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A central challenge in water electrolysis lies with the oxygen evolution
reaction (OER) where the formation of molecular oxygen (O,) is hindered by
the constraint of angular momentum conservation. While the reactants OH™
or H,O are diamagnetic (DM), the O, product has a paramagnetic (PM) triplet
ground state, requiring a change in spin configuration when being formed.
This constraint has prompted interest in spin-selective catalysts as a means
to facilitate OER. In this context, the roles of magnetism and chirality-induced
spin selectivity (CISS) in promoting the OER reaction have recently been
investigated through both theoretical and experimental studies. However,
pinpointing the key principles and their relative contribution in mediating
spin-enhancement remains a significant challenge. This roadmap offers

a forward-looking perspective on current experimental trends and theoretical
developments in spin-enhanced OER electrocatalysis and outlines strategic
directions for integrating incisive experiments and operando approaches

with computational modeling to disentangle key mechanisms. By providing a
conceptual framework and identifying critical knowledge gaps, this perspective
aims to guide researchers toward dedicated experimental and computational
studies that will deepen the understanding of spin-induced OER
enhancement and accelerate the development of next-generation catalysts.

1. Introduction

Shifting away from fossil fuels to renew-
able energy sources is essential to reduce
carbon emissions and mitigate climate
change. The intermittent nature of re-
newable electricity and the industrial and
agricultural need for carbon-neutral feed-
stocks necessitate production of green
energy carriers, such as hydrogen.[?]
The “power-to-hydrogen” strategy there-
fore aims at splitting water into O, and
H, via the oxygen and hydrogen evo-
lution reactions. However, this remains
an energy-inefficient process because of
the complex reaction pathway and result-
ing high overpotentials of the OER.’

One important factor contributing to
these high overpotential and sluggish ki-
netics of the OER is the spin-state mis-
match between reactants and products;
while the reactants (OH™ or H,O, de-
pending on the electrolyte pH) are DM,
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the final product, molecular oxygen (O,), is a PM species in
its triplet ground state, see Figure 1.1 Spin is thus not con-
served between reactants and products, and this process would,
in principle, be forbidden by the spin selection rule. To be more
specific, we can assume that, although the reaction is complex
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and involves at least four steps of electron transfer (typically
considered as proton coupled electron transfer steps), there will
be a step in the mechanism that involves the transition from
a singlet intermediate to a triplet one. Because each of these
electronic steps involves a non-radiative transition, they must
be isoenergetic and comply with the relevant selection rules. In
particular, total angular momentum must be conserved during
the transition, which gives rise to the spin selection rule for
chemical reactions.

Additional energy may be required to access a reaction path-
way that follows the angular momentum conservation rules. This
could involve the initial formation of singlet '0,, a diamagnetic
excited state without unpaired electrons, which can subsequently
relax to the triplet ground state via secondary processes. However,
because the singlet state energy is ~1 eV higher than the triplet
state, this pathway is extremely unlikely at usual OER overpo-
tentials. Alternatively, the reaction may fail to proceed altogether
if there is spin misalignment between key intermediates which
prevents the formation of triplet O, due to the spin-forbidden
nature of the transition. In such cases, the intermediates must
either undergo a spin flip to access a spin-allowed pathway or
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Figure 1. Schematic orbital filling of the reactants OH™, H,0 and the
triplet ground state of O, and their respective magnetic states.

revert to their original states, causing the reaction to restart re-
peatedly until spin-aligned intermediates are formed. This de-
creases the efficiency and effective turnover of the catalytic cycle.
Both of these effects lead to an increase in the overpotential to
reach a certain current density.

Spin-selective electron removal or parallel spin alignment be-
tween reaction intermediates can facilitate the direct formation of
triplet O, and satisfy spin conservation during O-O bond forma-
tion by ensuring spin alignment in the intermediates.[**! This
avoids the need for higher energy barriers, spin-flip transitions
or non-productive reaction cycles, thereby lowering the activa-
tion energy and ultimately reducing the overpotential of the OER.
This spin-dependent catalytic process is similar to the way nature
fuels life in photosynthesis, where spin-order in oxygen-evolving
centers plays a key role.”]

