while serving OER (Figure 9d). The spin-polarized Fe
sites are demonstrated to be active through in situ Raman char-
acterizations. The concentration of Fe within FeCoNi-LDHs sig-
nificantly regulates the electronic density distribution around
active sites to optimize the absorption of intermediates. To fur-
ther amplify the enhancement of OER catalytic activity for LDHs,
the introduction of Cu dopant to modulate the spin state of Fe*"
was investigated by Sun et al. (Figure 9e).>* It is observed that
the Cu dopant acts as the bridge of the exchange interaction
between Ni** and Fe’" to induce distinct ferromagnetism within
Cu-NiFe-LDHs by double exchange interaction. After Cu dop-
ing, the sensitivity of NiFe-LDHs is largely improved to exhibit
a more significant enhancement of OER catalytic activity by
applying a magnetic field (Figure 9f).
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Figure 9. a) Schematic illustration for the synthesis process of confined 1T-VSe, nanoparticles. b) LSV curves and of 1T-VSe, nanoparticles under various
external magnetic fields. Reproduced with permission.l'?"! Copyright 2023, Wiley-VCH. c) Differential charge diagram and detailed of central cations for
CoFe-LDHs (CFL), NiFe-LDHs (NFL), and NiCoFe-LDHs (NCFL). d) Overpotential—magnetic field curve of CFL, NFL, and NCFL. Reproduced with
permission.['?®! Copyright 2023, American Chemical Society. e) Overpotential—magnetic field curve of Cuo—NigFe,—LDHs and Cu;—NigFe,—LDHs.
f) Schematic illustration of electronic interaction in the d,, orbitals of NiFe—LDHs and Cu—NiFe—LDHs. Reproduced with permission.>*l

Copyright 2023, American Chemical Society.

4.2. Doping-Induced Spin-Polarized Materials

Distinct from the 3d transition metal materials with intrinsic
spin polarization, the PM, AFM, or diamagnetic materials can
be induced into spin-polarized materials via doping. The Ir
and Ru elements have 5d/4d electronic orbits. By doping 3d
elements, the strong exchange interaction between 3d-5d orbits
can induce distinct ferromagnetism within Ir-, Ru-based alloys
and compounds. Moreover, some correlated perovskite oxides
are also investigated as spin-selective catalysts owing to their tun-
able electronic structure by doping, expanding their prospects in
sustainable energy,'*® in addition to their well-known applica-
tions in correlated thermistors,***? biosensors,*** and
Mottronic logical devices.!'**'*”! In this section, we will intro-
duce the spin-selective catalysts with doping-induced spin polar-
ization in the following order of Ru-, Ir-based materials and
perovskite oxides.
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4.2.1. Ru-, Ir-Based Materials

As reviewed above, current spin-selective catalysts are usually
based on 3d transition metal elements such as Fe, Co, and Ni.
However, their catalytic activity and durability lag behind the
one of noble-metal elements that have outperformed intrinsic
activity, such as Ru and Ir. Therefore, inducing ferromagnetism
within noble-metal compounds via doping to integrate the supe-
riority of these conventional noble-metal catalysts and the spin-
polarization effect is a promising pathway toward highly efficient
spin-selective catalysts. Lu et al. reported a Colr catalyst with an
intrinsic spin-polarization effect for serving OER at acidic electro-
lytes with magnetic field assistance.’”! Through utilizing the
robust exchange interaction between 3d and 5d orbits, the 5d
Ir element with empty orbitals can be converted from a nonmag-
netic metal into a spin-polarized electrocatalyst via alloying
with 3d Co element to induce spin-orbit coupling interactions
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(Figure 10a,b).>*"3#13% 1t is worth noting that apart from alloy-
ing with Co elements, Lu et al. also reported Mnlr and Nilr alloys
following the same spin-polarization strategy as Colr with vari-
ous degrees of ferromagnetism, leading to their different
response of overpotentials to the magnetic field (Figure 10c).
After DFT calculations, the most significant FM behavior of
Colr alloys as compared to Mnlr and Nilr is demonstrated by
the results of integration spin-up and spin-down DOS, in which
case the net magnetic moments of Colr are larger than MnIr and
Nilr (Figure 10d).

