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The rapid growth of electric vehicles and the increasing integration of renewable energy into the grid
have heightened the demand for high-capacity energy storage systems based on abundant, low-cost
materials. To address the limitations of conventional ion-intercalation batteries, conversion-type
electrodes have gained significant attention, as their energy storage relies on chemical redox reactions
often requiring activation or acceleration via electrocatalysis. Recent studies reveal that
electrocatalytic activity is governed not only by active-site density and charge-carrier availability, but
also by the spin states of electrons within the catalyst. Consequently, understanding the role of
electronic spin states in battery performance, and how to manipulate them to enhance energy storage,
has become a critical research frontier. This review provides a comprehensive overview of current
strategies to modulate spin states in electrocatalysts for conversion-type cathodes. While external
magnetic fields remain the primary method to probe and control electron spin, more practical and
scalable approaches, such as atomic coordination engineering and surface spin filters, are emerging.
Particular focus is given to sulfur cathodes, which offer exceptional theoretical energy density and
capacity but depend heavily on catalytic hosts to enable efficient sulfur redox reactions. The review
also surveys experimental techniques for probing spin states and theoretical approaches for modeling
spin-related phenomena at the atomic scale. Finally, it highlights emerging research directions,
underscoring the potential of spin-state modulation as a transformative strategy for next-generation

energy storage technologies.

The replacement of fossil fuels with renewable energy sources has emerged
as a critical challenge in the pursuit of a sustainable energy future. One of the
central obstacles in this transition is the development of clean, cost-effective,
and scalable energy storage systems, which are essential not only for inte-
grating intermittent renewable sources, such as solar and wind, into the
power grid but also for the widespread electrification of transportation. In
this context, electrochemical energy storage, particularly in the form of

batteries, plays a pivotal role due to its ability to store and deliver electricity
efficiently and on demand.

However, current electrochemical energy storage technologies still face
limitations in terms of cost, performance, and long-term stability. Among
them, lithium-ion batteries (LIBs), which dominate the market, rely on
intercalation-type electrodes, such as graphite anodes and transition metal
(TM) oxide or phosphate cathodes. While these systems offer good
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reversibility and cycle life, they are fundamentally constrained by their
limited gravimetric energy density, which typically does not exceed
400 Wh kg™,

To overcome this bottleneck, the development of novel electrode
materials is urgently required. In particular, conversion-type cathodes, such
as those based on oxygen, sulfur, and halide chemistries, offer significantly
higher theoretical energy densities. These electrodes operate via a chemical
transformation reaction between the migrating ions (e.g., Li’) and the active
cathode material, forming new compounds during charge and discharge.
Despite their potential, such conversion reactions are often associated with
sluggish kinetics, leading to limited rate capability and reduced energy
efficiency in secondary battery systems.

As in the case of fuel cells, where catalytic enhancement is essential,
electrocatalysts are increasingly recognized as crucial for activating and
accelerating these chemical reactions in conversion-type batteries. Their
incorporation holds promise for overcoming the inherent kinetic barriers,
improving both the reaction reversibility and the overall performance of
high-energy battery chemistries'.

Sulfur cathodes, which operate based on the reaction of metal ions (e.g.,
Li") with sulfur to form metal sulfides (e.g., Li,S), have attracted particular
attention due to their exceptionally high theoretical energy density
(~2600 Whkg™) and specific capacity (1675mAhg?), as well as the
abundance and low cost of sulfur. Despite these appealing advantages,
secondary sulfur-based batteries have yet to achieve widespread commercial
deployment. This is primarily due to a number of performance limitations,
including moderate rate capability, high self-discharge rates, low round-trip
energy efficiency, and rapid capacity fading over repeated cycles. These
issues become particularly severe under the lean-electrolyte and high-sulfur-
loading conditions required to realize the high-energy densities that sulfur
batteries promise™.

This poor performance is largely attributed to the sluggish kinetics of
the sulfur redox reactions (SRRs), which involve the formation of multiple
metal polysulfide intermediates during the conversion of elemental sulfur
(Ss) into metal sulfides. Figure la-c illustrates the specific case of
lithium-sulfur batteries (LSBs), which follow a complex multistep pathway.
In conventional ether-based electrolytes, this process combines electro-
chemical and chemical reactions, collectively converting Ss into lithium
sulfide (Li,S) through a series of soluble lithium polysulfide (LiPS) inter-
mediates, as represented by the overall reaction: Sg+ 16Li < LiPSs «
8Li,S".

The intermediate polysulfide species generated during cycling are
highly soluble in the electrolyte and can diffuse away from the cathode,
where they undergo parasitic reactions at the metal anode. This process,
known as the polysulfide shuttle effect, arises because reduced polysulfides at
the anode migrate back to the cathode and are reoxidized at inappropriate
stages of the charge-discharge cycle. Such shuttling, and more broadly the
uncontrolled migration of polysulfides through the separator, results in
irreversible sulfur loss, metal anode degradation, and a marked decline in
charge-discharge capacity. Collectively, these effects compromise the
energy efficiency, cycling stability, and self-discharge characteristics of
metal-sulfur batteries. To suppress polysulfide migration, minimize self-
discharge, enhance sulfur utilization, and support high-rate operation,
particularly under the high sulfur loadings required for practical applica-
tions, highly active catalytic additives must be incorporated to accelerate
SRRs.The electrocatalytic activity of an electrode is governed by several key
factors, including its charge and mass transport properties, the density of
active sites, and its ability to facilitate electron transfer and effectively
interact with the reactant species’. Achieving efficient charge and mass
transport requires the rational design and engineering of the electrode
architecture, ensuring the presence of both continuous pathways for elec-
tron and ion transport and a large electrochemically active surface area. This
typically involves creating structures with high porosity and extensive sur-
face exposure. In metal-sulfur batteries, the incorporation of porous host
materials, such as hollow nanospheres, nanowires’, nanotubes’,
nanosheets’, sandwich structures’, monoatomic or diatomic materials'’,

and metal-organic frameworks (MOFs)'", has proven particularly effective.
These structures not only enhance ion transport and active site accessibility
but also offer physical confinement for the active material, improving sulfur
utilization and stability. Furthermore, efficient charge transport also
depends on the intrinsic structural and morphological properties of the
electrode material. This can be further optimized through strategies, such as
lattice distortion'*", the introduction of structural defects', heteroatom
doping", and the construction of heterostructures'.

The ability of a catalyst to interact with reactants and facilitate electron
transfer is a fundamental determinant of its intrinsic activity and overall
efficiency. This capability is governed by the position and occupancy of the
catalyst’s electronic energy levels, which in turn influence the binding
energies of reaction precursors, intermediates, and products”. In a simpli-
fied framework, the most effective catalysts are those that exhibit inter-
mediate adsorption strengths, strong enough to activate reactants but weak
enough to allow facile desorption of products""®. To accelerate the identi-
fication of promising catalytic materials, this concept can be further reduced
to a single electronic descriptor: the position of the d-band center relative to
the Fermi level”. This parameter has been widely adopted as a reliable
predictor of catalytic activity, enabling the rapid screening of candidate
materials™ .

Within this framework, efforts to optimize electrocatalytic reaction
sites have focused primarily on modulating composition, atomic coordi-
nation, and local chemical environment to modulate the electronic energy
levels and improve catalytic performance”. In this context, the interactions
between various TM-based compounds and polysulfides have been exten-
sively studied, including systems based on carbides™, phosphides’, sulfides™,
nitrides’®, selenides’®”, and tellurides®,

While these studies have extensively examined the electronic structure
of various materials, they often overlook a fundamental electron property
that plays a crucial role in defining electronic state occupation, charge
transfer, chemical bonding, and reactivity: its intrinsic angular momentum,
or spin. Despite its pivotal role in these processes, electron spin remains
largely underexplored in the field of electrocatalysis™.

Quantum mechanics has long established the profound impact of
electron spin on molecular structures and the electronic and magnetic
properties of materials’ . The Pauli exclusion principle dictates that two
electrons occupying the same spatial eigenstate must have opposite spins, a
rule that is fundamental to the formation of chemical bonds. Additionally,
the interaction of electrons with nuclei, influenced by the electrons’ intrinsic
charge and angular momentum, is key in defining a material’s electronic
structure™. The interaction between the electron spin and its orbital angular
momentum also affects charge transport™.

Despite being fundamental to our understanding of material structure,
properties, and reactivity, the critical role of electron spin in electrochemical
reactions has only begun to receive significant attention over the past dec-
ade, and even more recently within the field of electrochemical devices, such
as batteries. It is only in recent years that the spin configuration of cataly-
tically active sites has been recognized as a key factor influencing both the
thermodynamics and kinetics of electrochemical processes™.

A notable example can be found in the oxygen cathode of metal-air
batteries, where the spin state of the active site has been shown to affect
electron transfer spin pairing, thereby modulating both the reaction rate and
product selectivity””. In such systems, the effect is closely related to the
selective formation of triplet oxygen, the ground-state configuration of O,
through spin alignment of unpaired electrons in intermediate radical species
adsorbed on the catalyst surface™”. This alignment facilitates spin-
conserved pathways, improving catalytic efficiency and selectivity.

Emerging from the principles of spin chemistry, the field of spin cat-
alysis is gaining increasing attention as a novel approach to controlling
chemical reactivity. It is founded on the fundamental principle that chemical
reactions are spin-selective, that is, reactions are only allowed (or proceed
efficiently) when the total spin state of the products matches that of the
reactants, whereas those involving a spin transition are forbidden or sig-
nificantly slowed down™.
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Fig. 1 | The effect of spin catalysis in LSBs. a Schematic illustration of an LSB. b Typical charge-discharge voltage curves of an LSB in an ether-based electrolyte. ¢ Scheme of
one of the complex sulfur reduction reaction mechanisms proposed. d Schematic diagram of the spin effect for realizing high-performance LSBs.

Spin catalysis introduces new paradigms and methodologies into
electrocatalysis research by enabling the manipulation of reaction pathways
through control of the spin states of the catalyst. This can be achieved by
modifying the coordination environment of metal active sites to tune their
spin configuration, incorporating magnetic materials, applying external
magnetic fields, or integrating chiral components that promote spin-
selective electron transfer'*"’.

To harness these effects, spin catalysis demands the rational design and
precise engineering of catalyst crystal structures and chemical compositions,
with careful consideration of the spin configuration as a critical performance
factor®. This emerging strategy holds significant potential for advancing the
design of next-generation electrocatalysts, particularly for complex multi-
electron conversion reactions.

In the field of metal-sulfur batteries, various innovative approaches
have been recently proposed to tune the electronic structure and manipulate
the spin of TM-based materials to improve the reactivity of polysulfides in
SRR catalytic conversion, including tuning the catalyst coordination
environment or applying an external magnetic field to the material“™*. As
schematized in Fig. 1d, the electron spin can influence the catalyst surface
electronic structure and charge distribution, which can alter the ion transfer

ability, energy barrier, adsorption capacity, and stability of reaction inter-
mediates, ultimately controlling the reaction rate and selectivity”*'""™.
Additionally, as later detailed in this review, spin alignment in ferromagnetic
(FM) materials can locally generate magnetic fields and field gradients in the
volume of electrolyte close to the electrode that can improve ion diffusion
and concentration, reduce the interface diffusion layer, and even block the
transport of polysulfides in sulfur cathodes and the growth of dendrites in
metal anodes***™.

These pioneering studies highlight how robust theoretical frameworks,
combined with advanced synthetic strategies, can be leveraged to modulate
catalyst spin states and develop more effective materials for metal-sulfur
batteries. Yet, this research field remains in its infancy, with many promising
approaches still unexplored and countless others yet to be discovered.
Realizing the potential of spin-state engineering for the systematic design of
catalytic materials across diverse elements, structures, and compositions
requires a deeper understanding of the interplay between electron spin states
and SRR mechanisms. Equally critical is the ability to synthesize catalysts
with strong spin polarization effects, materials capable of modulating the
spin configuration of reaction intermediates to enhance both catalytic
activity and selectivity”.
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Fig. 2 | Schematic overview of spin effect on SRR. Schematic overview of spin effect on SRR, including electron spin engineering magnetohydrodynamics, surface spin
filters, and spin alignment under a magnetic field. Heterostructure, reproduced with permission from ref. 218 (copyright Wiley-VCH, 2021).

In this review, we provide a comprehensive analysis of theoretical
and experimental studies exploring the relationship between electronic
spin effects and SRR performance (Fig. 2). Unlike previous reviews on
electron spin catalysis, which largely emphasize external magnetic fields
as a convenient yet impractical means of spin manipulation, our focus is
on the rational design of electrocatalysts with intrinsically controlled spin
states. These strategies are considered not only for metal-sulfur batteries
but also for other conversion-type batteries (e.g., metal-air systems) and
electrochemical energy devices, such as fuel cells and electrolyzers. We
highlight approaches to enhance electrocatalytic performance by tailor-
ing the coordination environment of active sites through defect engi-
neering, molecular and geometric design, and heterostructure
construction. The review also summarizes state-of-the-art techniques for
probing electron spin states, together with theoretical frameworks and
computational tools used to model spin-related catalytic behavior.
Finally, we discuss key challenges, emerging opportunities, and future
research directions, aiming to inspire rational catalyst design and support
the development of high-performance electrocatalysts across diverse
energy conversion technologies.

Fundamentals of electron spin electrocatalysis
Electrochemical reactions are governed by three fundamental electronic
parameters: the relative position of the energy levels, their occupation, and
the spin of the electrons involved”. Electron transfer, and thus chemical
reactivity, occurs from occupied to unoccupied states only when the energy
levels are properly aligned. Moreover, in accordance with the Pauli exclusion
principle, such transfers are permitted only if the spin states of the reactants
and products are conserved. In other words, a reaction is considered spin-
allowed only when the total spin state remains unchanged®'.

Beyond microwave irradiation, three main practical strategies have
been developed to modulate electron spin within catalytic systems (Fig. 3):
(i) the application of an external magnetic field; (ii) the incorporation of
chiral elements; and (iii) the modification of the coordination environment
of catalytic sites>*>*. In addition to influencing spin states, external or
internal magnetic fields can affect charge transport within the electrode, as
well as ion transport, mass transfer, and local ion concentrations within the
electrolyte. Furthermore, alternating magnetic fields can induce localized
heating, contributing to performance enhancement via increased reaction
kinetics.
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Based on these mechanisms, current strategies for optimizing the
electrochemical performance of batteries can be broadly classified into three
categories: (1) Application of external magnetic fields to influence the cat-
alyst or electrolyte behavior; (2) Spin-engineering of the catalyst, achieved by
modifying its structure and coordination environment; (3) Incorporation of
spin filters, such as chiral molecules or ligands, at the catalyst surface to
induce spin-selective electron transfer.

In this section, we briefly introduce the underlying principles of each
approach. Sections 3 and 4 will further elaborate on specific examples
directly related to SRRs.