Furthermore, OER involves multiple proton-coupled electron
transfer steps and formation of intermediate species that are
highly sensitive to the local electronic structure, spin states, and
interfacial environment of the catalyst.®%] Given these caveats,
recent quantum theory and experiments have revealed that OER
electrocatalysts should exhibit favorable spin alignment to mini-
mize the energy cost of each individual step and to facilitate the
formation of triplet O,.[811]

To achieve spin-selectivity and thereby enhance OER activity,
magnetic’?l and chiral catalyst materials,l®) or a combination
of both can be employed. An overview of the different mate-
rial classes and observed enhancements is shown in Figure 2.
Magnetic materials possess magnetic moments arising from un-
paired electron spins which in turn can couple through long-
range exchange interactions. When these interactions favor par-
allel alignment, they can give rise to remanent magnetization.
In contrast, if the interactions favor antiparallel alignment, anti-
ferromagnetic order emerges with vanishing net magnetization.
Moreover, external magnetic field align the moments, with the
field strength required to achieve alignment depending on the
strength of the exchange interactions. As a result, magnetic ma-
terials have been proposed to alter adsorption energies, to in-
duce spin-polarization in adsorbed intermediates and to create
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spin-selective channels based on their long-range spin exchange
interactions both with and without externally applied magnetic
fields.[31113] Chiral materials are materials that lack mirror sym-
metry and can generate spin-polarized currents via the CISS ef-
fect which, in turn, can induce spin-selective electron removal.[1?]

The emerging field of spin-enhanced catalysis seeks to uncover
how magnetic order and the CISS effect influence catalytic activ-
ity and selectivity - and how these effects can be harnessed to im-
prove catalyst performance.['*] Moreover, due to the different ori-
gins of spin-induced effects in magnetic and chiral materials, the
specific spin-related phenomena that they exhibit can vary signif-
icantly. For instance, magnetic materials show strong spin-spin
exchange interactions, spin-polarized conductivity, and the for-
mation of magnetic domains. In contrast, both magnetic and chi-
ral materials can induce spin-polarized currents, albeit through
different mechanisms. Given these distinctions, it is promising
to compare the extent of spin-related effects on the OER in these
materials to identify which mechanisms play a key role in en-
hancing catalytic performance.

Although spin-enhanced catalysis - both in general and specif-
ically for the OER — has attracted growing interest in recent
years,[19131516] jts underlying mechanisms remain elusive. As Yu
et al. have recently noted, improvements in OER performance
likely result from a combination of spin-related effects in the
catalyst and other influences introduced by external magnetic
fields."!l Disentangling these contributions, including spin po-
larization of the active site, intrinsic catalyst magnetism, field-
induced spin ordering and magnetic effects on the electrolyte is
a significant challenge.'"131 This complexity and the existence
of different or even contradictory results and conclusions in var-
ious studies of similar materials and experimental systems re-
quire carefully controlled experiments to isolate the role of each
factor.['11>16] Furthermore, the experimental exploration of in-
trinsic long-range ordering and spin polarization is limited, com-
pared to external field-induced effects. Moreover, the accurate
theoretical description of strong correlation effects, polaron for-
mation, spin dynamics, and solvent interactions, requires the-
oretical tools that go beyond traditional computational frame-
works. Addressing the aforementioned challenges and achiev-
ing a comprehensive understanding of the spin-enhanced OER
mechanism requires not only systematic and collaborative efforts
across theoretical and experimental domains, but also the devel-
opment of innovative approaches and methodologies tailored to
this emerging field.

In this perspective, we present emerging trends, new/novel
observations, and recent theoretical developments in spin-
enhanced OER electrocatalysis, and propose strategic directions
to advance both experimental and computational approaches. We
begin with a critical overview of the current state of the field,
highlighting major findings and the methodologies that enabled
them. By examining techniques used across different subfields,
we identify opportunities for cross-disciplinary learning and pro-
pose methodological improvements to enhance reproducibility
and deepen mechanistic insight. Building on this foundation, we
outline key principles that may drive spin-enhanced OER activity.
Disentangling these contributions and quantifying their individ-
ual roles remains essential for establishing a robust mechanis-
tic framework and design principles for improved catalysts. We
then articulate the key open questions and challenges that must
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Figure 2. Schematic representation of material classes and electrochemical methodologies used in spin-dependent OER research to date. The two
materials classes, chiral materials and magnetic materials, are shown in the outer circle with focus on specific structures and states of each. In the
center, commonly used electrochemical techniques that have been used to demonstrate spin-enhancement effects are summarized, including current
density enhancements observed in cyclic voltammetry (CV), reduced H,0O, generation, increased current density in chronoamperometry (CA), lowered
resistances in electrochemical impedance spectroscopy, and changes in activation energy derived from Arrhenius plots.

be addressed. Looking ahead, we explore how existing tools can
be refined and highlight underutilized experimental and theoret-
ical approaches with the potential to yield new insights. Lastly,
we outline pathways that can bridge the gap between theoreti-
cal frameworks and practical experimentation, as well as in uni-
fying the understanding of chiral and magnetic order-enhanced
OER. We aim to provide the community, as well as those seek-
ing to enter it, with guidance and inspiration for designing new
studies spanning the entire field. Our goal is to support the next
steps into this emerging collaborative research landscape and
to advance our understanding of the origin of spin-enhanced

OER.