Another potential catalyst for acidic OER is RuO,.
Nevertheless, the poor stability of the Ru element is the primary
factor limiting its utilization as an electrocatalyst owing to the
high oxidation state of hydrosoluble RuO** in an acid environ-
ment, and much attention has been paid to addressing this prob-
lem. To induce ferromagnetism within RuO, by element doping,
its durability and activity can be optimized. For instance, Shao
et al. reported a spin-polarized Mn doping RuO, nanoflake as

www.advenergysustres.com

an efficient acidic OER catalyst by establishing the FM exchange
interaction between Mn®*/Mn** and Ru**/Ru®" based on the
Goodenough-Kanamori rule (Figure 10e,f).*® Notably, the
Mn-RuO, under a magnetic field exhibits much better catalytic
activity and long-term stability than pure AFM RuO, and
Mn-RuO, without a magnetic field. Analogously, Luo et al. also
prepared an Mn; ,Ru,O; solid solution with its spin polariza-
tion explained from the perspectives of spin symmetry broken
(Figure 10g).% Specifically, the Ru—O—Ru bonds within pure
rutile RuO, are 101° and 128°, respectively, close to the bond
angle of 90° that can generate robust FM exchange, which is
in agreement with its destructible itinerant antiferromagnetism
at room temperature. Therefore, introducing Mn dopant induces
the asymmetry within Mn; ,Ru,O,, leading to spin-density
redistribution around Ru** by ferromagnetically interacting with
spin-polarized Mn sites. The as-prepared can even work at
1Acm™? for proton exchange membrane water electrolysis in
the acidic electrolyte.

Figure 10. a) Schematic illustration of spin-polarization effect to promote the generation of triplet oxygen for Colr alloys. b) The M—H loops of Colr NCs at
3 and 300 K. ¢) Comparison of the overpotential for Colr NCs, Mnlr NCs, and Nilr NCs with and without a magnetic field. Reproduced with permis-
sion."*8 Copyright 2024, American Chemical Society. d) Schematic illustration of the FM exchange between Mn?*/Mn®* and Ru*"/Ru’*. ) The M-H
loops of Mn—RuO, NFs and RuO, at room temperature. Reproduced with permission.*®! Copyright 2023, Wiley-VCH. f) Schematic illustration of bond
angles in FM and AFM structures. g) Chromatopotentiometry curves for Mng 4Rug O, at T Acm™2 at 60 °C. Reproduced with permission.*® Copyright
2024, American Chemical Society.
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4.2.2. Perovskite Oxides

The Mn-based perovskite family is well known for its
magnetoresistance effect. Through A-site substitution, the
double exchange interaction in Mn**—O-Mn** can induce its
transition from an AFM insulator to a FM half-metal. This
magnetoelectrical transition makes Mn-based perovskite an
ideal platform to investigate the relationship between the spin
behavior of materials and their catalytic performance. Gao
et al. prepared La; ,Sr,MnOj; with room-temperature FM and
magnetoresistance behaviors and investigated its OER catalytic
activity under a magnetic field for rechargeable Zn—air battery
(Figure 11a).*% The magnetic application can significantly pro-
mote the intrinsic activity of La; ,Sr,MnO3, and the variation of
applied potential exhibits a positive correlation with the switch-
able magnetic field (Figure 11b). On the one hand, the magnetic

www.advenergysustres.com

field-induced magnetoresistance effect declines the resistance of
La;_,Sr,MnOjs, reducing charge-transfer resistance and achiev-
ing better OER kinetics. On the other hand, the spin-polarized
Mn sites significantly cut down the energy consumption of
intermediates evolution between *OH and *OOH steps by opti-
mizing the O—O coupling via spin-selective electron transfer
(Figure 11c).