Magnetic field-activated electrocatalysis
The application of an external magnetic field is the simplest and most direct
approach to polarize electron spin at the solid-liquid interface, allowing the
investigation of its influence on the electronic properties and catalytic
performance of electrodes®. In electrocatalysis, magnetic fields can operate
on multiple levels: (i) at the reaction interface, by modulating the electronic
energy levels and spin states of active sites; (ii) at the level of the catalyst
material, by influencing charge transport properties; and (iii) at the elec-
trolyte level, by enhancing ionic transport and local ion concentrations.
The impact of an external magnetic field is highly dependent on the
magnetic properties of the catalyst material. In FM electrocatalysts, strong
exchange interactions align electron spins within localized magnetic
domains, even in the absence of an applied field. However, due to the
random orientation of these domains, the material may exhibit no net
macroscopic magnetization’”*'. Upon application of an external magnetic
field, these domains reorient or shift in the direction of the field, resulting in
a net magnetization and enhanced spin polarization at the active sites®.
Importantly, even without an applied field, the intrinsic spin alignment
in FM materials can significantly influence charge transport, reaction
kinetics, and electrolyte behavior in their immediate vicinity. This intrinsic
property explains why the majority of reported spin-related effects in
electrocatalysis have been observed in FM systems.

Spin alignment and electronic energy level splitting. In the absence of
an external magnetic field, electron spins are randomly oriented, and the
spin-up and spin-down states remain degenerate. When a magnetic field
is applied, this degeneracy is lifted, splitting the spin states into two
energy levels depending on whether their orientation is parallel or anti-
parallel to the field vector. This electron Zeeman interaction produces an
energy splitting proportional to the field strength. Although typically very
small, comparable to thermal energies at ambient conditions, it intro-
duces measurable spin asymmetry at the electronic level. An even subtler
contribution arises from the Fermi interaction, caused by magnetic

dipole coupling between the electron and the atomic nucleus in a mag-
netic field. However, since magnetic energies are far weaker than thermal
or electrostatic energies, static magnetic fields contribute negligible
chemical energy directly to reactions.

Nevertheless, magnetic fields influence the spin configuration at the
reaction interface, establishing preferential spin orientations that can pro-
foundly affect the course of chemical reactions. In particular, the relative
spin alignment between reactants and products plays a key role in deter-
mining whether a reaction proceeds through a spin-allowed or spin-
forbidden pathway***>%,

To quantify this spin asymmetry, a commonly used figure of merit is
spin polarization (P), defined as the difference in the number of spin-up and
spin-down electrons, normalized to their total population:

P=(N1-NJ|)/(Nt+N|) o)

where N1 and N represent the number of electrons with spin-up and spin-
down orientations, respectively*. The spin polarization value ranges from
—1 to 1, and its accurate determination depends on reliable measurements
or calculations of the spin-resolved electronic structure.

Electrolyte effects: magnetohydrodynamics. Magnetohydrodynamic
(MHD) effects arise from the interaction between an external magnetic
field and both paramagnetic species, i.e., those containing one or more
unpaired electrons, and moving charges, such as electrons and ions,
within an electrochemical system. When subjected to a magnetic field,
these paramagnetic or charged species experience multiple forces,
including the paramagnetic gradient force (Fp), field gradient or Kelvin
force (Fx), and Lorentz force (F;)%.

Fp arises from spatial variations in the paramagnetic susceptibility
within the diffusion layer, which are caused by concentration gradients of
charged or paramagnetic species. While Fp may become significant locally
within the diffusion layer, its overall influence on the catalytic process is
often considered negligible. This is because, at room temperature, the
thermodynamic driving force for diffusion greatly outweighs the magnetic
contribution exerted by Fp".

Fy is generated by the interaction between paramagnetic species and a
non-uniform magnetic field, and it is directly proportional to the field
gradient. This force drives paramagnetic species toward regions of higher
magnetic field strength, while diamagnetic species are pushed in the
opposite direction. As a result, Fx can induce local concentration gradients
of electroactive species, particularly near the electrode surface. This mag-
netic separation effect enables the selective accumulation or depletion of
species based on their unpaired electrons, thereby influencing electrode
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coverage and potentially altering reaction pathways”’. The effect of F is
especially pronounced at the surfaces of FM electrodes, which inherently
produce strong and spatially non-uniform magnetic fields in the adjacent
electrolyte. These localized gradients can enhance electrocatalytic perfor-
mance by promoting mass transport, reducing diffusion layer thickness, and
increasing the effective concentration of reactants at the reaction interface.

Fy results from the interaction between moving charged species and an
applied magnetic field, and it is proportional to the strength of the field. As
Fy, acts perpendicular to both the direction of charge movement and the
magnetic field vector, it alters the linear motion of ions and electrons into a
spiral or curved trajectory, inducing electrolyte convection. This magneti-
cally induced stirring promotes enhanced mass transport, reduces the
thickness of both the diffusion layer and the electrical double layer, and
thereby increases the rate of electroactive species transport to the electrode
surface. In addition to improving ion distribution and homogenizing
nucleation processes, Fy, contributes to the removal of gas bubbles that may
form during gas-evolving reactions, further improving reaction efficiency.

Furthermore, within the diffuse layer of the electrical double layer,
electrokinetic shear stress may act on charge carriers when a non-electrostatic
force, such as a magnetic field, is applied parallel to the electrode surface™. This
shear stress can influence local ion dynamics and surface charge distribution.
Additionally, the Maxwell stress, arising from interactions between the
magnetic field and magnetic dipole moments of species near the electrode, can
further influence electrochemical behavior. Specifically, it can alter the wett-
ability of the electrode surface for different species, impacting the coverage,
capacitance of the electric double layer, and charge transfer resistance’””".
Magnetoresistance. External magnetic fields can also affect the charge
transport properties of electrode materials, a phenomenon broadly
known as magnetoresistance. This effect must be distinguished from
spin-selective charge transfer at the electrode-electrolyte interface, which
is governed by different mechanisms. Magnetoresistance is observed in
diverse materials, including non-magnetic and magnetic metals, semi-
conductors, and composites, and can arise from multiple factors.

One contributing factor is the F; acting on charge carriers in the
electrode. Under a magnetic field, charge trajectories are altered, leading to
increased scattering and reduced mobility, which typically manifests as
positive magnetoresistance (i.e., increased electrical resistance). In electro-
chemical systems, this added resistance can diminish charge transport
efficiency and impair device performance.

However, negative magnetoresistance, in which resistance decreases
with an applied magnetic field, has also been reported under specific con-
ditions. For example, in polycrystalline Fe; Oy, it results from spin-dependent
charge transport between adjacent grains, underscoring the role of spin
alignment and domain structure in governing electrical conductivity’*”*.

Magnetothermal effect

The magnetothermal effect refers to the heating of a material via energy
dissipation induced by the application of an alternating magnetic field,
primarily mediated by spin fluctuations within magnetic domains. Also
known as magnetic hyperthermia, this phenomenon is widely utilized in
biomedical applications, particularly for the targeted destruction of can-
cerous tissues, where magnetic nanoparticles (NPs) generate localized heat
to raise the temperature of tumor environments™. In recent years, magnetic
hyperthermia has also found application in the field of magnetically induced
catalysis’”. In this context, the heat generated by magnetic NPs under
alternating magnetic fields is harnessed to initiate or accelerate catalytic
reactions. Depending on the system design, these NPs can serve directly as
active catalysts, as catalyst supports, or as thermal agents that enhance the
reactivity of nearby catalytic components by localized heating.

Spin state engineering within the catalyst: exchange coupling
and spin pinning

The use of external magnetic fields offers a powerful strategy to funda-
mentally investigate the role of electron spin states in electrochemical

performance. However, their application for performance enhancement
during battery operation remains impractical, primarily due to the addi-
tional cost, weight, and volume of the equipment or materials required to
generate and maintain such fields. One potential workaround is the inte-
gration of multifunctional or structural materials with hard FM properties
directly into the electrode or battery casing, allowing for internal magnetic
field generation without external systems.

A more practical and scalable alternative involves the intentional
design and engineering of spin states within the electrode materials them-
selves. This can be achieved through exchange coupling and spin pinning
strategies, which stabilize or manipulate spin configurations at active sites.
Although the magnetic energy contributions from Zeeman and Fermi
interactions are generally negligible compared to chemical and electrostatic
potential energies, the exchange-correlation energy between two electrons
of opposite spin occupying the same orbital region can reach values on the
order of 1 eV’*. This exchange interaction is central to spin catalysis and can
be tuned by modifying the coordination geometry of reaction sites, thereby
altering their preferred spin states””. Indeed, exchange coupling is widely
considered the dominant driving force in spin-selective catalysis™.

Another promising strategy is the use of spin pinning, particularly in
pre-magnetized materials, to direct the reaction pathway toward products
that would otherwise be spin-forbidden. This concept has been successfully
demonstrated using core-shell heterostructured NPs, such as
Co; ,Fe, 0,@Co;_ Fe, OOH and Fe;0,@Ni(OH),””* . In these systems, the
FM core exerts a robust pinning effect on the electron spins within the (oxy)
hydroxide shell, where the electrochemical reaction takes place. Notably,
spin-selective electron transport has also been observed within the shell
layer, suggesting additional opportunities for tuning reaction kinetics and
selectivity through magnetic coupling effects.

Surface spin filters: chiral elements

The incorporation of chiral elements at the electrode surface represents a
direct and effective strategy for activating electrochemical reactions through
electron spin polarization. Chiral molecules enable the preferential trans-
mission of electrons with a specific spin orientation—a phenomenon
known as chiral-induced spin selectivity (CISS). This spin filtering effect was
first described by Ray Krishanu in 1999, who demonstrated that chiral
molecules can function as spin-selective conduits, effectively determining
the spin orientation of transmitted electrons®.

By exploiting the intrinsic relationship between molecular chirality and
spin orientation, the CISS effect has emerged as a promising breakthrough
for enabling spin-controlled electrocatalysis. This approach holds sig-
nificant potential for tuning reaction kinetics and selectivity without relying
on external magnetic fields or complex material architectures”™**.

Probing spin states: experimental tools and theoretical
frameworks

The development of spin-engineered materials with enhanced electro-
catalytic performance fundamentally relies on the ability to experimentally
control and accurately characterize spin states, along with the advancement
of robust theoretical models that deepen our understanding of the
mechanisms governing spin behavior and its influence on catalysis".

The spin state configuration of a material is governed by key factors,
including orbital occupancy, electronic symmetry, coordination geo-
metry, and energy level distribution. In TM compounds, understanding
the role of spin in electronic transitions begins with the concept of crystal
field splitting, particularly in metals with d* to d” electron configurations,
where the distribution of electrons across split d orbitals dictates the
spin state.

In an octahedral coordination environment, for example, the five d
orbitals split into two distinct energy levels: (i) the lower-energy t,g orbitals
(dxy, dxz, dyz), oriented between the axes, where they experience less direct
electrostatic repulsion from ligands, and (ii) the higher-energy eg orbitals
(dz?, dx>—y?), which point along the axes, directly facing ligand orbitals and
thus subject to greater repulsion (Fig. 4a).
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The occupancy of the antibonding eg orbitals determines the electronic
spin state of the metal (Fig. 4c), whether high-spin (HS), intermediate-spin,
or low-spin (LS), and plays a crucial role in governing electrocatalytic
activity, particularly by influencing o-bonding interactions and charge
transfer processes between the catalyst and adsorbed reaction
intermediates”.

In other geometries, such as spinel structures containing Co”" in tet-
rahedral coordination, the electronic configuration differs (Fig. 4b). In this
case, Co” typically adopts a HS state. However, further orbital splitting and
spin transitions can be induced by modifying the local chemical environ-
ment, potentially leading to an LS configuration (Fig. 4d)™.

Effectively understanding and manipulating spin states thus requires
both the rational design of structural frameworks that influence orbital
splitting and access to experimental techniques capable of resolving the
electronic and spin properties of metal centers. For example, HS states are
typically more apparent under steady-state conditions, while HS and
intermediate-spin states are more readily identified using ultrafast
pump-probe spectroscopic techniques (Fig. 4b)”.

This section provides a comprehensive overview of the experimental
methods available for evaluating spin and oxidation states, as well as a
summary of the theoretical modeling approaches used to study spin-state
transitions in TM-based catalysts.

Experimental measurements

Characterizing the spin states of catalysts and their evolution during
interactions with reactants is essential for understanding catalytic
mechanisms and for regulating catalytic activity and stability. Probing the
electronic structure and spin-related processes at the catalyst surface offers
critical insights that guide the design and optimization of advanced catalysts.
Several experimental techniques are available to monitor the energy levels,
their occupancy, and the degree of spin polarization within catalytic
materials. These include X-ray absorption spectroscopy (XAS), electron
paramagnetic resonance (EPR), superconducting point contact (SPC)*™,
X-ray magnetic circular dichroism (XMCD)””, angle-resolved photo-
emission spectroscopy (ARPES)™'", polarized photoluminescence
(PPL)*'"""'%* and polarized neutron diffraction (PND)'*"*, among others.

X-ray absorption spectroscopy. XAS allows for the direct determina-
tion of HS and LS states as a function of the relative intensity of TM
centers to the split unoccupied orbitals, because of differences found in
the spectra shape from different orbital occupations in HS and LS forms.
XAS is also sensitive to the local crystal field environment of the ionic
species under study, thus enabling the discrimination of ions at different
crystallographic sites™.

X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) have been demonstrated to be especially
useful for the determination of the unoccupied electron states and the local
structure around the absorbing atom, respectively*'””'*. From the XAS-

fitted spectra, parameters, such as HS fraction, temperature at which the
transition takes place, and thickness of the film, can be inferred and further
correlated to the degree of coalescence obtained from the analysis of
topography images.

Taking the Co L-edge spectrum as an example, it is split into two due to
spin-orbit coupling (Fig. 5a), denoted as the L; edge (780 eV) and the L,
edge (796 eV)'”"'". The shape of the spectrum strongly depends on the
multiple structures given by the Co 3d-3d Coulomb interaction and
hybridization with the 2p orbital of the ligand'*. Therefore, the position and
intensity of the L-edge peak of Co give information about the symmetry and
spin state. For instance, the decrease in the intensity of Co L,-edge indicates
the spin state transition of Co®" from a HS state to an LS state as demon-
strated in the work of L. H. Tjeng et al.'’. It was shown that Co®" ions in the
perovskite-structured LaCoO; at different temperatures have a diversity of
spin states (Fig. 5b). The temperature dependence was fitted by taking the
different LS and HS state ratios contributing to the spectra. The percentage
of extracted HS as a function of temperature is displayed in Fig. 5b, showing
that as the temperature increases, the proportion of HS in the material

increases'®.