2. Existing Results and Methodology

This section reviews recent advancements in spin-enhanced OER
and is structured into three parts: theoretical studies on mag-
netically and CISS-enhanced OER, experimental investigations
within the same domains, and analyses of magnetohydrody-
namic (MHD) effects. We will examine the approaches taken so
far and the insights these have provided. Finally, we will summa-
rize the key principles that may contribute to spin-enhancement
in the OER.
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2.1. Theoretical Exploration of Spin-Enhanced OER

A theoretical understanding of spin-enhanced OER has gradually
taken shape, informed in part by early contributions from Gra-
cia and colleagues.[®17-1%1 We review key methodologies and find-
ings, in 1) magnetically enchanced OER and ii) CISS enhanced
OER. In studies of spin order in magnetically enhanced OER,
strong correlation effects in transition metal oxides are central.
Density functional theory (DFT), both with and without Hubbard
U corrections, is commonly used to study spin-resolved energet-
ics and magnetic configurations, offering valuable insights into
catalytic behavior. We also note the growing focus into the in-
vestigation of polarons (quasiparticles formed by charge carriers
coupled with lattice distortions), which can significantly impact
surface electronic and magnetic properties. Finally, we discuss
computational models of the CISS effect, which have deepened
understanding of spin polarization in chiral catalysts and its link
to enhancement of activity in OER.

2.1.1. Magnetically Enhanced OER
Modeling Strongly Correlated OER Catalysts with DFT: DFT

is the most widely used method for predicting electronic and
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85UBDIT SUOWILLOD SAIIID 3|dedl|dde au Aq pausenob afe sajoile YO ‘8sN J0 Sa|NJ Joj Aeiq 1 8uluO A3[IA UO (SUOTIIPUOD-pUR-SLUBIW0 4B | IM Ale.d 1 Ul |uo//:Sdny) SUONIPUOD pue Swid 1 8y} 3eS *[SZ02/TT/70] Uo Aiqiauljuo A8|im ‘BIusD Yo1essay HAWD yoiine wniuezsbunyasiod Aq 955805202 WUSe/Z00T 0T/10p/W0d 48| IMAle.d1 puljuo pedueApe;/sdiy Wwoj pepeojumod ‘0 ‘0¥89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

magnetic properties from first principles. DFT yields the ground-
state energy of an interacting electron system; the latter is ex-
pressed as a functional, E[n], of the electron density, which in turn
is minimized by the actual ground state electron density, n(r). In
practical DFT implementations, n(r) is obtained by mapping the
interacting system on a fictitious non-interacting problem, the
so-called Kohn—-Sham (KS) problem, with the constraint that the
latter has the same ground-state density of the original interact-
ing Hamiltonian. KS eigenstates have in principle no physical
meaning; however, in practice, they turn out to be an excellent
approximation of quasi-particle dispersions for entire classes of
materials, underpinning the success of ab initio band structure
methods in weakly correlated systems.

In DFT, all many body interactions are captured in the Hartree
term and the exchange-correlation functional, but the exact form
of the latter is not known. For practical purposes, DFT calcula-
tions thus rely on approximate forms of this exchange-correlation
functional. The choice of functional is therefore crucial in DFT
studies of spin-dependent OER. It directly affects how accurately
the model captures key phenomena, such as electron localization,
spin polarization at active sites and reaction intermediates, the
interaction between the active site and the intermediates and en-
ergies of adsorption and desorption processes. The open-source
library LibXC includes over 600 different functionals, offering a
wide range of options.[?’l The most commonly used functionals
in the field of catalysis are PBE96, PBEsol and RPBE within the
generalized gradient approximation (GGA), which considers not
only the dependence on the density but also on its gradient. A
detailed discussion of available functionals and their respective
advantages and limitations can be found elsewhere.[2122]

Materials with localized d electrons, such as transition metal
oxides, exhibit strong Coulomb interactions that lead to phenom-
ena like Mott insulating behavior, local magnetic moments, and
orbital or spin ordering, which lie beyond the reach of the single-
electron approximation. This class of systems includes several
OER-active oxides, such as manganites, cobaltites, and nicke-
lates that similarly combine strong electron correlations, mixed
valency, and complex magnetic or orbital order. Describing the
electronic and magnetic properties of these strongly-correlated
systems requires methods that explicitly incorporate the effects
of the strong local Coulomb repulsion U. For such systems, the
DFT+ U approximation provides a pragmatic extension to DFT by
adding a static, site-dependent correction that penalizes double
occupancy, thus capturing key correlation effects with minimal
computational overhead.

In the context of OER, where spin degrees of freedom and
local electron correlations play a central role in determining
catalyst-reactant interactions, spin-polarized DFT+U is thus one
of the most widely used approaches. It corrects self-interaction
errors and improves the treatment of open-shell configurations
by accounting for on-site Coulomb interactions, thereby enabling
more accurate treatment of unpaired electrons, magnetic order-
ing, and spin-state changes during catalysis within the strongly
correlated transition metal cations, which are often the active
sites used in catalysis.