Similarly, Lv et al. reported another Mn-based perovskite spin-
selective catalyst Lag 7Sro ,Cap 1MnO; with its Curie temperature
higher than Lag ;Ste3MnO; by Ca doping (Figure 11d)."*" The
source of ferromagnetism is illustrated by the double exchange
interaction model between Mn*" and Mn*", in which case a
spin-up electron from oxygen moves to the empty orbit of
Mn** so that it can receive another electron from Mn>", leading
to the overall effect of electron transfer from Mn*" to
Mn*"(Figure 1le). By increasing temperature, the catalytic

Figure 11. a) High-angle annular dark-field STEM (HAADF-STEM) image of Lag oSro1MnO3 along [100] axis. b) Comparison of potentials achieved at
10 mA cm ™2 for Lag 6Sro.1MnOj3 and Lag sSroMnO; under a magnetic field of various field intensities. c) Energy barriers of the transformation from *OH
to *OOH for Lag Sro1MnOs with and without spin alignment. Reproduced with permission."*® Copyright 2023, Wiley-VCH. d) Schematic illustration of
Lag 9Sro.1MnOs thin film on PMN-PT substrate. e) Process of double exchange in Lag 7Sro2Cag1MnO;. f) Relationship between current density and
temperature of Lag7Sro,Cag1MnOs under magnetic fields of various field intensity. Reproduced with permission.[m] Copyright 2023, American
Chemical Society. g) TEM image of the SmCos/CoO,H, core/shell particle. The M—H loops of h) SmCos/CoO,H, and i) SmCos under field-cooled
and zero-field-cooled modes. Reproduced with permission.P® Copyright 2021, Wiley-VCH.
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activity of Lag 7S¢ ,Cag1MnOs exhibits a volcano-shaped trend
(Figure 11f), attributed to the coupling of magnetoresistance
and spin-polarization effects. Specifically, the magnetoresistance
effect is weakened with the increasing temperature so that the
charge-transfer resistance of Lag7Srp,Cag1MnOs will increase,
adversely affecting its catalytic activity. Meanwhile, the effect
of spin-polarization-assisted OER by spin-selective electron trans-
fer on Mn sites will also be negatively influenced owing to
the more disordered spin direction by thermal disturbance.
However, these two passive impacts can be covered by reducing
the electrodynamic potential of OER as temperature rises, and
the stronger intensity of applying a magnetic field will lead
to a higher critical temperature when the current density
achieves its maximum. Therefore, magnetoresistance and spin-
polarization effects are demonstrated by controlling the reaction
temperature within Lay;Sry,Cap1MnOs.

4.3. Multiple Magnetic Composites

The construction of composite materials promises to integrate
the targeted properties of each component, which can develop
spin-selective catalysts with both activity, conductivity, and spin
polarization. The common strategy is the construction of heter-
ostructure with different magnetic properties. In the following
section, the cutting-edge multiple magnetic composites as
spin-selective catalysts will be introduced by the order of
FM-PM coupling, FM-AFM coupling, and PM-AFM coupling.

4.3.1. FM—PM Coupling

Surficial reconstruction during the electrolytic OER and ORR
process will generate highly efficient oxygen-involved intermedi-
ates as reaction-preferred species on the surface of transitional
metal-based catalysts.***** In recent years, research on surficial
reconstruction concentrated on the dynamic evolution of surface
morphology** and the methods to promote surface reconstruc-
tion,"* As a typical example, Xu et al. prepared PM CoO,H, as
an active layer on the surface of FM SmCos to form a
FM-PM heterostructure with robust interfacial spin pinning
(Figure 11g).’?) The interfacial magnetic coupling can be
reflected by comparing the hysteresis loops of pure SmCos
and SmCos/CoO,H, (Figure 11h,i). The spin pinning at the
SmCos/CoO,H, interface is demonstrated by its higher
exchange bias (Hgg) than pure SmCos. This Hgp arises from
uncompensated spins at the interface that cannot fully align with
the applied magnetic field,’**'*%) which means stronger spin
spinning will lead to a larger exchange bias. The as-prepared
SmCos/CoO,H, shows outstanding intrinsic OER catalytic activ-
ity in the presence of a magnetic field, and this enhancement by
spin polarization can be further influenced by temperature. The
impact on the current density increment from temperature is
attributed to the fact that higher temperature will weaken the
spin pinning effect via perturbing the spin direction of the
CoO,H, layer, in which case the spin-selective electron transfer
on the spin-polarized sites will be limited, thereby elevating the
energy barrier of OER. Analogously, Xu et al. reported another
material as CoFe;0,/Co(Fe)O,H, with CoFe,04 acting as a FM
substrate and the reconstructed oxyhydroxide Co(Fe)O,H, acting
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as the surficial active layer, in which case the intrinsic activity of
surficial active sites can be further enhanced by inducing
spin-selective electron transfer.®!