X-ray magnetic circular dichroism. Related to XAS, XMCD involves
the use of circularly polarized X-rays to characterize the spin state of
specific elements within a sample. The absorption of photons with a
specific circular polarization (either left-handed or right-handed)
depends on the polarization and the orientation of the magnetic
moments (spins and orbital angular momentum) of the electrons in the
material. The difference in X-ray absorption for left-circularly polarized
versus right-circularly polarized light provides information on the
alignment of electronic spins and orbitals””""*'"*. A positive XMCD signal
indicates an excess of one spin orientation, while a negative XMCD signal
indicates an excess of the other spin orientation.

As an example, Fig. 5¢ shows the XAS and XMCD spectra of BiFeO4-
CoFe,0, (BFO-CFO) nanopillar films at normal incidence”. The spectra
show two sub-peaks, L and L,, which are due to the spin-orbit splitting of
Co’" ions. Comparing the ratio of X-ray absorption for left-circularly
polarized versus right-circularly polarized light, the Co®™ XMCD spectra
show a 50% spin polarization.

Electron paramagnetic resonance. EPR, also known as electron spin
resonance (ESR), is a semiquantitative spectroscopic technique based on
the interaction of electron spins with an applied magnetic field. From the
changes in the frequency and intensity of microwave radiation absorbed
or emitted by a sample when an external magnetic field is applied,
information about the electron spin state and environment can be
obtained. Unpaired electrons gaining or losing angular momentum can
change the value of the g-factor of the EPR. Besides, the interaction of
unpaired electrons with their environment can also affect the shape of the
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EPR spectrum .
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Fig. 5 | Spin state characterization. a Experimental Co-L; 3 XAS spectra from
LaCoOj at various temperatures, 20, 300, and 650 K, and corresponding theoretical
spectra calculated in LS and HS. b HS population from XAS data. a,b Reproduced
with permission from ref. 108 (copyright American Physical Society, 2006).

¢ Experimental Co-L, 3 XAS and XMCD spectra of BFO-CFO nanopillar films
(300 K and 6 T). X-ray absorption for left-circularly polarized and right-circularly
polarized light (u* and p") are shown as black and red lines, while XMCD difference
spectrum is shown as a blue line. Reproduced with permission from ref. 95 (copy-
right Elsevier, 2020). d EPR spectra of pristine Ti;C,Ty, FePc and FePc/Ti;C,Ty.

e Schematic diagram of the spin transition of Fe(II) on Ti;C,T. d,e Reproduced with
permission from ref. 114 (copyright Wiley-VCH, 2022). Characterization of the

Y

(NH,4),MS,-Li,S, reaction product in ether-based solvents. f X-band EPR spectrum
of the solution-phase reaction product of (NH,),Mo0S,-Li,Sg. g X-band EPR spec-
trum of the solution-phase reaction product of (NH,),WS,-Li,Ss. f,g Reproduced
with permission from ref. 115 (copyright Elsevier, 2022). h Intensity map obtained
by ARPES (hv =21.2eV) at 0.3 eV relative to the top of the valence band at point K
(E — Eg = —0.3eV) and the iso-energy surface c calculated at k, = nt/c overlaid on
2D on the first Brillouin zone. Hereafter, red and blue represent the spin-up and
spin-down electrons, respectively. i Spin-resolved energy distribution curves (EDCs)
at the K point and j the corresponding spin polarization and statistical error of
photoelectron counts for 3R-MoS,, obtained by SARPES. h-j Reproduced with
permission from ref. 68 (copyright Nature Publishing Group, 2014).

As an example, the EPR spectrum of iron phthalocyanine (FePc)/
Ti;C,Tiy (Fig. 5d, e) shows changes in the three-dimensional (3D) electron
spin configuration and chemical environment of the Fe(Il) center with
respect to that of FePc'". The strong interaction between Fe(I) and
Ti;C,Ti, MXene induces electron density redistribution and spin state
transition, with a spin configuration change from dxyzdxzzdyzldzz ldxz,yzo
tody d,'d, datda .

EPR has also been employed to detect soluble polysulfide
intermediates'>"'’. Since ions in diamagnetic oxidation states are EPR-
silent, the presence and transformation of paramagnetic species can be
readily monitored as the reaction progresses. This allows for direct

observation of spin transitions, providing valuable insight into the reaction
mechanism (Fig. 5f, g)'".

Angle-resolved photoemission spectroscopy. ARPES is a powerful
tool based on the photoelectric effect to study the electronic structure of
materials, providing information about the electronic spin state”*'**'"’. In
an ARPES experiment, the surface of the material is irradiated with UV or
X-ray photons to excite electrons to higher energy states, giving them
enough energy to escape from the material’s surface. By measuring the
energy and emission angle of the scaped electrons, the electronic energy
band structure of the material can be determined”. Information about
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Fig. 6 | Spin state characterization. a Circularly polarized PPL spectrum of pure
Pbl, at room temperature (top) and the corresponding degree of polarization p of
pure Pbl, calculated from the PPL spectrum (bottom). Reproduced with permission
from ref. 103 (copyright Nature Publishing Group, 2020). b,c Refinement of the sum
(spin up + spin down; top curves) and difference (spin up — spin down; bottom
curves) of the spin-up and spin-down pattern at b) 5 kOe and ¢) 50 kOe.

b,c Reproduced with permission from ref. 124 (copyright Wiley-VCH, 2022).

22 2.46A

d Deconvoluted Mdssbauer spectra of a Fe/N/C-catalysts. e Side views and top views
of the proposed structures obtained from the correlation of the corresponding peak
position of the doublets and the quadrupole splitting with the content of Fe, energy
schemes of D1, D2, and D3, and filling of the molecular orbitals for the Fe" ion in the
structure for each site according to its proposed spin state. d,e Reproduced with
permission from ref. 128 (copyright Royal Society of Chemistry, 2012).

electron spin state can be obtained by analyzing the distribution of
electrons in energy-momentum space.

As an example, the equi-energy band surface of 3R-MoS, at E — Ex =
—0.3eV is shown in Fig. 5h, where E — E¢ represents the energy level
relative to the valence band maximum at K point®. The experimental
images show the existence of hole-like equi-energy surfaces around the I.K,
and K points. In Fig. 5i, the red (blue) curves represent the intensity of the
spin-up (spin-down) electrons obtained at the K point. The z-directed spin
spectrum shows that the upper (lower) bands at the top of the K-dot are
spin-up (spin-down) polarized, while the in-plane s, and s, components
have nearly equal intensities. Figure 5j shows almost complete polarization
along the z-direction (P, =~ + 1) along the material, which could quantita-
tively describe the change of spin state of 3 R MoS, when compared with
2H MoS,.

Polarized photoluminescence. PPL involves the excitation of electrons
using polarized light and the analysis of the polarization properties of the
light they emit upon returning to a lower energy state'”’. When a material
is excited with circular or linear polarized light, it preferentially excites
electrons into specific spin states. Thus, the polarization characteristics of

the photoluminescence spectra carry information about the spin of the
electrons in the excited state'”"''"". Using a polarization analyzer, the
luminescent photons can be divided into left-handed (¢”) and right-
handed (0") polarization directions.

As an example, when Pbl, is excited with the o— light, the dominant
emission is 6~ polarized (Fig. 6a). On the other hand, in the PPL signal from
a PbL,/WS, heterostructure, PPL for both ¢* and ¢~ polarizations was
detected (Fig. 6a top)'”. Thus, it was inferred that the degree of polarization
of Pbl, in the heterostructure increased dramatically, reaching almost 100%
(Fig. 6a bottom).

Polarized neutron diffraction. Based on the remarkable sensitivity of
polarized neutrons to weak magnetic signals, PND, together with sphe-
rical neutron polarimetry (SNP), can be unequivocally considered the
most sensitive methods for the study of magnetic structures using
unpolarized beams'“™*". PND can determine magnetization distribu-
tions in the unit cell and unambiguously reveal the spin delocalization
and the polarization sign. PND also allows separating the spin and orbit
contributions and is a powerful tool to investigate intra- and inter-
molecular interactions. Until very recently, PND has been limited to
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single-crystal and some polycrystalline samples. Further developments in
instrumentation, specifically *He neutron spin filters, have broadened
their applicability to a wider variety of samples unsuited otherwise'*.
Besides, since 2019, it has been possible to study powder materials'*’, even
at the nanoscale'™, using a novel two-dimensional (2D) Rietveld data
analysis'®.

As an example, Nogués et al’** determined, for Fe;0,@Mn;0,
core@shell NPs, not only the magnetic moment for each phase but also the
orientation of the magnetic moment at each ion site within the crystal lattice
(Fig. 6b, c). This novel analysis strategy allowed disentangling the origin of
the change of the exchange coupling, from antiFM to FM, at the core@shell

interface when applying high magnetic fields.

Méssbauer spectroscopy. Mossbauer spectroscopy, utilizing the
resonant absorption and emission of y—rays by atomic nuclei, involves a
source and an absorber containing the same type of nucleus. The source,
in an excited state, is moved variably to alter the y-ray energy via the
Doppler effect, matching the absorber’s nuclear energy levels. Detected
intensity changes in g-rays passing through the absorber indicate reso-
nance, providing insights into the chemical environment of the absorbing
nuclei, such as oxidation state, electronic environment, and chemical
bonding. Mossbauer spectroscopy can also give insights into the spin
state and magnetic properties of materials, including magnetic ordering
and the strength of internal magnetic fields at the atomic level*>'**"'*".
Specifically, ¥Fe Méssbauer allows for the detection of changes in the

coordination environment of Fe and Co, i.e., sites of similar structure but
in different oxidation and/or spin states, which can be correlated to the
corresponding energy schemes and filling of the molecular orbitals
(Fig. 6d, e)"**'*.

Other experimental techniques. A variety of experimental techniques
have been employed to directly or indirectly probe spin configurations
and their effects across a wide range of materials. As an example, As an
example, Herndndez et al."”* employed atomic force microscopy (AFM)
in peak force tapping (PFT) mode coupled with quantitative nano-
mechanical mapping (QNM) and a gold microwire microheater to
achieve reversible, high-resolution measurement of the Young’s modulus
(E) in 40-70 nm spin-crossover (SCO) films across the LS to HS transi-
tion (Fig. 7a). By continuously calibrating the tip radius against an
adjacent reference region, they observed a ~25-30% decrease in E
(AE = 400 MPa) upon heating, which was independently confirmed by
correlated fluorescence imaging of a Rhodamine 110 dopant (Fig. 7b).
Spatially resolved analyses over 70 nm-wide regions of interest, corro-
borated by finite-element thermal simulations, further revealed the
nanoscale distribution of the spin transition and demonstrated AFM’s
unique capability to map phase boundaries and electron-lattice coupling
effects in SCO nanostructures.

In SPC experiments, a spin-polarized interface is created between the
superconductor and the material’®”’. When a superconductor is in contact
with a nonmagnetic material, the interface between the superconducting
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material and the nonmagnetic material can lead to spin-selective electron
scattering’™. This scattering process changes the spin state of the electrons
and creates spin polarization in the contact region. Thus, by measuring the
electrical properties of SPC materials, the spin state of the material can be
inferred (Fig. 7c, d)”"”>. However, this technique has limited applications
because of the complexity of data theoretical treatment™"'*.

High-resolution X-ray photoelectron spectroscopy (XPS) also provides
valuable information on orbital occupancy and, consequently, the electronic
spin state of TM complexes. Changes in the metal-ligand bonding character
during spin-state crossover can be detected in the XPS spectra of both metal
ions and, to a certain extent, ligand atoms. Notably, spectral line broadening
and an increased presence of shake-up satellites, which are characteristic
features of the HS state, result from enhanced time-of-flight coupling
between emitted photoelectrons and partially filled paramagnetic d-orbitals.

This increased coupling, arising from uncompensated magnetic
moments, reflects the higher ionicity of coordination bonds in HS species.
As aresult, transitions between HS and LS states influence both the binding
energy and the charge distribution within chemical bonds. HS configura-
tions are generally associated with a greater ionic character, providing a
spectroscopic handle for probing spin-state changes and their effects on
bonding interactions and electronic structure™"**"'*".

Hall devices have also been used to probe spin-selective charge transfer,
which can be used to infer information about the spin state of materials'"*.
Additional methods include electron energy-loss spectroscopy (EELS)' 7™,
tomographic Kerr rotation'*’, and scanning tunneling microscopy (STM),
which can also be used to retrieve spin states'*. In addition, the basic
magnetic properties of a material can be determined through the mea-
surement of magnetization under an externally applied magnetic field"*™*.

Most of the techniques discussed above offer a static snapshot of the
electronic spin state of a material. However, extending spin state char-
acterization to capture its dynamic evolution during a catalytic reaction
remains highly challenging. To resolve the intermediate steps involved in
spin transitions, ultrafast pump-probe techniques have emerged as pow-
erful tools. Techniques capable of probing spin states on the femtosecond to
nanosecond (fs-ns) timescale, such as X-ray emission spectroscopy (XES)
and resonant inelastic X-ray scattering (RIXS), have been refined to over-
come previous limitations in time-resolved X-ray spectroscopy. These
methods have been successfully applied to investigate the photochemical
behavior of Fe-based light-energy conversion systems'?.

Nevertheless, for low-Z elements like sulfur, the emission energy range
lies outside the detection window of conventional hard X-ray emission
spectrometers. To address this, in-vacuum tender XES spectrometers have
been developed, enabling the extension of ultrafast spin-sensitive mea-
surements to sulfur-containing systems'*"*".

Additionally, it is important to note that most of the aforementioned
techniques are qualitative or semi-quantitative. They typically reveal relative
changes in spin state, which may arise not only from actual spin transitions
but also from other overlapping electronic effects. Consequently, accurate
spin state characterization often relies on the correlation of experimental
observations with complementary techniques and theoretical calculations.
A notable example is the determination of electron occupancy in t,g and e,
orbitals in FeCoPSs, a 2D-layered TM chalcogenide used in LSBs, achieved
by combining high-resolution XPS with density functional theory (DFT)

simulations®"*.

Theoretical calculation

Theoretical calculation methods are essential tools for investigating the spin
states of materials. By solving equations related to the electronic structure,
the spin Hamiltonian, or spin dynamics, these approaches provide valuable
insights into the spin-dependent properties and behavior of materials at the
atomic and electronic levels. They allow researchers to predict and analyze
spin configurations, offering a deeper understanding of how spin states
influence material performance. Moreover, theoretical calculations play a
critical role in guiding the design and optimization of materials with tailored
spin characteristics, thereby driving progress in electrocatalysis, particularly

in the development of high-performance materials for conversion-type
batteries.