Predicting OER Activity Using Free Energy of Reaction Interme-
diates: The electronic structure methods discussed above can
provide accurate energies of intermediates (AE) at 0 K on cata-
lyst surfaces. This is achieved by placing the adsorbate-catalyst
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complex in a periodic or cluster-based DFT framework. To con-
nect these results to experimental electrochemistry, it is more
appropriate to determine free energies (AG), which contain en-
tropy and zero point energy corrections. Two decades ago, Ross-
meisl and coworkers established a DFT-based approach to de-
termine free energies of electrochemical intermediates, partic-
ularly for OER and ORR.[?*?*] This approach has been widely
used in the field to find the potential limiting steps and deter-
mine the theoretical overpotential.!?>?%] Starting from total ener-
gies at 0 K of adsorbed species (*OH, *O, *OOH) at surfaces,
zero-point and entropy corrections are taken into account to ob-
tain finite-temperature free energies. The computational hydro-
gen electrode (CHE) model then accounts for applied potentials
by shifting proton-electron pair energies by —eU, linking the-
ory to experiment. Plotting the reaction free energy profile re-
veals the potential-determining step and theoretical overpoten-
tial, and can be used to derive the widely-used volcano plots.?’!
This method has enabled high-throughput screening across di-
verse catalyst families and remains a cornerstone of computa-
tional electrochemistry.[2827]

Key Results and Methodological Limitations: Spin-polarized
DFT+U calculations of free energies of intermediates have es-
tablished a strong connection between magnetism, spin state
and catalytic performance in systems such as RuO,,*% doped
Fe,0,,1*132) Co,0,,%3 Co, _ Ni, Fe,0,(001)1*] CoOOOH I’ and
LaCo, Fe, _,0;.57] These studies demonstrate that factors such
as doping, surface termination, facet orientation, and the pres-
ence of adsorbates can significantly influence the charge and
spin states of catalytic reaction sites, thereby affecting the over-
potential. Moreover, multiple studies consistently report substan-
tial variations in the magnetic moments of the active site and
surrounding atoms along the reaction pathway!3'*35371 which
can further be influenced by the applied potential,[**] indicating
changes in valence and spin states. These changes, in turn, have
been associated with differences in the overpotential.

Other investigations provide a link between spin state or mag-
netic order and catalytic performance. In RuO,, antiferromag-
netic (antiFM) configurations can lower OER overpotentials by
20-240 mV compared to nonmagnetic RuO, surfaces, depending
on OH coverage.*®l In CoOOH, the high-spin (HS) state signif-
icantly lowers the transition state barrier for O-O coupling com-
pared to the low-spin (LS) state (1.21 eV vs 2.91 eV), such that
OER on LS CoOOH follows an alternative OER pathway that cir-
cumvents O-O coupling. This leads to a much lower overpoten-
tial for HS CoOOH (0.32 V) compared to LS CoOOH (0.66 V),
demonstrating a strong spin-dependent enhancement of OER
kinetics.*¢! For Co;0,(001) surfaces, which show a superior OER
performance compared to (111),**] the octahedral Co active site
that is LS in the bulk acquires a finite magnetic moment that
varies between 0.5-2.1y, during OER.33] Moreover, the trans-
formed NiOO(H) layer on LaNiO,;(111) exhibits a regular pattern
of LS Ni** and HS Ni** stripes that favorably impacts the bind-
ing of intermediates, thus lowering the overpotential.?*! These
system-specific observations confirm the significant influence of
spin states and spin ordering on OER overpotentials. Comple-
mentary studies using schematic models suggest that ferromag-
netic (FM) ordering can generally lead to milder adsorption en-
ergies and lower activation barriers, including reduced transition
state energies.[®93]
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metal electrode), the singlet state is hypothesized to collapse into a specific spin configuration, [¥,) = ﬁ’;{ [¥inglet), where P, is a projection operator
reflecting the interaction-induced symmetry breaking. c) Ensemble effect: In chiral systems, this collapse is not random but biased by the molecular

chirality, leading to homochiral assemblies with aligned spin configurations. The resulting ensemble of states (|‘PS)), |‘P§{2)), ...) gives rise to a macro-
scopic spin-polarized state [¥73<°), generating an emergent spin anisotropy. This provides a theoretical foundation for spin-polarized charge transport

in chiral molecules—a hallmark of the CISS effect.[62]