4.3.2. FM-AFM Coupling

Owing to the distinct requirement on magnetic ordering within
lattice to form AFM materials, the surface reconstructed hydrox-
ides for FM—PM coupling are not likely to be AFM as they are
usually amorphous rather than long-range ordered structures.
Therefore, to form FM-AFM coupling at the interface, the
materials for different layers need to be carefully selected.
Xu et al. investigated the role of FM—AFM coupling in spin-
polarization-assisted OER performance by preparing Fe;O4/
Ni(OH), core-shell structure (Figure 12a).°”’ Noticeably, with
the increasing thickness of the active layer on the surface
from 0 to 43 nm, the core—shell structure exhibits varying FM
behavior. The coercivity gradually increases while the saturation
magnetic moment reduces (Figure 12b). The thicker active layer
will lead to stronger FM—AFM coupling at the interface and block
the FM signal from the nuclear layer. The Fe;04/Ni(OH), with
different thicknesses of AFM layers exhibit a volcano-shaped ten-
dency in increasing current density via applying a magnetic field
(Figure 12c¢). This is because if the shell is too thick, the intermedi-
ates cannot be absorbed in the FM-AFM coupling interface, thus
weakening the effect of spin-selective electron transfer with a mag-
netic field. Apart from controlling the thickness of the shell, the
particle size of the Fe;0, core is also tunable. When the Fe;0,
particles are small enough to be single-domain materials, the
enhancement from the magnetic field will be negligible, which
is in agreement with the case of CoFe,0y,, as reviewed above.

4.3.3. PM-AFM Coupling

Unlike FM—PM and FM-AFM coupling, spin pinning cannot
happen at the PM-AFM coupling interface since neither the
PM nor AFM layers can exhibit FM behavior under magnetiza-
tion. Nevertheless, it is possible to induce spin polarization
through the spin-exchange interaction between interlayer transi-
tion metal elements owing to the strong coupling among lattice
structure, electronic orbit, and electron spin.”®! As reported by
Tao et al. the interfacial double exchange interaction is intro-
duced between AFM Co3;0, and PM NiFe-LDH to generate
spin-polarized active sites for conducting spin-selective electron
transfer in OER.°? The magnetization hysteresis (M—H) loops of
Co30,, NiFe-LDH, and Co304@NiFe-LDH demonstrate their
respective magnetism. Their intrinsic OER catalytic activity is
compared by the normalized current density, in which case
the FM Co3;0,@NiFe-LDH significantly improves catalytic activ-
ity compared to the other two samples (Figure 12d,e). The Co, Fe,
and Ni sites are spin-polarized by the interfacial FM exchange
interaction. Hence, removing electrons from these sites is
spin-selective, benefiting the generation of triplet O,
(Figure 12f,g). Through theoretical calculations, the evolution
of *O to *OOH is the rate-determined reaction step, and
Co30,@NiFe-LDH has the lower energy barrier for this step
(Figure 12h), which is in agreement with its best intrinsic activity
among all the tested samples.
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Figure 12. a) Representative high-resolution TEM (HRTEM) image of Fe;04/Ni(OH), core-shell structure. b) The M—H loops of 120 nm Fe;O,
nanoparticles with a thickness of 0, 7, 15, and 43 nm Ni(OH), layers. c) Increasement of current density under the magnetic field for 120 nm
Fe;O4 nanoparticles with a thickness of 0, 7, 15, and 43 nm Ni(OH), layers. Reproduced with permission.®” Copyright 2021, Wiley-VCH. d) The
M-H loops of Co304 NiFe-LDH, and Co;O0,@NiFe-LDH. e) Comparison of OER activity of Co3;O,4 NiFe-LDH, and Co;O,@NiFe-LDH.
f) Lattice structure model of Co;0,@NiFe-LDH. g) Schematic illustration of spin-selective reaction pathways of Co;O,@NiFe-LDH. h) Gibbs free
energy plots of NiFe-LDH and Co;O,@NiFe-LDH. Reproduced with permission.!? Copyright 2024, American Chemical Society.