Density functional theory. DFT is a powerful computational tool for
investigating the electronic structure and intrinsic properties of materi-
als, including their spin states. Through the analysis of band structures
and density of states (DOS), DFT calculations provide critical insights
into the distribution of electronic energy levels and their associated spin
orientations. The band structure reveals how electronic states are dis-
persed across momentum space and can be used to identify spin-resolved
energy bands, while DOS analysis offers a more detailed view of the
number of available electronic states at each energy level for spin-up and
spin-down orientations. Together, these analyses enable the quantifica-
tion of spin polarization and support the characterization of magnetic
and electronic behavior in a wide range of materials. Such insights are
invaluable for the rational design of spin-active materials in fields, such as
electrocatalysis, spintronics, and energy storage®”"*"'>*,

In spin-polarized materials, the spin-up and spin-down components of
the DOS near the Fermi level represent the number of electrons in each
respective spin orientation. The difference in electron occupancy between
the spin-up and spin-down states at the Fermi level defines the degree of spin
polarization, which can be quantitatively expressed as a ratio describing the
extent of spin imbalance”:

_ DOS 1, —DOS |, )
"~ DOS 1, +DOS |, (

When calculating the degree of spin polarization, it is crucial to select
an appropriate approximation method and exchange-correlation func-
tional, as these choices significantly influence the accuracy of the results'”.
For materials with complex spin configurations or strong electron corre-
lation effects, more advanced approaches, such as the spin-polarized
Hubbard model, may be necessary to capture the correct spin behavior and
electronic structure'™.

As an example, the insets of Fig. 8a show the calculated spin polar-
ization for Co and FeGe,/,Ga,/, terminations, revealing important depth-
dependent trends. In the case of FeGe,/,Ga,/, as the terminating layer, the
outermost atomic layer displays 100% spin polarization, which decreases to
approximately 80% in the third atomic layer, as inferred from the DOS.

Spin density plots, derived from DFT calculations, also offer a visual
and quantitative means of assessing spin state variations. For example, as
illustrated in Fig. 8b, the spin density around Co atoms changes significantly
upon considering spin alignment. Additionally, CoFe,O, with parallel spin
alignment exhibits a higher spin density on oxygen atoms compared to its
antiparallel counterpart, providing a clear graphical representation of spin
state modulation®.

Beyond overall spin density visualization, it is also possible to represent
spin-up and spin-down components separately. As demonstrated in
Fig. 8c-e, this approach highlights the differential spin occupancy of Co™
ions in LiCoVO,, further elucidating spin asymmetry within the material'*.

In summary, DFT calculations serve as a powerful tool for evaluating
the degree of spin polarization in materials. By analyzing both numerical
results and graphical representations, such as DOS and spin density maps,
researchers can obtain quantitative and qualitative insights into spin-
dependent properties, which are essential for the design and understanding
of spin-functional materials.

Diffusion quantum Monte Carlo. The diffusion quantum Monte Carlo
(DQMC) method can be used to obtain information on electron spin and
spin correlation”™””. An estimate of the spin polarization can be
obtained by comparing the energy difference of systems with different
spin configurations'”®. A low energy difference indicates a higher degree
of spin polarization. By simulating spin configurations and energy dif-
ferences, qualitative and quantitative information about electron spins
can be obtained'”.
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Fig. 8 | Spin state characterized by DFT. a Layer-resolved DOS of FeGe,,,Ga,,-
termination. The inset shows the layer-resolved spin polarization. Reproduced with
permission from ref. 267 (copyright Royal Society of Chemistry, 2022). b Spin
density for CoFe,O, with and without spin alignment. Reproduced with permission
from ref. 65 (copyright Nature Publishing Group, 2019). ¢ LiCoVO, crystal structure
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zero net spin. d,e Spin distribution along the [001] direction for the spin-up

(d) and spin-down (e) layers in LiCoVOy,. c-e Reproduced with permission from
ref. 155 (copyright Wiley-VCH, 2020). f Simulated radial spin polarization
density differences by the DQMC method. Reproduced with permission from
ref. 160 (copyright Wiley-VCH, 2022).

As an example, Xiao et al.'® observed that the V,C-VO, heterointer-
face in the V-H mode exhibits the smallest polarization on the V-O and V-C
layers using the spin-charge density distribution results obtained by DQMC,
because all values of the calculated radial spin polarization density around
the core region of vanadium atoms are smaller than those of other
modes (Fig. 8f).

However, DQMC also has some limitations, such as computational
complexity and statistical error'*"'’. Therefore, in practical applications, it is
necessary to comprehensively consider different calculation methods and
techniques to obtain more comprehensive and accurate electron spin
information.

Influence of magnetic field on the performance of
metal-sulfur batteries
External magnetic fields can significantly alter electrochemical reaction
pathways, enabling transitions between spin-allowed and spin-forbidden
channels****°, In metal-sulfur batteries, such fields have been shown to
enhance sulfur trapping, accelerate SRR kinetics, and improve overall per-
formance, partly through MHD effects driven by the Lorentz force.
However, the influence of magnetic fields on electrochemical perfor-
mance is highly complex, governed by factors, such as electrode composi-
tion, microstructure, reaction environment, and the field’s intensity and
orientation. Disentangling MHD effects from those arising from spin
alignment and polarization is especially challenging, as both may occur
simultaneously under magnetic influence. This complexity has often led to
ambiguous interpretations of reported performance enhancements, with
the origin, whether spin-state modulation, MHD-driven mass transport, or
other magnetic effects, remaining unclear. Addressing this challenge
requires a synergistic approach that integrates experimental studies with
theoretical modeling and employs well-defined reference systems. Such

strategies are essential to clarify the regulatory role of external magnetic
fields in spin polarization dynamics during SRR and to guide the rational
design of optimized catalysts for advanced energy storage applications.

MHD effect on sulfur cathodes

According to Lorentz’s law, Fy acts perpendicular to both the velocity of
negatively charged polysulfide anions and the applied magnetic field,
imparting them with angular momentum as they move between the two
electrodes. This rotational motion promotes a more homogeneous disper-
sion of the anions and uniform deposition on the catalyst surface. The
nature of F and the resulting polysulfide diffusion can vary significantly
depending on whether the magnetic field is applied externally in a homo-
geneous manner (Fig. 9a) or generated internally by magnetic domains
(Fig. 9b). In all cases, however, the induced FL remains perpendicular to the
direction of polysulfide motion, ensuring it cannot be misconstrued as an
attractive or bonding interaction.

Several groups have reported a promoted polysulfide trapping using
ferro/ferri/paramagnetic particles associated with an external or internal
magnetic field. Pioneering work on the adsorption ability of LiPSs facilitated
by superparamagnetic particles under an external magnetic field was carried
out by Cui et al. on a semiliquid battery configuration'®’. They showed how
in the presence of superparamagnetic Fe;O4 NPs, a concentrated polysulfide
catholyte exhibited magnetofluidic behavior, enabling controlled localiza-
tion in response to a magnetic field (Fig. 9c,d)'”. Such ferrofluidic properties
enabled a hybrid battery with enhanced electrochemical performance in the
presence of a magnetic field that maintains the polysulfide catholyte in close
contact with the cathode current collector (Fig. 9e).

Inspired by this and other previous works on the effect of magnetic
fields on capacitors'®*'®, Li et al. demonstrated promoted polysulfide
trapping by introducing FM iron/iron carbide (Fe/Fe;C) NPs into graphene
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current density of 0.2 C. c-e Reproduced with permission from ref. 163 (copyright
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American Chemical Society, 2015). f Description of magnetic field inhibition of the
shuttle effect and battery working mechanism. With Fe/Fe;C NPs (right figure) and
without Fe/Fe;C NPs (right figure) in activated cotton textile (ACT)@Fe/Fe;C/S
cathode. The ACT cathode, infused with Fe/Fe;C nanoparticles, generates a soft
magnetic field that spirals dissolved polysulfides toward its surface, forming a pro-
tective, ion-rich boundary that enhances sulfur utilization and cycling stability
(middle image). Reproduced with permission from ref. 24 (copyright Wiley-
VCH, 2018).

shells (Fe/Fe;C/graphene) and those within flexible active cotton textile
(ACT) fibers to yield an ACT@Fe/Fe;C/graphene sulfur host (Fig. 9f)**. The
batteries assembled with ACT@Fe/Fe;C/S cathodes exhibited excellent
capacity retention (61%, after 600 cycles) associated with a promoted
polysulfide adsorption in the presence of the magnetic field internally
generated by the FM NPs. The authors associated the improved polysulfide
trapping with the F; generated by the intrinsic magnetic field in the cathode
proximity related to the presence of the FM NPs. Fy alters the path of the
dissolved negative polysulfide ions, attracting them toward the cathode, thus

promoting their trapping. They named this mechanism a “shielding effect,”
and ruled out the trapping mechanism to be driven by chemical bonding
between Fe and the polysulfide species based on X-ray diffraction patterns of
the cycled battery showing the Fe/Fe;C diffraction peaks.

Several other authors have afterward reported similar shielding effects
aided by the use of magnetic particles to prevent polysulfide migration. As
an example, Xia et al. reported on the effective use of FM porous Fe;0,@C
nanorods as a sulfur host to reduce polysulfide migration'*. The improved
properties are related to the anchoring of polysulfides through F; associated
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with the presence of magnetic Fe;0, NPs. Zhu et al. incorporated FM Fe;0,4
NPs into the LSB separator to block LiPS diffusion, associating the blocking
effect with the magnetic field generated by the magnetized Fe;O, NPs,
which produces a F that restrains the polysulfides movement'””. F; changes
the movement direction of polysulfide ions and thus increases the poly-
sulfide concentration around the cathode, accelerates the SRR, and increases
the specific capacity. Yue et al. also reported on a separator containing FM
Fe;0, NPs as an improved LiPS barrier'®. The Fe;O4 NPs act as mediators
of the redox reaction to block the polysulfide migration and dynamically
facilitate conversion by changing the molecular structure of PSs and redu-
cing the reaction barrier.

Wang et al.'” introduced magnetic carbonyl iron powder in the elec-
trolyte to create a magnetic shield to trap polysulfides. By coupling the
external magnetic field or using cathode materials with FM characteristics,
the uniform distribution of carbonyl iron powder avoids the accumulation
of polysulfides on the surface of the cathode. The induced magnetic field
effectively traps the dissolved S,°~ through magnetic attraction. Polysulfide
adsorption and battery performance are promoted in the presence of an
external magnetic field, which is associated with F;.

Additionally, on the anode side of metal-sulfur batteries, the MHD
effect can homogenize ion distribution and suppress localized metal
deposition. This redistribution of metal ions effectively mitigates the for-
mation of metal dendrites, which are a major cause of short-circuiting and
capacity fading in all kinds of lithium metal batteries. As a result, the
magnetic field contributes to a more stable anode/electrolyte interface,
enabling longer cycling life and enhanced battery safety, as reported by
several authors™.

Magnetic field influence via spin effect

The mechanisms behind performance enhancement under a magnetic field
can be various, and it is generally extremely challenging to discern among
them, especially when the magnetic field is intrinsically generated by
magnetic particles located within the electrode. The main mechanisms of
enhancing the trapping of polysulfides rely on MHD effects or surface
adsorption effects. Whether it is one or the other is an important issue worth
clarifying to optimize the system.

While the effect of magnetic particles has been almost unanimously
associated with the effect of F; generated by the magnetic field on the
moving polysulfide ions, several experimental results challenge this
hypothesis: i) The Lorentz effect should increase with the particle magne-
tization, i.e., with the NP size, but the opposite trend was observed by Yue
et al.'"*’, which points towards a surface driven effect. ii) When applying
external magnetic fields on non-FM materials, negligible effects are
observed even if the magnetic field is orders of magnitude larger than those
generated by the randomly distributed magnetic NPs. iii) A random dis-
tribution of particles should result in a random distribution of F, forming
very weak and local microvortexes, thus having a minimal perturbation on
the trajectory of an ion in solution. These very local magnetic fields have an
associated gradient that could contribute to the polysulfide trapping through
the Fx. However, the enhanced LiPS adsorption ability is more likely
associated with the change of the spin state of the catalyst surface/site in the
presence of the magnetic field.

Recently, we explored the effect of an external magnetic field in the SRR
by evaluating the performance of CoS,-based cathodes toward polysulfide
adsorption and conversion. When testing the CoS,-based LSB within an
external magnetic field, higher capacities and much lower capacity decay
rates per cycle were measured. In subsequent work, we compared the effect
of an external magnetic field on the Na-S reaction performance of three
catalysts supported on carbon nanofibers (CNFs) and characterized by
different magnetic properties: ferrimagnetic CoFe,O,4, and paramagnetic
Co30, and VO,*, the CV curves in a 5 mM sodium polysulfide electrolyte
and the corresponding Tafel plots for the three catalysts in the presence and
absence of a 900 mT magnetic field are shown in Fig. 10a-c. Under an
external magnetic field, the position and area of the redox peak obtained
from the CoFe,O,-based electrode showed a significant increase. In

addition, the presence of the magnetic field reduced the Tafel slope from
15.2 to 9.6 mV dec’, indicating a significant improvement in the rate of
conversion of sodium polysulfide to sodium sulfide (Fig. 10d-f). In contrast,
no significant effect of the field was observed with the paramagnetic
catalysts, which excluded the influence of an improved mass transport
within the electrolyte. The performance of CNF/CoFe,0, electrodes for
the conversion of sodium polysulfide showed dependence on the mag-
nitude of the external magnetic field, as observed in Fig. 10g. Besides,
upon removal of the external magnetic field, its effect just gradually
disappeared, which can be attributed to the magnetic remanence within
the FM CNF/CoFe,O,4. With the support of DFT calculations, we con-
cluded that the eternal field contributes to the spin alignment within the
catalysts, moving the bonding and antibonding states up, which influ-
ences both the adsorption of polysulfides and their reaction rate by
lowering the energy barrier (Fig. 10h,i).

Sun et al. reported on different Ni-doped MoS, with FM and antiFM
properties, as shown in Fig. 11a, b, respectively'”’. The FM Ni/MoS, sample
displayed a significantly higher degree of unidirectional spin alignment
compared to its antiFM counterpart. The excellent magnetic-field-
enhanced catalytic performance on FM Ni/MoS, was clearly demon-
strated in the hydrogen evolution reaction (HER), where application of a
modest external magnetic field (=0.2T) boosted the exchange current
density by over 25% and lowered the overpotential by ~30 mV at 10 mA
cm™—evidence that spin polarization actively promotes H* adsorption and
recombination kinetics. In Ni;/MoS,, a distorted tetragonal coordination
drives robust, room-temperature ferromagnetism that—when combined
with a mild external magnetic field—triggers spin alignment and spin-
density redistribution at sulfur active sites via field-modulated S(p)-Ni(d)
hybridization, thereby lowering adsorption energies of radical inter-
mediates, which optimizes the adsorption energy of reaction intermediates
to reduce the overall reaction barrier.