As an alternative route to address spin excitations and dy-
namic spin effects in electrocatalysis, which cannot be de-
scribed with spin polarized DFT+U, Gracia and co-workers
pointed out the role of quantum spin exchange interactions
(QSEN)***] and quantum excitation interactions (QEXI)!®! in
spin-dependent electrocatalysis. These approaches aim to incor-
porate spin-dependent quantum correlations into the evaluation
of intermediate free energies and transition state barriers, start-
ing from spin-polarized DFT+U calculations. QSEI describes
how spin alignment lowers Coulomb repulsion and stabilizes
open-shell orbitals, while QEXI explains spin excitations and
spin-selective charge transport through schematic diagrams. To-
gether, they highlight the role of spin alignment and orbital sym-
metry in driving activity in OER. The framework introduced by
Gracia and co-workers, while being qualitative, is thus an im-
portant step toward the development of quantitatively predictive
methods to fully capture spin effects in OER catalysis.[*]

Another emerging focus in OER catalysis is the role of po-
larons, quasiparticles formed when charge carriers (electrons or
holes) locally distort and couple to the lattice. Excess charge carri-
ers on transition metal oxide surfaces introduced by defects, light
exposure or adsorbates during the OER cycle can localize through
electron-phonon interactions to form polarons that act as local
spin centers.[*?) The critical role of polarons has been revealed
for the photoelectrochemical OER on TiO,(110), where the pres-
ence of light-induced polarons modifies the adsorbate binding
energies and enhances the charge transfer between the catalyst
surface and adsorbed species.[**] Including these quasiparticles
at different sites in free energy calculations has been shown to
alter the predicted overpotentials.[*4]

In addition to shaping the free energy landscape, spin ef-
fects on dynamic processes—such as reaction kinetics and elec-
tron transfer to and within the catalyst-must also be taken into
account. Spin configurations, exchange interactions, and long-
range magnetic order have been identified as critical factors
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that directly impact electron transport and reaction kinetics in
transition metal oxide catalysts,71839%4] and FM order has even
been hypothesized to contribute to the conservation of angular
momentum.’®] Based on schematic models, recent studies pro-
pose that quantum correlations and electron delocalization in FM
bonds and spin-polarized electronic channels can enhance elec-
tron transport by spin-selective charge transfer and improve pre-
dicted OER performance. Similarly, layered antiferromagnetic
(antiFM) structures can also be beneficial due to the formation
of spin-sensitive transport channels;“°! but usually, strong spin-
charge confinement and electron localization in antiFM bonds
tend to restrict charge transfer.>!*8] Conducting PM materials
may also exhibit high activity, particularly when featuring local-
ized spins, spin-polarized states, or embedded FM channels.[*¢]
In such systems, dynamic orbital occupancies and fluctuating ex-
change interactions introduce flexibility that may be intrinsically
advantageous under OER conditions. Ultimately, magnetic inter-
actions that enable efficient spin-dependent electron transfer ap-
pear to be a critical factor to enhance OER catalysis.

2.1.2. CISS Enhanced OER

The CISS effect describes how molecular chirality induces spin-
polarization in electron- related processes.[*’] To elucidate the in-
fluence of the CISS effect on the OER theoretical models that
describe the role of chirality in inducing spin-polarization of elec-
tron transport are critical. Such models can provide insights into
the underlying mechanisms of the effects which are vital for un-
derstanding the spin-dependent catalysis in chiral materials.
Experimentally, spin selectivity is often studied by placing a
chiral molecule between a non-magnetic and a magnetizable
FM electrode. Reversing the magnetization of the FM electrode
yields two different current measurements; any resulting asym-
metry indicates spin-polarized transport. While FM contacts are
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commonly used to probe this effect, it is important to note that
this is not a prerequisite for the CISS effect to occur, but rather
a convenient means of probing the spin-polarization. Theoreti-
cal efforts have mainly focused on explaining the origin of these
asymmetric current responses.

For about a decade, the theoretical progress about the CISS
effect was centered around constructing effective models that ac-
count for the spin-orbit coupling (SOC) in chiral molecules, us-
ing, e.g., scattering theory,[*®*°] calculating the transmission ma-
trix using wave functions for chiral potentials,’**!] and through
semi-analytical models.[*?! In these models, SOC connects the
molecular structure with the electronic spin. However, the SOC
is known to be small (less than 5 meV) in organic molecules and
cannot give rise to the experimentally observed anisotropies in
the spin structure on its own.

Moreover, these single-electron models discuss a non-
interacting electron gas and assume that there are no particle-
particle interactions. This simplification makes the model easier
to solve (linear matrix equation) and has proven useful for study-
ing charge flow through molecules connected to metal electrodes.
The main drawback, however, is that without electron correla-
tions, the electronic structure in such models is built up by in-
dependent electrons from which no coherent spin structure can
be obtained. These approaches thus cannot describe a delocalized
chiral state which is needed to understand the CISS effect in the
absence of magnetic fields.

Despite these shortcomings, single-electron models have
demonstrated that multi-orbital structures can give rise to a mi-
nor CISS effect.535%1 This CISS effect can arise if nuclear sites
possess multiple valence states that are mixed via spin-orbit cou-
pling, which in turn has to connect to the molecular geometry.
This requirement stems from the fact that chirality is a global
property and, therefore, can only exert a significant influence on
delocalized or conjugated electronic states.