5. Conclusion and Perspectives

This review highlights recent progress in developing highly effi-
cient spin-selective catalysts from the perspectives of principles,
approaches, and research cases, aiming to offer a clear route for
designing novel and highly efficient spin-polarized oxygen-
involved electrocatalysis. Starting from the fundamental spin-
sensitive process in oxygen-involved reaction pathways, the basic
requirement and challenge for developing spin-selective catalysts
are the existence of spin-polarized active sites. Subsequently, it
delves into methodologies for probing the spin-selective mecha-
nism by scrutinizing the application of in situ experimental tech-
nologies and theoretical calculations in catalytic mechanism
research. Then, as categorized into intrinsic spin-polarized mate-
rials, doping-induced spin-polarized materials, and multiple

Adv. Energy Sustainability Res. 2024, 2400326 2400326 (20 of 25)

magnetic composites, the applications of state-of-the-art spin-
selective catalysts in electrocatalysis and their mechanism of
polarization are systematically reviewed from the perspectives
of atomic spin modulation and structural magnetism coupling.
This spin-related strategy opens up a new diagram in spin-related
energy conversion and enables more efficient use of green
energy. Despite significant efforts directed toward the advance-
ment and utilization of spin-selective catalysts, there are still
some open questions to be explored, including but not limited
to the following.

5.1. Experimental Evidence of Spin-Selective Electron Transfer

To date, the spin-selective electron transfer within OER and
ORR is depicted by theoretical calculation, and the insitu
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characterization technology has not been widespread for directly
observing the evolution of spin states for absorbate and active
sites. There are two main questions for realizing the above in situ
characterization to obtain reliable data. On the one hand, owing
to the robust coupling among spin, orbits, charge, and lattice of
transition metal-based compounds, manipulating the spin order-
ing of catalysts without affecting their other properties can be
challenging. On the other hand, integrating magnetic field gen-
erators with other equipment is difficult owing to the significant
impact of electromagnetic interference on instrument testing.
Therefore, a lot of effort should be paid to developing multifield
coupling electrochemical insitu characterization equipment,
which can not only provide experimental evidence of spin-
selective electron transfer but also contribute to deep insights
for understanding the structure—property relationship between
magnetic structure and electrocatalytic activity. In future
research, the challenges of integrating a magnetic field generator
into insitu characterization equipment prompt a dual-pronged
approach to advancing spin-selective catalyst development.
First, by focusing on developing single-domain FM materials,
researchers can create spin polarization sites capable of inducing
a spin selection effect without an external magnetic field.
Notably, many studies rely on magnetic fields generated through
electric energy consumption, a practice that undermines overall
energy conversion efficiency. Second, efforts can be directed
toward enhancing coercive force, particularly in hard magnetic
and permanent magnetic materials, by controlling material or
element size. This enhancement would enable these materials
to maintain a magnetic moment after removing an applied
magnetic field, facilitating precharacterization magnetization
for subsequent in situ analysis.

5.2. Design of Spin-Selective Catalysts toward Ampere-Level
Current Density

The critical demands on developing electrocatalysts serving
ampere-level current density have attracted much attention,
and the designing strategies from different perspectives are pro-
posed, such as mass transfer capacity, activity, durability, conduc-
tivity, and so on. Additionally, given the beneficial effects of
Lorentz force and Kelvin force on the release of O, bubbles, it
is anticipated that the enhancement of OER efficiency through
magnetic field assistance will be more pronounced at higher cur-
rent densities. However, developing room-temperature FM met-
als with coupled spin polarization and metallicity has always
been challenging, not to mention the additional requirements
for serving ampere-level current density in harsh environments.
In future studies, creating a hierarchical structure represents a
promising solution for integrating multiple functions with an
ideal electronic and geometric configuration, enhancing electro-
catalytic performance. In addition, as discussed in the section on
coupled spin-polarized materials, establishing a materials
framework with a hierarchical spin-polarized structure is prom-
ising to simultaneously obtain outperforming catalytic properties
and the integration of various spin-polarization effects, which
is meaningful for both practical application and mechanism
exploration.
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5.3. Relationship between Magnetic Properties and Intrinsic
Catalytic Activity