Similarly, our theoretical calculations reveal that the adsorption energy
of polysulfides is significantly higher in the presence of a magnetic field than
in its absence (Fig. 11c)*. The increase in adsorption energy is attributed to
the spin-aligned component of the electron system under the magnetic field.
Specifically, our spin-polarized DFT calculations indicate that the adsorp-
tion energy of long-chain polysulfides on the CoS,(200) facet increases by
roughly 0.1-0.2eV when a modest external magnetic field (~0.3T) is
applied. This enhancement arises because the field induces a net spin
alignment in the FM CoS, lattice, shifting the spin-resolved DOS so that the
S(p)-Co(d) hybrid orbitals lie closer to the Fermi level and bind anionic
polysulfide radicals more strongly. Experimentally, as shown in the inset of
Fig. 11, static adsorption tests under a 0.3 T field demonstrate a 50-70%
increase in CoS,’s polysulfide uptake compared to the zero-field case. When
assembled into Li-S cells and cycled at 2 C (Fig. 11d), the magnetic-field-
treated CoS,/S cathode exhibits a capacity retention of 315 mAh g after
8000 cycles, along with Coulombic efficiencies consistently above 99%. By
contrast, a control experiment using paramagnetic carbon fiber under
identical field conditions shows no appreciable change in either adsorption
or cycling stability, confirming that the magnetic-enhancement effect
requires both an external field and an intrinsically FM (or ferrimagnetic)
host. In essence, the applied field “switches on” a spin-polarized adsorption
channel that both anchors dissolved polysulfides more effectively, sup-
pressing the shuttle and accelerating their conversion kinetics, thereby
lowering the overall reaction barrier and dramatically improving battery
performance.

Other effects

In addition to the MHD and spin effects induced by magnetic fields, other
magnetic field-related phenomena can further enhance the electrochemical
performance of batteries. For example, applying a magnetic field during
material synthesis can promote favorable structural orientation, thereby
improving catalytic activity. In this direction, annealing FeCo,O4 nanofibers
under a magnetic field has been shown to enhance spin polarization".
Likewise, magnetic field-assisted alignment of CNF@Cos0, provides an
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Fig. 10 | Spin effect in sodium sulfur batteries. a-c CV curves of CNF/CoFe,O,
CNF/VO,, and CNF/Co30, electrode in 5 mM Na,S, with and without magnetic

field. d—f Corresponding Tafel plots. g CV curves of CNF/CoFe,O, recorded before,
during, and after the application of magnetic fields with varying intensities. h Energy

level diagram showing orbital hybridization for Na,S,. i Schematic diagram of the
catalytic Na,S, — Na,S process in the presence and absence of a magnetic field.
Reproduced with permission from ref. 46 (copyright Wiley-VCH, 2023).

effective approach to improve mass transfer kinetics, especially in thick
electrodes'”".

Spin engineering within the catalyst

For gene, protein, and other specialized names, taxonomic nomenclature, go
to Formatting Guide — Readability. Exchange interaction and spin states are
closely intertwined with the atomic chemical environment, which is
determined by the crystal structure, atomic arrangement, and defects of the
material. For instance, the spin state of a TM cation within a lattice depends
on the d-orbital electron spin configuration of the metal and correlates with
the occupancy of the d-orbital, which also determines the orbital interaction
between the TM cation and the reactant. Depending on the arrangement
and coordination of d-orbital electrons, the spin state of TM cations can vary
between LS, intermediate-spin, and HS states. Cations with different spin
states exhibit different thermodynamic reaction properties. Therefore,
adjusting the spin state of metal cations within the crystal structure becomes
an effective and feasible method to tune the reaction barrier and thus its rate.
This section presents strategies to modify the spin state of the catalyst

through tuning the atomic coordination environment. Several approaches
have been proposed in this direction, including the introduction of defects
and dopants, the atomic level design of the molecular/atomic coordination
in metal-organic frameworks (MOFs) and single-atom catalysts (SACs),
and the engineering of heterostructures, among others (Fig. 2). Spin-
polarized active sites, such as those in doped carbon, SACs, or vacancy-rich
TM compounds, create localized unpaired electrons. These sites enable
strong orbital hybridization with the r* orbitals of Li,S,/Li,Ss species. This
increases binding energy and reduces the chemical potential for LiPS des-
orption, thereby physically anchoring the species even during battery rest.

Defect engineering

Defects, particularly point defects, such as vacancies and doping atoms, play
a key role in enhancing electrocatalytic activity through several different
mechanisms, including the generation of additional free carriers, creating
and exposing active catalytic sites'>'”*, adjusting interatomic distances, and
tuning the electronic structure, among others'. At the surface of the catalyst,
variations in the atomic coordination can generate unsaturated orbitals and
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modify the spin state of surface electrons'”. Besides, while in perfect lattices,
electron spins are usually stable, in a defective material, defects can facilitate
spin flipping'”’. While research on spin interaction in the SRR process is still
inits infancy, there are already several examples of spin engineering through
defect engineering toward optimizing the SRR activity. Still, it is urgent to
decipher the intrinsic structure-activity relationship within catalysts con-
taining defective electronic spin states'’*'”’.

Vacancies. Over the past decade, a wide range of sulfur host materials
with engineered vacancies have been developed to maximize the expo-
sure of active sites, increase electrical conductivity, and optimize their
electronic structures. More recently, the regulation of electronic spin
states through vacancy engineering within sulfur cathodes has also
gained significant attention'*"7*"7%'”,

Carbon is the most extensively used and developed sulfur host material
due to its low weight, natural abundance, and excellent electrical con-
ductivity. However, pure carbon exhibits only moderate capability for the
adsorption and catalysis of key reaction species. An effective strategy to
boost the intrinsic catalytic activity of carbon materials is to introduce
surface defects, particularly vacancies, showing various carbon vacancies on
graphene, including single (SVG), double (DVG), and reconstructed double
(RDVG) vacancies, Stone-Wales defects (SWG), and pristine graphene
(PG)". Combined with MoS,, the defective graphene served as a sulfur host
in LSBs. Defects enhance interactions with LiPSs by increasing active site
density and adsorption strength, following the order: SVG/MoS, > DVG/
MoS, > RDVG/MoS,; > SWG/MoS, > PG/MoS,. Defect introduction
induces spin polarization in the C-2p orbital, with spin clouds mainly at SV
defect sites, where unpaired electrons originate. These extra electrons alter
the valence band structure, enhancing electron transport during redox
reactions. Different defects generate varying numbers of unpaired electrons
and spin states'®'. Overall, the study highlights that vacancy-induced spin
polarization significantly improves LiPS adsorption and catalysis, accel-
erating SRR kinetics.

Although direct experimental evidence quantitatively linking
defect-induced spin states to polysulfide conversion kinetics is still
limited, the electronic structure of carbon materials can be rationally
correlated with their catalytic behavior. Zigzag edge states and single-
atom vacancies are known to generate localized spin densities, which
can facilitate n*-m interactions with polysulfide species. This spin
polarization enhances electron transfer during S-S bond cleavage,
thereby accelerating the transformation from long-chain Li,Se to inso-
luble Li,S. On the other hand, overly dense vacancy clusters or oxygen
functional groups may disrupt the conjugated n-system, reducing both
spin activity and conductivity. These insights suggest a non-linear
relationship between defect density, spin polarization, and electro-
chemical performance, calling for future combined experimental and
theoretical investigations.

Vacancies can also be generated on the surface or inside of the sup-
ported catalysts. Guo et al.'*” achieved a high-performance cathode structure
for LSBs by incorporating carbon nanotubes (CNT) and defective LaNiOs
(LNO-V) NPs into graphitized pinus (GP) sylvestris.The presence of oxy-
gen vacancies in LaNiOj;_ leads to a large dispersion of spin-down electrons.
These electrons can easily combine with the spin-up electrons present in
LiPSs chains, as compared to defect-free planes of LaNiOs, indicating the
spin-selective adsorption of LiPSs on LaNiOj_. The changes in spin density
around the LaNiOs, oxygen vacancies also provided strong chemical
immobilization and catalytic conversion of LiPSs since the binding elon-
gates the S-S and Li-S bonds, facilitating their cleavage. EPR spectroscopy
was employed to characterize the oxygen vacancies on the LaNiO;_y
interface in Fig. 12a. The typical signal (g=2.001) confirms the spin
polarization resulting from oxygen vacancies. Compared with the GP/CNT/
LNO cathode, GP/CNT/LNO-V combined with sulfur showed a higher
rate capacity (exceeding 900 mAh g" at 1 C), indicating that the vacancy
resulting in spin polarization of the metal sites is beneficial to enhance the
transformation ability of LiPSs.

Changes in spin states associated with vacancies, promoting the SRR
process, have also been observed in other catalytic materials, such as TM
chalcogenides. As shown by Dai et al., sulfur vacancies in NiCo,S, enhance
the chemisorption of LiPSs, and the reorganization of the spin state through
these vacancies can further accelerate the transformation kinetics of LiPSs
(Fig. 12b)'*. The asymmetric spin-up and spin-down DOS indicate the
spin-polarized nature of absorbed Li,S,, especially in Li,S, and Li,S. As a
result, NiCo,S, x cathodes with sulfur vacancies exhibit outstanding rate
performance, delivering a capacity of 967.2 mAh g™ at 3 C (Fig. 12¢), along
with enhanced suppression of the shuttle effect and improved sulfur utili-
zation. Other types of defect vacancies, such as Te vacancies in ZnTe/
CoTe,”, S vacancies in CosSg_«'*, S vacancies in TiS,_,'*, Se vacancies in
WSe,', and Cu vacancies in copper selenide' have also been reported to
generate unpaired electrons and facilitate the SRR process.

Vacancies can also modulate the spin-orbit coupling (SOC) effect,
which arises from the interaction between the spin and orbital motion of
electrons'”’. This interaction leads to the splitting and rearrangement of
energy levels depending on the electron spin and can significantly influence
chemical reactions'*. For instance, Gao et al."* employed 2D WSe; con-
taining anionic Se vacancies and edge dislocations as a sulfur host material.
Among the samples tested, WSe;.s; exhibited an optimized electronic
structure and enhanced SOC, which facilitated electron transport,
strengthened LiPS adsorption, and promoted SRR activity. These
improvements translated into long-cycle stability and high-energy perfor-
mance in rechargeable LSBs.

Notably, the relationship between vacancies, spin states, and SRR
performance is highly complex, involving the interplay of multiple factors.
Consequently, a deeper understanding and precise control of this effect
requires further advanced experimental characterization and theoretical
modeling.

Heteroatomic doping. Heteroatomic doping, i.e., the introduction of
small amounts of a foreign element to alter the properties or behavior of a
material, is an effective way to fine-tune the orbital occupancy and spin
configuration of materials, thereby optimizing the catalytic
performance'’*. Dopant atoms can interact with electrons in the material,
changing their spin states. Doping can also generate unsaturated coor-
dination and introduce additional localized electronic states and poten-
tially free-charge carriers that can affect the orientation and properties of
surrounding spins. Additionally, dopants can modify the electronic
structure and adsorption capacity of the reactant, effectively improving
electrochemical performance'®.

Asnoted by Hou et al., considering the favorable outcomes observed in
oxygen reduction processes'”, it is reasonable to anticipate that S-doped
catalysts would exhibit a strong affinity for Li,S, species through the spin
effect””’. Building on this idea, Duan et al. investigated the influence of sulfur
and nitrogen doping on graphene as a cathode material for LSBs'*. Their
results demonstrated that the combined doping of S and N significantly
reduces the activation energy and enhances the stability of LSBs. The
interaction between the dopants and the graphene electrons alters the
electrons’ spin states, thereby improving SRR kinetics.

N/O co-doping is another effective strategy to enhance the cycle sta-
bility and specific capacity of LSBs. Liu et al. demonstrated that a unique N/
O double-doped honeycomb carbon structure not only physically encap-
sulates LiPSs but also promotes their chemisorption and catalytic conver-
sion. The strong chemisorption of LiPSs was attributed to the altered spin
density and charge distribution around the neighboring nitrogen- and
oxygen-doped carbon atoms'”’.

Several other non-metal elements have been used as dopants to modify
the electronic configuration in carbon-based hosts and metal compound
catalysts, including oxygen'”, phosphorus'”, boron'”, iodine", and
selenium'®. As an example beyond the doping of the carbon host, Wang
et al. showed that the introduction of N into the porous sheet of N-CoSe,
(Fig. 12d) changes the original spin state and improves the catalytic per-
formance of the originally inactive CoSe,. The hybridization of N elements
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Fig. 12 | Spin state modification by defect engineering. a EPR spectra of LaNiO; y,
LaNiOs, CNT, and GP, with the inset representing the crystal structure of LaNiO; .
Reproduced with permission from ref. 182 (copyright Wiley-VCH, 2022).

b Calculated geometries of Li,S, and Li,S, on the (101) plane of NiCo,S, (top) and
NiCo,S4.« (down). ¢ Rate performance of NiCo,S,./CNF, NiCo,S,/CNF, CNF, PP.
b, ¢ Reproduced with permission from ref. 183 (copyright Wiley-VCH, 2023).

d EDX element mapping of N-CoSe,. e PDOS of Co 3 d. f Cycle performance of
N-CoSe,. d-f Reproduced with permission from ref. 197 (copyright American

Chemical Society, 2022). g Magnetization of two TM-doped antimonene when the
distance between the two TM atoms is short (top) and long (down). Yellow and blue
represent spin-up and spin-down densities with an isosurface value of 0.003 e/A’.
Reproduced with permission from ref. 198 (copyright American Institute of Physics
Publishing, 2016). h Substitution metal cation enables tunable electronic structures
for CoPS3;, FePS;, and FeCoPS;. Reproduced with permission from ref. 47 (copyright
American Chemical Society, 2023).

into CoSe, can form shorter Co-N bonds, resulting in a higher Co central
atom charge number (Fig. 12¢)"”". The projected DOS (PDOS) of Co 3 d
orbital shows that N-doped CoSe, brings new defect levels and shifts the Co
3 d energy band closer to the Fermi level, which partially transforms Co into
an LS state. Subsequently, the cycling stability of the cathode based on the
N-CoSe, catalyst at 0.2 C showed a capacity fade rate per cycle of just
0.124%, significantly below that of CoSe,, at 0.187%. (Fig. 12f). The authors
also showed that the change in the spin state of the catalyst caused by doping
can affect the migration rate of electrons in the catalyst, which is expected to
maintain a high specific capacity at a large current density and achieve fast
charge and discharge behavior.

Beyond doping sulfur hosts and catalysts with non-metallic elements,
introducing metal atoms with different possible spin states offers additional
opportunities to tune the overall spin state of the material. In this context,
Yang et al. demonstrated that doping metal atoms into semiconductors can
alter the original electron spin states, as shown by doping antimonene with
various 3 d TMs (Fig. 12g)"” Antimonene doped with Ti, V, Cr, Mn, and Fe
exhibits magnetic properties, with Ti-, V-, and Mn-doped samples behaving
as half-metals, characterized by nearly 100% spin polarization'”. Another

example is nickel doping in MoS,, which induces a significant change in
magnetic properties and spin orientation through metal ion incorporation.
Recently, Li et al. synthesized V-doping-induced hexagonal nanosheets (V-
Co;04 NS) featuring intermediate spin states (IS, t,g’e_g") based on ligand
field theory and molecular orbital theory. These intermediate spin states
enable strong bonding with LiS* species, thereby effectively accelerating
sulfur conversion kinetics'”. Benefiting from these properties, a battery
employing a V-Co;0, NS-modified separator achieved a high areal capacity
of 15.37 mAh cm™ at a high sulfur loading of 15.4 mgcm™.