Theoretical models that account for electron correlations, on
the other hand, offer deeper insight into the mechanisms for
induced, or emergent, spin-polarization. Such models of chi-
ral molecules can be categorized into those that include di-
rect Coulomb electron-electron interactions,***8! and those for
which the correlations are indirectly mediated by molecular
vibrations.[5%-61]

In such models, the electron correlations provide a singlet-type
electronic structure in the chiral molecule, and can be obtained
by many-body calculations. The singlet state of a molecule is an
entangled mixture of correlated states, each of which describes a
coherent spin structure (Figure 3a). Upon attachment of the chi-
ral molecule to an electron reservoir, e.g., a metal, it is hypothe-
sized that the superposition of states that form the singlet state
collapses into one of the spin configurations due to interaction-
induced symmetry breaking (Figure 3b). For a chiral molecule
this collapse is not arbitrary but is defined by its chirality,[®!
hence the molecules in a homochiral assembly all collapse into
the same spin configuration and, thereby, constructs a collec-
tion of molecules with identical spin configurations (Figure 3c).
The collapse of the singlet state into a specific spin configura-
tion, which thereby would be regarded as a result of symmetry
breaking, is thus determined by the chirality, and can be viewed
as a spin anisotropy which has a spin-polarizing effect on elec-
tron flow through the molecule, explaining the spin-polarization

Ady. Energy Mater. 2025, 03556 e03556 (7 0f66)

www.advenergymat.de

within chiral materials. This emergent spin-polarization in chiral
molecules connected to electrodes is, from a theoretical perspec-
tive, one of the most viable causes for the CISS effect.

Besides the study of these fundamental aspects, the role
of CISS in electrochemical applications has been investigated.
While the OER has not yet been explicitly addressed in compu-
tational models, some progress has been made for its reverse re-
action, the oxygen reduction reaction (ORR). Chiral molecules
have been shown to efficiently catalyze ORR and it has been sug-
gested that a cathode modified with chiral molecules provides a
steady stream of spin-polarized electrons to the reactant O,.(%]
While the reason why spin-polarized electrons better facilitate
the reactions remain elusive, a few reports in the theoretical lit-
erature predict both spin-polarized currents and spin-polarized
molecular density of electron states under non-equilibrium
conditions.[¢+%] These results are based-respectively-on spin po-
larized DFT calculations employing an local-density approxi-
mation (LDA) functional in combination with non-equilibrium
Green functions for simulations of the transport properties, %]
and on model Hamiltonians capturing the molecular correlated
electronic structure combined with non-equilibrium Green func-
tion calculations.[63:6560]

Although theoretical models within the CISS field for spin-
enhanced OER are not yet sufficiently developed to allow for
quantitative predictions, they can still aid in phenomenological
interpretation. Theoretical insights suggest that the relevance
of chirality in chemical reactions that involve electron trans-
fer likely stems from the CISS effect, which ensures that elec-
trons with a specific spin projection are preferentially supplied
or extracted with high probability. Chemical reactions that in-
volve compounds with different spin angular momentum, such
as OER and ORR, benefit from being supported by electron trans-
fer of a specific spin-projection, because it conserves angular mo-
mentum without the necessity of spin-flip processes.*”]

2.2. Experimental Exploration of Spin Enhanced OER

To verify, explore and possibly exploit the theoretical proposi-
tions given above, numerous experimental studies have been
performed using both magnetic and chiral materials. A non-
exhaustive overview with selected examples of the current state-
of-the-art, including utilized catalyst material classes, spin order
engineering techniques, and measurement approaches is given
in Tables 1 and 2 for magnetically and CISS enhanced OER, re-
spectively. Moreover, Figure 4 shows an example of spin-induced
enhancements in OER that arise from specific underlying mech-
anisms.