As reviewed in the above sections, various magnetic properties
have been demonstrated to be strongly related to the catalytic per-
formance of spin-selective catalysts, such as saturation magnetic
moment, coercivity, area of magnetic domain wall, and spin
quantum number. However, distinct from the volcano-shaped
tendency observed in perovskite and spinel oxides (e.g., the rela-
tionship between, e.g., occupation and activity), a universal
model between the magnetic properties and the intrinsic catalytic
activity has not been established yet. For instance, the positive
correlation between saturation moment and activity enhance-
ment is a common tendency for various FM electrocatalysts,
as investigated by Galdn-Mascarés et al.*?! However, in the cases
of single-atom catalysts, researchers have found that the atomic
magnetic moment, as modulated by controlling the spin state of a
single atom, exhibits a nonmonotonic relation with the resultant
catalytic activity. This is because too strong or weak adsorption of
intermediates is harmful to the reaction kinetics, and the adsorp-
tion of intermediates is related to the charge density distribution,
which is sensitive to the spin state of active sites. Therefore,
advancing in this research domain requires a deeper elucidation
of the correlation between the inherent catalytic activity of spin-
selective catalysts and their magnetic moment alongside other
magnetic characteristics. Discussions concerning the catalytic
efficacy of these catalysts should center on descriptors that
can evaluate the intrinsic activity, such as TOF and current den-
sity calibrated by the electrochemical active area. The precise
understanding of how the intrinsic catalytic performance of
spin-selective catalysts relates to their magnetic attributes is par-
amount for the establishment of accurate material databases for
artificial intelligence. Depending on erroneous data for decision-
making may result in unfavorable consequences, misdirecting
researchers and impeding scientific advancement, innovation,
and breakthroughs.

5.4. High-Throughput Experiments and Calculations

The integration of high-throughput experimentation and
computational methods is paramount in advancing scarce novel
room-temperature FM materials. This combined approach
enables rapid screening of numerous samples, expediting the
identification of promising candidates, while computational
models offer precise predictions on structure—property relation-
ships at the atomic level. For instance, in the section on induced
spin-polarized materials, we provided some noble-metal-based
spin-selective catalysts with their ferromagnetism induced by
3d-5d and 3d-4d orbital interaction. Through machine learning
and deep learning technologies, Al can expedite the catalyst
design by identifying optimal structures for spin-selective
catalysts from vast data. Intelligent algorithms can help predict
catalyst performance, optimize reaction conditions, and offer
customized solutions, driving innovation in spin-selective cata-
lysts. The application of artificial intelligence will significantly
shorten development cycles, reduce costs, and provide more effi-
cient and sustainable solutions for areas such as green energy
conversion. In future research endeavors, leveraging Al-powered
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high-throughput computational methods will enable swift navi-
gation through all conceivable binary, ternary, and high-entropy
combinations. Inducing ferromagnetism within noble-metal
compounds to integrate the superiority of these conventional
noble-metal catalysts and the spin-polarization effect is a prom-
ising pathway toward highly efficient spin-selective catalysts. It is
believed that beyond the identified Mn—RuO, and Colr systems,
potentially more effective spin-selective catalysts are waiting to be
uncovered owing to the nature of robust electron-electron and
spin-orbital interactions for 4d and 5d noble-metal elements.
These dual high-throughput strategies accelerate development
and provide a comprehensive understanding crucial for
innovating room-temperature FM materials into highly efficient
spin-selective catalysts by rapidly optimizing designs and delving
into the depths of spin-polarization mechanisms.

As a new research area in electrocatalysis, the development
of spin-selective catalysts based on spin-polarized materials
has great potential in energy conversation while its application-
and mechanism-oriented research are still in the early stages.
Owing to this field’s interdisciplinary nature, advancing spin-
related electrocatalysis demands collaborative efforts combining
theoretical calculations and advanced technical characterization
from various researchers across disciplines like material science,
chemistry, physics, and engineering. We believe the advance-
ment of spin-selective catalysts contributes to industrial-level
electrochemical application and provides insights for designing
room-temperature FM metals facing the challenges in magneto-
electric coupling devices.
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