Instead of introducing external metal atoms, Li et al. demonstrated that
adjusting the Co/Fe ratio can effectively influence the overall catalytic per-
formance of FeCoPS; catalysts without altering their crystal structure, as
CoPS;, FePS;, and FeCoPS; all share the same monoclinic structure with
space group C2/m (Fig. 12h)*. Due to the redistribution of 3 d electrons, the
d-band center of FeCoPS; shifts upward compared to those of FePS; and
CoPS;. The coupling between Fe*" and Co™ ions leads to an increase in the
net spin of the metal centers. This process breaks the degeneracy of the
electronic states at the active catalytic centers, resulting in electron redis-
tribution and a change in spin states. Additionally, the energy level of the
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spin-up orbitals becomes higher than that of the spin-down orbitals, further
shifting the d-band center upward. Incorporation of Fe or Co dopants into
the octahedral sites enhances the d-band center position, strengthening the
adsorption capacity of the active sites toward LiPSs. Moreover, the strong
interaction between the active centers and polysulfides increases the filling
rate of the polysulfide’s lowest unoccupied molecular orbital (LUMO),
thereby promoting the cleavage of S-S bonds.

In addition to the examples mentioned above, various other metal ions
have been employed to enhance the performance of different catalysts, such
as Ni- and Zn-doped CoSe,*”, Mo-doped CoB*”, and Co-doped MoS,”".
These dopants can alter the metal coordination environment and, conse-
quently, the electronic spin state, thereby improving the ability to facilitate
LiPS conversion.

Molecular/atomic coordination design

Careful design and engineering of the molecular or atomic coordination
environment offers another powerful strategy to tune not only the electronic
band structure but also the spin states of catalytic materials. By precisely
tailoring local coordination, charge distribution, spin polarization, and
active-site reactivity can be modulated to enhance catalytic performance.
Although this approach can, in principle, be applied to a wide range of
materials, it has been most extensively explored in specific systems, such as
MOFs and SACs, where the highly controlled coordination environment
offers unique opportunities to fine-tune electronic and spin-related
properties.

Metal-organic frameworks. MOFs are crystalline materials composed
of periodically arranged metal ions or clusters coordinated by organic
linkers’”. Many TM ions possess unpaired d-electrons, which confer
intrinsic spin properties. By selecting metal ions with different spin
states, it is possible to tailor the magnetic and electronic characteristics
of the MOF. In addition, the organic linkers, typically n-conjugated
molecules, can significantly influence the spin states of the metal
centers through their structural and electronic properties. Therefore,
modifying the molecular structure and composition of the linkers
provides a strategy to adjust the electron spin states of the metal ions™.
Moreover, the spin interactions between metal ions and organic ligands,
such as exchange interactions, spin states, and electron distribution, can
also be finely tuned by engineering the metal-ligand bonding
environment''.

The electron spin state is particularly sensitive to the type of metal ions
introduced, especially those with varying numbers of unpaired d-electrons.
For instance, Liu et al.*’ leveraged spin-dependent charge transfer and
orbital interactions in Coo.sMn,..-MOFs to accelerate the oxygen evolution
reaction kinetics. The catalytic activity, enhanced by spin rearrangement,
was over twentyfold higher compared to the pristine MOF, highlighting the
role of improved charge transfer and orbital overlap between metal centers
and reaction intermediates. The authors attributed this substantial perfor-
mance boost to spin-dependent reaction kinetics.

Similarly, spin-state modulation plays a crucial role in governing the
conversion kinetics of polysulfides. Wang et al. demonstrated that by
carefully selecting different 3 d TM atoms to tune the electron spin states in
MOFs, these materials could serve as highly efficient sulfur hosts in LSBs,
achieving high performance and long cycle life’”. In another study, Zhao
et al.”” investigated the influence of spin states on adsorption energy and
catalytic activity by employing metal coordination compounds (M = Co, Fe,
or CoFe) as catalytic additives to promote the sluggish heterogeneous
reaction kinetics of polysulfides. By adjusting the spin density of free metal
ions (Co, Fe, CoFe) and modulating the d-orbital distribution of Fe*', Co™,
and Fe* with unpaired electrons, they achieved LSBs with significantly
enhanced cycling stability.

On the other hand, adjusting the interaction of d electrons in metal
center atoms with the n-electron in the ligand, the metal-ligand bond and
the material’s spin polarization can be optimized to enhance SRR
kinetics””**". In this direction, Yang et al. synthesized a 1D n-d conjugated

MOF (Ni-MOF-1D) and demonstrated it to be an efficient sulfur host with
fast SRR kinetics''. Besides, Zhao et al.*” produced and studied 13 kinds of
2D MOFs composed of TM atoms (Co, Ni, Cu, and Zn) coordinated by
nitrogen, sulfur, and oxygen to reveal their structure-activity relationship in
terms of electrocatalytic performance. They showed the rapid reaction
kinetics of LSBs can be realized by adjusting the coordination of MOF
covalent bonds to change the electron spin interactions between metal ions
and organic ligands.

The SOC plays an important role in the design of catalysts,
especially MOFs. SOC can affect the energy level structure of the active
site, regulate the rate and mechanism of electron transfer in the reaction,
affect the transition path of electrons and distribution of electronic DOS,
reduce the energy barrier of electron transfer, and promote the redox
reaction. The structure of the MOF can be tuned to adjust the orientation of
the SOC, thus maximizing the unpaired electrons on the catalyst and
minimizing the reaction kinetic barrier of the polysulfide redox reactions. In
this direction, Xu et al.”” synthesized a spherical superstructured hafnium
diboride derived from MOF NPs by a one-step boronation process. They
demonstrated the strong SOC nature of the 5 d Hf electronic configuration
shifts the p-orbitals of nonmetallic atoms closer to the Fermi level, endowing
anionic redox activity and unconventional superconductivity. Benefiting
from its unique superstructure, the obtained HfB, exhibits excellent catalytic
activity for the conversion of polysulfides. Han et al. showed that adjusting
the pyrolysis process of UiO-66-NH,@rGO (U@rGO) is it possible to
regulate the generated abundant low-oxidative free spin electrons at the Zr
ion sites that serve as polysulfide anchors and transfer mediator active

sites™”.

Single-atom catalysts. Single-atom coordination inherently introduces
spin polarization effects, which contribute to enhanced adsorption and
catalytic capabilities. This partially explains the exceptional catalytic
performance of SACs supported on conductive carbon materials for LiPS
conversion®"'. Numerous studies have demonstrated that manipulating
the electron spin in atomically dispersed materials can effectively modify
their electronic states and energy level distributions, thereby optimizing
both the activity and selectivity of catalytic reactions™*"*,

The electron spin state of the catalytic atoms can be tuned by manip-
ulating their electronic filling. This can be realized through manipulation of
the electronic distribution within the compound, i.e., the charge transfer of
electrons between metal atoms and coordination environments, which is
determined by both the single-atom element and its surroundings.

Cai et al. evaluated the performance as cathode hosts for LSBs of four
SACs within a nitrogen-doped graphene lattice (M-N,-C, M =Co, Fe, V,
and W) using spin-polarized DFT calculations’”. Figure 13a shows the
obtained energy distribution maps based on the Gibbs free energy. The V-
and W-based SACs provided highly efficient LiPSs conversion and fast SRR
process, up to 6.0 times that of PG greatly improving the reaction kinetics by
reducing the S dissociation barrier for Li,S, decomposition by about
2.5 times.

TMs coordinated with N are widely used in LiPSs conversion
process'***'**?'*, A comparative study of the Li,S, — Li,$ catalytic reduction
process on single-atom Fe, Ni, and Co with different metal-N, sites was
reported by Li et al.**. As shown in Fig. 13b, Fe—N, has the largest spin
density and a magnetic moment of ~1.91 uB, with a larger spin polarization
degree than Co—N, and Ni—N,. Through a series of theoretical studies, the
authors demonstrated that the spin polarization can provide spin electrons
to reduce the antibonding orbital occupation in Li,S, — TM — N, and
enhance the TM — § interaction, thereby weakening the strength of the
S — S bond in Li,S, and thus accelerating the reduction of Li,S, — Li,S
(Fig. 13c). Fe-Ny-based cathode exhibited the fastest Li,S,-Li,S reduction
kinetics, which resulted in batteries with a capacity of 226 mA h g that far
exceeded that of hierarchical porous single atomic Co (177 mA h g") and
single atom Ni (208 mA h g™") (Fig. 13d). This study showed a positive
correlation between the magnetic moment generated by single-atom dop-
ing, the spin polarization degree of the induced electrode, the catalytic
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Fig. 13 | Spin effect by single atomic engineering. a Relative Gibbs free energy for
the examined disproportionation reactions for graphene and TM — N, — C

(TM = Co, Fe, V, and W) materials. The numerical values show the stepwise relative
free-energy change of each reaction. Reproduced with permission from ref. 215
(copyright American Chemical Society, 2021). b Calculated spin density and mag-
netic moment of Fe, Co, and Ni-N,. ¢ Schematic illustration of the local electronic
structure of Fe/Co 3d-orbitals in Li,S, Fes Ny, E¢ is the Fermi level. d Specific
capacities for the step of Li,S deposition on the HP-SAFes. b-d Reproduced with
permission from ref. 48 (copyright Wiley-VCH, 2021). e Relationship between the
variation of spin moments and the catalytic ability of Fe in C,N. Reproduced with

Cycle number

permission from ref. 214 (copyright American Chemical Society, 2021). f Schematic
illustration of the synthetic route of Fe/C,N 2D layered materials (blue is nitrogen,
gray is carbon, red is oxygen, green is chlorine, orange is iron). g Galvanostatic
charge-discharge profiles of S@Fe/C,N and S@C,N electrodes at various rates. f,g
Reproduced with permission from ref. 10 (copyright Wiley-VCH, 2021). h Scheme
of the orbital interaction of FN, and FN3S,. Reproduced with permission from ref. 79
(copyright Wiley-VCH, 2022). i Long-term cycling performance at 1 C of LSB cells
using different separators. Reproduced with permission from ref. 225 (copyright
Wiley-VCH, 2023).

ability, the Li,S,/Li,S deposition capacity, and the specific capacity of the
batteries.

Zhang et al. proposed a molecular spin engineering to break the
symmetry of Fe-N-C and achieve spin modulation of triplet to singlet
conversion through ligand field theory'*. Fe-N-C displays the 3 d electronic
structure of (d. ) (dw)*(d Z)2 and significantly accelerates LiPS switching
kinetics. Accordlng to DFT, the energy level of LiPSs increases after being
adsorbed on the Fe center. As a result, the optimized catalyst has a capacity
decay rate of 0.026% per cycle at a current density of 2 C.

Adjusting the coordination environment, thereby modifying coordi-
nation sites, numbers, and bonds, allows further optimization of the spin
effect of SACs and hence their catalytic performance®. The change in the
coordination environment may affect the spin orientation of metal atoms by
adjusting the SOC for instance’*®. As an example, the coordination of C and
N within graphene affects the spin polarization of Fe and the occupation and
location of its 3 d orbital around the Fermi level, which has an impact on the
exchange interaction energy between atoms and hence on its catalytic

ability””.
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Beyond graphene, C,N has been regarded as an excellent sulfur host
and single-atom support due to its large density of N-coordination envir-
onment that offers abundant sites for single-atom immobilization™*. Using
DFT calculations, Jiang et al.”'* investigated the oxygen evolution reaction
catalyzed by Fe single atoms supported on C,N (C,N-Fe). They obtained a
nearly linear relationship between the electronic spin moment of Fe and O,,
which correlates with the amount of electron transfer from Fe to O,, and the
catalytic activity (Fig. 13e). The strong metal-ligand exchange interactions
between Fe centers and coordinating ligands lead to strong electron delo-
calization, making the spin density of ionic centers closer to that of HS iron
states. These results further confirm the strong influence of the electronic
spin state on the electrocatalytic activity of catalysts based on TMs. From
theory to practice, we used a 2D layered C,N material hosting iron single-
atoms (Fe/C,N) as a cathode additive in LSBs (Fig. 13f)". The Fe/C,N-based
cathode exhibited excellent rate capability and long-term cycling stability,
with an initial capacity of 1540 mAh g' at 0.1 Cand 6787 mAh g’ at5C
(as shown in Fig. 13g).

Beyond SACs, dual-atom catalysts (DACs) offer additional versatility.
Graphitic carbon nitride (g-C;N3), with its high pyridinic nitrogen content
and distinctive 2D porous structure, serves as an ideal host material for
anchoring diatomic catalytic sites. The growth of different diatomic species
on g-C;N; allows for precise tuning of spin effects, leading to high-
performance LSB systems. In heteronuclear DACs, the coupling between
two different metal atoms enables mutual adjustment of their d-electron
spin states, enhancing the anchoring strength and catalytic activity toward
polysulfides more effectively than homonuclear DACs*”. For example,
when Co-Mn@g-C;N; is used as a cathode material for LSBs, it exhibits
outstanding performance due to the hybridization between Mn* HS
d-electrons and the half-filled Co® dz* orbitals. This unique electronic
interaction not only reduces the Gibbs free energy of polysulfide conversion
but also lowers the reaction energy barrier for the transformation of Li,S, to
Li,S to just 0.26 €V, significantly accelerating the sulfur reduction reactions.

The utilization of single or dual atoms as host catalysts for LSBs has
gained significant attention in recent years. Various types of single atoms,
including Co™, Ni*”", V**, and Zn"” have been investigated as sulfur hosts
for LSBs. While excellent performances have been reported, a full under-
standing of the underlying mechanisms should take into account the outer
electron spin state of the single atoms.

Another feasible strategy to manipulate the local spin state of isolated
Fe sites is via S-coordination doping (FeSA-NSC)"****. As an example, Hou
et al. gradually changed the single Fe coordinate environment from N to S
coordinate forming FeN, to FeN,Ss, FeN,S,, and FeNS,”. As shown in
Fig. 13h, the incorporation of S in the coordination of FeSA-NSC affects the
spin-polarized configuration and particularly the middle-spin state of Fe
(tzgéegl), which facilitates the penetration of electrons into antibonding 7
orbitals.

Within the LSB framework, Sun et al. demonstrated that, compared to
the bare Fe-N, configuration, the introduction of sulfur leads to greater
charge density accumulation around the Fe-NSC structure, altering the
original electron spin state’”. This modification enhances LiPS adsorption
and accelerates sulfur conversion. As a result, LSBs incorporating a
Fe-NSC@GO-modified separator exhibit significantly improved perfor-
mance, achieving a discharge capacity of 1156 mA h g™ at 1 C and excellent
cycling stability, with a minimal capacity decay rate of just 0.022% over 1000
cycles (Fig. 13i).