A key observation from the tables is that all of these studies
across different systems show that increasing chirality or mag-
netic order through external stimuli or intrinsic material prop-
erties decreases the OER overpotentials. Other measurables and
the size of their increment vary noticeably across different stud-
ies, indicating that experimental design can greatly influence the
results. Thus, it is essential to look closely at the electrochemical
methodology, material selection and synthesis, as well as engi-
neering strategies used to modify spin-polarization and magnetic
and chiral properties of the active site, along with the techniques
employed to characterize these properties. In this subsection, we
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Figure 4. Examples of spin-induced enhancements in OER current densities arising from different underlying mechanisms. a) OER performance of
CoFe, 0, particles under various pH conditions. The enhancements are linked to the transition from magnetic multidomain to single-domain states
removal through size reduction or external magnetic field application. Adapted with permission.[®8] Copyright 2023, Wiley-VCH GmbH. b) OER perfor-
mance of CoFe, O, nanocrystals under various magnetic fields. The enhancements are linked to the negative magnetoresistance (MR) effect, shown
in the inset. Adapted with permission.[®°] Copyright 2022, American Chemical Society. c) OER performance of CoFe,O, particles with and without a
magnetic field. The enhancement is linked to increased spin-polarization on both the Fe and Co as indicated by XES measurements shown in the inset.
Reproduced from ref. [70] by Chih-Ying Huang et al. licensed under CC BY 4.0. d) OER performance of single iron atom catalysts coordinated with
nitrogen in carbon (Fe-N-C). The enhancements are linked to a transition from a low to intermediate to high spin state as indicated in the inset. Adapted
with permission.[”1 Copyright 2023, Wiley-VCH GmbH. e) OER performance of Lay ¢;Sr; 33MnO; thin films as a function of temperature. The enhance-
ments are linked to a transition from PM to FM order as indicated in the inset. Reproduced from ref. [72] by Emma van der Minne et al. licensed under
CC BY 4.0.f) OER performance of chiral and achiral Co; _,Fe, Oy particles. The enhancement is linked to the chirality of the catalyst. Reproduced from
ref. [73] by Aravind Vadakkayil et al. licensed under CC BY 4.0. g) OER performance of 2D NiO, catalysts on Au with and without absorbed thiadiazole-
[7]helicene enantiomers. The enhancement is linked to the chiral induced spin-polarization of electron transport. Reproduced from ref. [74] by Yunchang
Liang et al. licensed under CC BY 4.0. h) OER performance of a Pt foil under different magnetic fields. The very small enhancements are linked to changes
in mass transport as indicated by a change in the OH™ concentration profile. The influence of the magnetic field on the ion movement during ORR is
shown in the inset by the change of color of an acid-base indicator that turns pink in high OH~ concentrations. When the magnetic field is off, the
generation and migration of OH™ is homogeneus, while with the magnetic field there is a preferential direction of movement. Reproduced from ref. [75]

by Priscila Vensaus et al. licensed under CC BY 4.0.

provide an overview of the key studies in the fields of magneti-
cally and CISS enhanced OER, with particular emphasis on the
experimental methods used.

2.2.1. Electrochemical Methodology

Various electrochemical methods have been utilized to show
spin induced OER enhancements (Figure 2 center). Linear sweep
voltammetry (LSV) and CV are the most commonly used tech-
niques for investigating OER activity as a function of external
stimuli, like magnetic fields and temperature variations, and of
engineered variations in long-range magnetic order or chirality.
These measurements yield key parameters, such as current den-
sities, overpotentials, Tafel slopes, and turnover frequency, which
help to quantify O, generation and provide insights into the rate-
determining step (RDS) and how it might change.
Electrochemical impedance spectroscopy (EIS) is a widely
employed technique for probing interfacial and bulk proper-
ties in electrocatalysis and can provide insight into the steady
state of electrochemical processes and their kinetics.l’%””] Dif-
ferent features in EIS data represent different processes with
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characteristic relaxation times. Hence, it enables the determi-
nation of uncompensated resistance and charge transfer at the
electrode/electrolyte interface, thereby facilitating the study of
magneto-resistance effects within bulk of the catalyst and the
role of spin ordering in modulating electron transfer into the
catalyst.[”2787°] Tn addition, EIS allows for the evaluation of sur-
face capacitance, offering insights into processes, such as bub-
ble formation, charge separation in the double layer, mass trans-
port within the electrolyte, the accumulation of ionic or molecu-
lar species at the catalytic interface, and the evolution of surface-
bound intermediates during the OER.[7>%2]

CA is often employed to examine external field-induced OER
enhancements over time. This method enables real-time tracking
of magnetic field effects, which makes it easier to distinguish fast
magnetic field induced changes in the electrode!®®! from slower
processes in the electrochemical system (e.g., electrode degra-
dation, electrolyte composition changes, gas bubble dynamics,
local heating, or double-layer restructuring), which tend to be
convoluted over the longer timescales involved in a full CV cy-
cle. In addition, by tracking the system’s time evolution with and
without a magnetic field, the influence of the magnetic field on
these slower processes can be assessed.[®*] Moreover, CA is used
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to investigate the temperature dependence of OER to derive ac-
tivation energies.’>%] Finally, in the context of CISS-enhanced
OER, gas chromatography for O, and H, product detection and
chemical probes for H,0, (as side product) identification have
been utilized to examine the impact of spin effects on faradaic
efficiency.[8-881

A general limitation of the electrochemical methodology dis-
cussed above is the lack of standardized measurable parameters.
Additionally, the normalization of current density with active area
and resistance corrections can significantly affect the results and
thus give rise to discrepancies in the reported findings. More-
over, these methods cannot directly probe the intermediates of
the reaction. Lastly, exact determination of the RDS using Tafel
slopes remains difficult.®! Although these limitations pose chal-
lenges for the broader OER field, they are even more pronounced
for the spin-dependent OER domain, where mechanistic insights
are critical and additional effects arising from spin interactions
make the system even more complex.