Instead of using S, Huang et al.”** changed the N coordinate environ-
ment of Fe single atoms with P, also demonstrating a decrease in the energy
barrier of polysulfide conversion and LSBs with improved stability. Addi-
tional examples of the change of the coordination environment surrounding
SACs to change the spin state and improve the polysulfide conversion can be
found for conn;S*”, CoB,N,**, FeN,**, and MnN;O;'*.

Heterostructures and geometry
Another effective strategy for spin manipulation is the construction of
heterostructured materials, where the electronic properties at the interface

can be tuned and spin alignment can be achieved. Additionally, adjusting
the atomic geometric configuration of the material offers further control
over spin states, providing a versatile approach to optimizing catalytic
performance.

Heterostructure engineering. At the interface of heterostructured
materials, unique electronic structures, chemical environment, coupling
effects, and charge redistribution play a crucial role in regulating the
electronic spin states'”*****'. As an example of a heterostructure for-
mation resulting in an evident change of spin state, Li et al. showed a PbI,/
WS, Van der Waals heterostructure with a high degree of spin polar-
ization (Fig. 14a)'”, as detected through PPL (Fig. 14b).

Within the framework of LSBs, Zhang et al. showed Mn;O0,-MnP,
heterostructured materials as excellent SRR catalysts™. The interface
between Mn3O,4-MnP, shows a lattice mismatch that influences the inter-
face electronic spin. The DOS curves for Mn;0,, MnP,, and Mn;O,-MnP,
are presented in Fig. 14c. Mn;0, exhibits pronounced magnetism, char-
acterized by a small band gap for the spin-up state and a large band gap for
the spin-down state. In contrast, MnP, possesses a small band gap without
significant spin polarization. Upon the formation of the heterostructure, the
spin-up and spin-down electrons of Mn;O4-MnP, aggregate at the Fermi
level, thereby enhancing the conductivity of the heterostructure. The elec-
tron accumulation on MnP, improves the Li,S; adsorption energy and
consequently enhances the catalytic activity. Simultaneously, the large band
gap in the spin-down state of Mn;O, contributes to a high adsorption
energy for polysulfides. Overall, the modification of the electronic spin states
within Mn;O4-MnP, heterostructures inhibits the LiPS migration and
improves the SRR efficiency.

Recently, we reported the development of NiS,/NiSe, heterostructures
encapsulated within a nitrogen-doped carbon matrix (NiS,/NiSe,@NC) as
catalytic additives for sulfur cathodes™”. The heterostructure promotes spin
splitting of the Ni 3 d orbitals and induces a transition of Ni*’ from a LS to a
HS state. This HS configuration elevates the electron energy levels and
activates the electronic states, thereby accelerating charge transfer and
optimizing the adsorption energy for polysulfides. As a result, the reaction
energy barrier for polysulfide conversion is significantly lowered. Benefiting
from these advantages, lithium-sulfur batteries employing the NiS,/
NiSe,@NC/S cathode exhibit a high initial capacity of 1458 mAh-g*at 0.1 C
and excellent rate performance, maintaining 572 mAh-g"* at 5 C.

Due to the difference in the unpaired electrons of different cations,
heterostructure interfaces can result in stronger or weaker charge transfer
and coupling effects, increasing the degree of spin polarization to some
degree and causing orbital splitting. For example, some TM cations form
octahedral complexes with dimers, such as S,*, Se,”™ or Te,*™ in LS energy
states, while the 3 d orbitals of the TM ion are split into two subordinate
orbitals t,, and e,”". This is the case of Co within CoTe,, whose 3 d electron
configuration takes the LS of t,,’e,' providing the compound with a metallic
character. In the same direction, vanadium ditelluride (VTe,) demonstrates
favorable metal conductivity due to the LS state of t,,’e,' in its 3 d electronic
configuration. This characteristic facilitates rapid charge transfer at the
electrode, thereby promoting efficient catalytic conversion of polysulfides.
By constructing a VTe,@MgO heterostructure (Fig. 14d), Sun et al.
demonstrated the possibility to effectively regulate the electronic properties
and spin state, enabling high LiPSs capture/conversion efficiency and effi-
cient decomposition of Li,S™.

A similar reasoning applies in vanadium diselenide-based hetero-
structure materials. Y. Li et al. evaluate the heterostructure formed between
1T-VSe, and MXene (Ti;C,T,), as shown in Fig. 14e”. They found out the
surface charge density of Ti atoms in Ti;C,Tx decreases, while the charge
density of Se atoms at the bottom of 1T-VSe, increases, effectively illus-
trating the changes in electronic structure. Moreover, PDOS reveals that V
atoms primarily contribute to the electron density near the Fermi level. It is
noteworthy that the PDOS intensity for spin-up electrons in 1T-VTe, is
significantly higher than that for spin-down electrons without a hetero-
structure. However, upon introducing MXene, the intensity of both spin-up
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Fig. 14 | Spin effect by heterostructure engineering. a Schematic of the type-I
heterostructure for the study of the carrier interlayer transportation. b Schematic
illustrations of the resulting spin polarization in the thin and thick PbI,/WS, het-
erostructures. a,b Reproduced with permission from ref. 103 (copyright Nature
Publishing Group, 2020). ¢ DOS analysis of Mn;04, MnP, and Mn;04-MnP,,.

¢ Reproduced with permission from ref. 232 (copyright Elsevier, 2021). The atomic
orbital projected band structure (d) of VTe, has a symmetry of P3m1, and the red

dashed line indicates the Fermi level. d Reproduced with permission from ref. 28
(copyright American Chemical Society, 2019). e Charge density difference redis-
tribution between 1T-VSe, and MXene. f,g PDOS for V and Se elements of 1T-VSe,-
MZXene heterostructure and 1T-VSe,. h Electrochemical performance CV of 1T-
VSe,-MXene heterostructure and 1T-VSe,. e-h Reproduced with permission from
ref. 235 (copyright Elsevier, 2023).

and spin-down V atom PDOS at the Fermi level becomes nearly equal,
providing strong evidence for MXene’s influence on vanadium atom spin
polarization degree. (Fig. 14f, g) Importantly, this results in excellent elec-
trical conductivity and electron transfer ability as indicated by PDOS
crossing over the Fermi level. As a consequence, the S/1T-VSe,-MXene
electrode exhibits lower oxidation peaks and higher reduction peak
potential values, denoting promoted SRRs associated with the spin effect in
vanadium atoms (Fig. 14h).

Because selenium shares periodic table group and main properties with
sulfur, Li-Se batteries face similar challenges as LSBs**. Zhang et al. pro-
posed a Li-Se battery based on NiSe,/Ni,Co/CoSe, heterostructures as a
catalyst of the Li-Se reaction'**. Within NiSe,, the electronic configuration of
Ni*" is t,,e,’, while that of Co™ in CoSe, is t,,’e,'. In comparison to the
NiSe,/CoSe, heterostructure, the NiSe,/Ni,Co/CoSe, heterostructure
exhibits a higher degree of magnetization and a larger coercive field at
ambient temperature. The NiSe,/Ni,Co/CoSe@S-electrode also demon-
strates a significantly improved reversible specific capacity of 224 mA h g at
5 C, indicating that the presence of unpaired electrons facilitates selenide
conversion under high current densities.

Several other heterostructures have been developed to accelerate
polysulfide conversion in LSBs, eg, WS,-WO;3"”’, MoN-VN**, and
TiN-VN*”. By carefully designing and engineering these structures, it
becomes possible to harness interface effects, thereby enabling precise
manipulation of the electronic spin state and influencing its catalytic per-
formance. However, the research on the effect of spin state on polysulfide
adsorption and conversion at the complex heterostructure interfaces of 3D
catalysts is still in its nascent stage, with most mechanisms remaining poorly

understood.

Geometric configuration. The electron spin state, as well as the charge
and orbital topology, can be modified by adjusting the geometric con-
figuration of catalysts with perovskite (ABX3)**"”* or spinel
(AB,X,)*"*>* structures for instance (where A and B are metals and X is
a non-metal element), through changing the cation position within the
structure’*, Taking the spinel structure as an example, the trivalent cobalt
cations at the octahedral center are usually in a HS state, while the
divalent cobalt cations at the tetrahedral center are usually in an LS state.
This modification changes the arrangement and coordination mode of
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Fig. 15 | Spin effect by geometry engineering. a PDOS of the 3 d orbital of Corq in
the Mnop-O-Corg framework before and after Li,S, adsorption. b Schematic dia-
gram of the synergistic catalysis of LiPSs on the Mnpp,-O-Corqg backbone.

¢ Galvanostatic charge-discharge curves at 0.2 C for the first cycle. a-c Reproduced
with permission from ref. 243 (copyright Wiley-VCH, 2023). Field emission

scanning electron microscopy image of the knot-like NiCo,S,. d LS and (e) HS states
of Co d orbitals in LS to HS transitions. f discharge-charge curves of Chinese knot-
like S@NiCo,S, electrodes. d-f Reproduced with permission from ref. 252 (copyright
Elsevier, 2021).

electron filling in the 3 d orbital, which affects the SRR catalytic activity,
as we reported recently for sodium-sulfur batteries**. To determine the
effect of geometric configuration, we selectively replaced Co** and
Coop”" in Co30, catalysts for sodium polysulfide conversion by Fe,4**
and Fe,,**, respectively, generating FeCo,0, and CoFe,0,. Using both
experimental results and theoretical calculations, it was concluded that
Co,y”" is the main active site for S-S cleavage, while Coyy’" is the main
active site for S-Na bond formation.

There are several other reported cases of how changing the position of
ions in the spinel structure can change the spin state of the material’**. As
an example, Zhang et al.”* investigated the geometric site-dependent cat-
alytic activity for sulfur redox within the MnCo,O, spinel**’. As observed in
the PDOS of the 3 d orbitals of the cobalt tetrahedral site (Corg) in the
manganese octahedral site Mngy, — O—Corg before and after LiSy
adsorption (Fig. 15a), a clear spin flip from the spin-up state to the spin-
down state occurs upon Li,S, adsorption. HS Coyy** sites with stronger Co-S
covalency permanently anchor LiPSs, while electron-delocalized Mng,**
with adsorption orbitals (d,.) play a better role in catalyzing specific LiPSs
transformations (Fig. 15b). Regardless of where the Mn cation is in the
spinel structure and what the valence state is, the manganese cation is always
in a state of HS*****. The optimized cathode (S@CoFeMnO) exhibited high
specific capacity (Fig. 15¢).

In the spinel structure, the spin state of the central atom can be adjusted
by changing the distance between the tetrahedral or octahedral central atom
and the surrounding coordination atoms, which offers a strategy to optimize
the catalytic performance'™*****'. As an example, Xu et al. reported on
NiCo,S, nanotubes tightly interwoven to form a Chinese knot-like electrode
as a sulfur host in LSBs**. Within this structure, the transition of Co ions
between LS and HS caused by the extra sulfur atoms in LiPSs provides an
electronic way to stabilize the adsorption system and lower the system
energy, thereby suppressing the polysulfide migration (Fig. 15d, e) and
enabling S@NiCo,S, cathodes with a high specific capacity of 1348 mA h g
at 0.1 C (Fig. 15f).

As noted above, CoTe, has a metallic character associated with Co
taking the LS of t’,'. To further promote this compound towards the

efficient conversion of LiPS within LSBs, Xu et al. added Zn ions with a
similar ionic radius and electronic configuration yet different spin states to
produce a slight distortion in the crystal structure of CoTe, based on the
Jahn-Teller effect’™™. This distortion has the potential to enhance the
exposure of active sites in CoTe,, thereby improving its electrocatalytic
capability and facilitating efficient conversion of polysulfides in LSBs™*.

Additional intriguing methods have been developed for altering the
spin state of electrons within the perovskite structure”****~*, which hold
promise for enhancing the metal-sulfur redox reaction in future sulfur
cathodes. Overall, by manipulating the atomic geometric configuration, it is
possible to achieve control of spintronics in the investigation of spin
structures, which opens up new avenues and possibilities for the use of spin
effects to optimize electrochemical and particular sulfur reactions.

Mechanistic insights: from spin to electrochemical
performance

Understanding how electron spin modulates SRRs at different stages of LSB
operation is critical to justifying the use of spin-polarized catalysts. In this
section, we dissect the mechanistic roles of spin at various reaction stages
and link them directly to measurable electrochemical performance (Fig. 16).

Spin effects on SRRs

Spin modulation plays a significant role in promoting the multi-step redox
reactions of sulfur species, particularly during the Sg activation, polysulfide
conversion, and Li,S precipitation/decomposition stages.

Sgring activation. The opening of the Sg ring is the first step in the sulfur
reduction pathway. Spin-polarized catalytic sites facilitate electron
transfer to the antibonding orbitals of Sg, lowering the activation energy
for ring cleavage. For instance, Du et al. demonstrated that MgPc
anchored on fluorinated CNT exhibits unpaired electron-rich phthalo-
cyanine centers, which promote Sg activation via m-m stacking and
electron delocalization. This system achieved a high areal capacity of
6.5 mAh-cm” under lean electrolyte conditions (~6.5 pL mg")*”’. After
induced spin polarization in NiSe,/NiS, heterostructure, the batteries
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under lean electrolyte show excellent performance even under high sulfur
loading (6.2 mgcm™) and lean electrolyte conditions (7.5 ml mg")™.
Similarly, the results from our group showed that a cobalt-based mag-
netic catalyst under external magnetic alignment induced stronger spin
polarization, facilitating rapid ring-opening reactions of Sg and enabling
fast activation even at high sulfur loadings"'.

Polysulfide conversion (Li»Sg to Li>Sy, LioSy). Spin-polarized surfaces
accelerate intermediate polysulfide conversions by modulating the
adsorption energy and enabling more effective electron transfer to S-S
bonds. For example, Yu et al. reported that Co-vacancy-rich cobalt
selenide, featuring high spin density near the Fermi level, improved the
conversion kinetics of long-chain LiP$ by stabilizing their adsorption and
reducing energy barriers for S-S bond cleavage, which achieved
1089 mAh-g" at 1 C with only 0.017% capacity loss per cycle over 1500
cycles™. In another case, defect-engineered N-doped carbon generated
pyridinic nitrogen sites with localized spin, which selectively interacted
with Li,Se species and enhanced intermediate reduction to Li,S,*’.

LioS nucleation and decomposition. The formation and decomposi-
tion of Li,S are critical to capacity retention and cycle stability. Spin-
active sites guide uniform Li,S nucleation and assist decomposition
during charging. Zhang et al. showed that magnetic spin-aligned catalysts
promoted uniform Li,S deposition, avoiding thick passivation layers and
supporting continuous redox cycling over 8000+ cycles*. Another study

demonstrated that Fe-N, centers in a spin-polarized carbon matrix
accelerated the decomposition of Li,S through enhanced charge delo-

calization, improving charge efficiency and cycle life**.

Stage-specific impacts in Li-S cell operation

To establish a mechanistic framework, we categorize spin influences
according to battery operation stages: initial activation, intermediate cycling,
and long-term cycling.

Initial activation. During the first few cycles, sluggish Sg activation and
poor conductivity hinder sulfur utilization. Spin-active catalysts lower
the energy barrier of Sg cleavage. As an example, Zhang et al. synthesized
spin-polarized 10 wt.% Co-doped MoS, nanosheets that exhibited
enhanced electronic conductivity and facilitated Sg ring activation,
leading to initial capacities over 1550 mAh g"''*. In the same direction,
Kim et al. reported on single-atom Fe sites embedded in a graphene
matrix that exhibited localized magnetic moments, enabling fast Sg
activation and high initial Coulombic efficiency (~98%)"'.

Intermediate cycling (LiPS shuttling and conversion). In this stage,
spin modulation aids in reducing LiPS solubility and accelerating redox
reactions. As the battery undergoes repeated charge-discharge, spin-
active surfaces (e.g., doped phthalocyanines or metal-organic frame-
works with magnetic ions) maintain catalytic activity by sustaining
dynamic LiPS adsorption/desorption. Spin-altered states reduce surface
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Table 1 | Mechanisms for inducing spin effects to enhance catalyst activity and boost electrochemical performance

Mechanism Catalyst name Current density/ cycle number Decay rate (per cycle) Active material loading (ngcm?  Reference
Vacanices GP/CNT/LNO-V-S 0.05 C/100 cycles 0.045% 4.4 182
NiC0,S4-x/CNF 3 C/3000 cycles 0.021% 1.65 183
S/WSe4 51/CNT 0.1 C/1000 0.032% 1.5 186
Single atom FePc@WS, 2C/1000 cycles 0.026% ~1.0 133
S@Fe/CoN 3 C/2600 cycles 0.013% 1.0 10
S@HP-SAFe 2 C/400 cycles 0.087 % 1.0 48
Doping FeCoPS3/NC 1 C/1000 cycles 0.037% 6.5 47
V-Co304 NS 3C/1900 cycles 0.015% 1.0-2.0 199
Heterostructure NiSo/NiSe, 3 C/1000 cycles 0.058% 1.8 233
1T-VSe,-MXene 0.5 C/550 cycles 0.058 % 1.5 235
Mn304-MnPx 2 C/1000 cycles 0.043% 1.5 232
VTe,@MgO 1C/1000 cycles 0.055% 1.6 28
NiSe,/Ni,Co/CoSe; 12 C/2200 cycles 0.018% 0.95 146
Geometric configuration =~ S@CoFeMnO/Se YSNCs 1 C/600 cycles 0.06% 1.0-1.3 243
S@NiCo,S, 1C/1000 cycles 0.02% ~2 252

passivation, thereby delaying the onset of intermediate-phase degrada-
tion and improving Coulombic efficiency. This is particularly relevant to
the 100-500 cycle range, where catalytic consistency determines rate
capability. In this direction, Yu et al. showed that Mn-based catalysts with
high spin configuration accelerated LiPS conversion and reduced shuttle
current density, extending stable operation for over 100 cycles*”. Besides,
a study by Li et al. used CoF, hosts exhibiting localized unpaired elec-
trons, which immobilized Li,S, and suppressed the shuttle effect, leading
to improved cycling stablity*”.

Long-term cycling and stability. Over-extended cycles, surface passi-
vation, and catalyst deactivation often occur. Spin-polarized catalysts
maintain their reactivity via dynamic spin centers. As an example, Li et al.
demonstrated that DACs with dynamic spin-polarized Co-Fe sites
retained over 90% capacity after 2000 cyclesat 1 A g”', owing to their high
stability and resistance to polysulfides passivation’*’. A recent study by
Yang et al. employed TiO, catalysts to make Sg spin polarized that
maintained catalytic activity over long-term cycling, with <0.01% capa-
city decay per cycle across 1000 cycles.

Suppression of polysulfide shuttle and self-discharge
Beyond reaction kinetics, spin-active catalysts help mitigate polysulfide
shuttle and self-discharge by two mechanisms: thermodynamic trapping via
spin-orbital coupling and magnetic confinement of LiPS migration.

Spin-polarized active sites form strong orbital hybridizations with LiPS
7% orbitals. For instance, Tian et al. investigated a spin-polarized NiCo,S4
catalyst that demonstrated strong orbital overlap with Li,Ss, effectively
anchoring LiPS and reducing self-discharge during extended rest periods™®.
In the same context, Song et al. reported a VO,—carbon hybrid structure
with oxygen vacancies that introduced spin-polarized sites. These centers
showed a high binding affinity to Li,S,, stabilizing LiPS species and mini-
mizing voltage loss™’. Spin-aligned or FM materials can reduce LiPS dif-
fusion. As an example, Li et al. demonstrated that a spin-polarized Fe;O,/
graphene composite suppressed the diffusion of LiPS through localized
magnetic confinement, verified via symmetric cell and shuttle current
tests'®.

Together, these mechanisms illustrate how spin regulation is not
merely a theoretical concept but a practical lever to tune key stages of sulfur
redox and improve measurable battery metrics in real systems.

Summary, challenges, and opportunities
The unique role of spin effects in catalysis has recently gained widespread
attention as a promising avenue to enhance catalytic performance. This

review highlights the emerging concept of spin-state tuning at catalytic
active centers, with a particular emphasis on its application to conversion-
type cathodes, most notably sulfur cathodes in metal-sulfur batteries. Early
studies revealed that external magnetic fields could accelerate polysulfide
conversion and enable high-performance LSBs, sparking growing recog-
nition of the critical role of spin in governing LiPS deposition, adsorption,
and ion diffusion. Building on these insights, spin engineering is now being
explored as a powerful strategy to manipulate reaction pathways, optimize
catalytic efficiency, and ultimately advance next-generation energy storage
technologies.

In this review, we systematically examined theoretical and experi-
mental advances in spin catalysis, concluding that catalytic performance can
be significantly enhanced by tuning the spin state of catalysts. We also
provided an overview of current experimental and computational methods
for probing spin states and transitions, underscoring their importance in
advancing understanding of spin effects in metal-sulfur systems. Further-
more, we analyzed and discussed a range of spin-tuning strategies and their
effects: i) External magnetic fields modulate spin states by adjusting Zeeman
energy, aligning spin arrangements at active centers, and forming spin
channels, thereby enhancing catalytic performance; ii) Intrinsic spin
channels, governed by local spin moments, are critical for charge transfer.
Spin states can be engineered via composition and doping, defect creation,
tailored synthesis of MOFs and SACs, SOC, and spin-flip coordination.
Table 1 summarizes electrochemical performance gains from surface
engineering strategies that trigger spin effects in LSBs; iii) Surface engi-
neering regulates electron spin distribution, influencing energy-level
structures, electron transport, and ion diffusion at the catalyst surface; iv)
Spin-dependent charge transport allows tuning of electron—ion interactions
and charge transfer rates, directly impacting adsorption, dissociation, and
recombination processes. By accelerating conversion and depleting soluble
intermediates, spin manipulation helps mitigate shuttling, particularly
during open-circuit rest; and v) Reactivity and adsorption strength are
strongly spin-dependent. HS catalysts, with unpaired electrons, generally
stabilize intermediates more strongly, whereas LS catalysts favor faster
desorption and lower barriers. Following the Sabatier principle, optimal
adsorption strength depends on the reaction system: HS states are preferable
when stabilizing high-energy intermediates, while LS states are advanta-
geous for systems requiring rapid desorption. Mismatched spin states can
hinder polysulfide redox processes.

Despite substantial progress, spin catalysis remains in its early stages
and faces critical challenges. The precise mechanisms by which spin states
influence catalytic activity remain unclear, and direct characterization of
spin phenomena during reactions remains limited. The impact of spin-state
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transitions on polysulfide adsorption and reaction pathways, as well as the
interplay between spin polarization, polysulfide kinetics, and magnetic fields
within complex sulfur cathodes, is poorly understood.

While spin clearly plays a pivotal role in catalysis, achieving controlled
spin manipulation to reliably improve catalytic performance remains a
formidable experimental challenge. The fundamental mechanisms are still
debated, and direct observation of spin effects during catalysis has yet to be
fully realized.

While this review has focused on the role of electron spin modulation
in LSBs, many of the mechanistic principles discussed, such as spin-induced
catalytic enhancement, defect-mediated spin polarization, and magnetic
field-assisted electron transfer, are not unique to sulfur cathodes alone.
Rather, they represent a broader class of emerging strategies for tailoring
electrochemical interfaces via spin-state engineering.

For LSBs specifically, the redox complexity of sulfur species and the
sensitivity of LiPS intermediates to surface electronic structure make them
an ideal platform to probe spin-catalysis relationships. The dynamic S-S
bond-breaking/forming reactions, soluble-insoluble conversion steps, and
surface-passivation challenges (e.g, Li,S deposition) all present spin-
relevant catalytic opportunities that are less dominant in other battery
chemistries. Thus, the Li-S system is a particularly fertile ground for
establishing design principles based on unpaired electron behavior and spin
density control.

That said, the design strategies highlighted here, such as vacancy and
dopant engineering, magnetic catalyst integration, spin-polarized active
centers, have clear potential beyond LSBs. For instance, in oxygen reduction
and oxygen evolution reactions relevant to metal-air batteries, fuel cells, and
electrolyzers, spin selection rules and orbital symmetry also play critical
roles. Similarly, in CO, or N; electroreduction systems, unpaired d-electrons
at catalyst centers are directly implicated in intermediate stabilization and
multi-electron transfer. Therefore, the conceptual framework proposed in
this review can inform the rational design of spin-active catalysts in a range
of electrochemical technologies.

Moving forward, several promising research directions and challenges
can be identified:

1. Strategies for spin engineering and the need for deeper understanding.
Current efforts to engineer catalyst spin states primarily rely on two
approaches: external magnetic field induction and internal modifica-
tion of the local coordination environment through doping, defect
generation, and heterostructure formation. While external magnetic
fields have proven useful for fundamental investigations, they are
impractical for commercial devices due to cost and integration com-
plexity. More critically, the correlation between spin modulation
strategies and improved polysulfide catalysis remains partially
understood. A deeper mechanistic understanding of how spin polar-
ization influences Li-S redox kinetics and thermodynamics is urgently
needed.

2. Understanding and optimizing spin-dependent catalysis. Although HS
states are often associated with enhanced catalytic activity, the benefit
of specific spin states should be carefully examined. Many spin mod-
ulation strategies, such as heteroatom doping or defect engineering,
inevitably introduce multiple electronic and geometric effects. There-
fore, rigorous studies combining in operando experiments and spin-
polarized theoretical simulations are required to disentangle the role of
spin states from other variables. Future research should seek to build
quantitative spin-performance relationships.

3. The critical role of operando spin-state characterization. One of the key
challenges in advancing spin-regulated catalysis is the lack of operando
diagnostic tools to monitor spin dynamics under working battery
conditions. Conventional spectroscopic techniques such as EPR, XAS,
Mossbauer, and XMCD provide valuable spin information in static or
ex situ modes. However, their operando adaptations are still under-
developed. Developing time-resolved or in situ spin probes will be
essential for tracking real-time spin transitions, spin flips, and coupling
behaviors throughout the battery operation.

4. Theoretical modeling: A key tool for mechanism exploration. Theore-
tical simulations offer a powerful route to examine spin-related
processes in depth, but challenges remain. Spin-polarized DFT is
sensitive to structural models, boundary conditions, and applied fields.
Capturing realistic spin evolution, spin—orbital coupling, and reaction
pathway energetics requires advanced tools, such as real-time time-
dependent DFT or ab initio molecular dynamics (AIMD) incorporat-
ing solvent and field effects. Developing benchmark spin models
aligned with experimental systems will be crucial.

5. Stimuli-responsive spin control. Beyond static modifications, external
stimuli, such as strain, light, thermal gradients, and electromagnetic
fields offer dynamic control over spin states. These approaches enable
tunable catalysis without altering catalyst composition. Although some
work has demonstrated light-induced spin flipping or strain-tuned
magnetism in 2D materials, these methods remain underexplored in
sulfur cathode systems and present exciting future directions.

6. CISS: A promising yet untapped approach. CISS refers to the phe-
nomenon where chiral molecules or surfaces preferentially transmit
electrons with a specific spin orientation. This strategy has been
shown to enhance electrocatalytic reactions by minimizing spin
scattering and promoting directional charge flow. While CISS has
received attention in ORR and HER contexts, it remains largely
unexplored in Li-S chemistry. Incorporating CISS into cathode
design could offer a field-free pathway to spin-selective catalysis and
enhanced cycle life.

7. How spin effects affect lithium-sulfur processes. Spin-dependent
mechanisms are emerging as an emerging research direction for
modulating redox dynamics and improving the stability of
rechargeable batteries. However, the specific stages of lithium-
sulfur battery operation at which these mechanisms exert their
greatest influence remain unclear. For example, spin polarization
may accelerate the initial activation process by enhancing charge
transfer; whereas, during mid-cycle, it helps stabilize reaction
intermediates and suppress undesirable side reactions. During long-
term cycling, spin-dependent effects may help maintain structural
integrity and catalytic activity. Currently, direct experimental
verification remains scarce, and systematic studies exploring stage-
dependent effects have not yet been conducted. Defining this issue
as an open question presents a significant opportunity for future
research: developing advanced characterization methods and
theoretical models to disentangle the dynamic role of spin at
different electrochemical stages. Addressing this challenge will not
only deepen our fundamental understanding of spin-
electrochemical coupling but also guide the rational design of
spin-engineered materials for high-performance energy storage.

8. Expanding beyond Li-S systems. The concepts and principles outlined
here have implications beyond lithium-sulfur batteries. Similar spin-
regulated strategies could be deployed in sodium-sulfur,
magnesium-sulfur, lithium-selenium, or lithium-iodine systems, as
well as in broader electrochemical transformations. Future efforts
should investigate how spin control intersects with different charge
carriers, solvation structures, and solid-state or aqueous environments.

In conclusion, the emerging field of spin catalysis offers transformative
opportunities to enhance the kinetics, efficiency, and durability of
metal-sulfur batteries. While exciting strides have been made, many fun-
damental challenges remain, including the precise control, characterization,
and understanding of spin-related phenomena during catalytic processes.
Continued exploration, driven by advanced operando characterization
techniques, realistic computational modeling, and innovative material
design strategies, such as external stimuli modulation and chiral engineer-
ing, promises to unlock major breakthroughs. By systematically integrating
spin control into catalyst design and deepening our fundamental under-
standing, future research can usher in a new era of high-performance,
sustainable energy storage technologies.
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