2.2.2. Magnetically Enhanced OER

The work of Garcés-Pineda and co-workers, which demonstrated
enhanced OER activity on FM catalysts under an external mag-
netic field, has sparked significant interest in magnetically driven
catalytic effects.[?! This discovery prompted a surge of experi-
mental efforts to explore the link between long-range magnetic
order and OER performance, often via catalysts engineered with
tunable magnetic properties responsive to external stimuli. A se-
lection of these studies is summarized in Table 1. In the follow-
ing, we first summarize the key methodologies used to charac-
terize and quantify magnetic properties in these studies, followed
by an overview of representative experimental investigations into
magnetically enhanced OER, with a focus on proposed mech-
anisms underlying the observed activity enhancements. For a
more comprehensive treatment of magnetic field-enhanced OER
systems, readers are referred to several detailed reviews.[1>16:90-92]

Magnetic Characterization: The ex situ vibrating sample
(VSM) and superconducting quantum interference device
(SQUID) magnetometries are the most commonly used methods
to study the magnetic properties of catalysts. Both techniques en-
able the detection of subtle features in the sample’s magnetic mo-
ment response to an external magnetic fields as well as precise
determination of the Neel and Curie temperatures.l”>78] More-
over, scanning probe microscopy techniques, like magnetic force
microscopy (MFM) and scanning SQUID microscopy, have been
utilized in the field to visualize magnetic domains.[%#3293] With
modification, these techniques also have been used to probe do-
main structure evolution under different external magnetic fields
to link these structures to the OER activity increments under sim-
ilar fields.[8"]

Less utilized techniques in magnetic OER research are X-
ray magnetic circular dichroism (XMCD), electron paramag-
netic/ferromagnetic resonance (EPR/FMR) and Méssbauer spec-
troscopy, although all of these are widely employed in other fields
to probe element-specific magnetic properties and electronic spin
states. For example, they have revealed the element-specific con-
tribution to the magnetic order,***] the unpaired spins,?®’]
and atomic site occupation,®®] respectively. Therefore, these tech-
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niques can provide valuable insights into the relationship be-
tween catalytic activity and magnetic structure, both at the active
site and throughout the catalyst bulk.

External Magnetic Field Enhanced OER: Using the exper-
imental methods mentioned above, numerous studies have
demonstrated that external magnetic fields can significantly en-
hance the catalytic activity of FM and ferrimagnetic (FiM) cat-
alysts, or those containing FM/FiM interfaces (Figure 4a—d).
This is typically inferred from increased current densities in CA,
LSV or CV measurements in the presence of external magnetic
fields (Figure 2 center). Interestingly, such an enhancement is
smaller in PM materials. The external field enhancement has
been observed across a wide range of materials, including metal
oxides such as spinels and perovskites, hydroxides, and alloys,
and in morphologies such as bulk crystals, nanostructures, gels,
nanosheets, thin films, and core—shell particles (Figure 2). Below,
we summarize the potential origins of this enhancement, with a
focus on magnetic field-induced changes in the properties of the
catalyst. The electrolyte induced effects will be discussed later in
this perspective.

To minimize total magnetostatic energy, magnetic materials
form domains separated by domain walls. Domain walls are
widely reported to hinder activity, and their removal is regarded
as a key factor in magnetically enhanced OER. This effect be-
comes evident when comparing superparamagnetic (sPM) par-
ticles, which lack domain walls and behave like single-domain
ferromagnets in an applied field, to larger particles that contain
multiple domains. Notably, only the latter show OER enhance-
ment under a magnetic field, linking the observed improvement
to domain wall removal.[%] This observation has been connected
to two possible origins. First, the fact that the magnitude of OER
enhancement correlates with the total area of domain walls®?!
and in situ MFM and micro-Raman experiments show that do-
main wall regions have higher onset potentials compared to the
interior of the domain,!®!) suggest the walls themselves hinder
activity. Second, changes in catalyst resistance due to negative
MR effects have been proposed as a contributing factor. The
MR effect arises from a reduction in electron-spin scattering due
to the alignment of the magnetic domains under the applied
magnetic field. If the catalyst’s bulk resistance limits the OER,
this MR-induced reduction in resistance can increase the achiev-
able current density, with the increase scaling linearly to the re-
sistance change. Experimental results indeed have shown that
OER activity and charge transfer resistance closely follow the MR
trends with respect to field strength and saturation magnetiza-
tion (Figure 4b), supporting the idea that negative MR plays sub-
stantial role in the observed enhancement.[6%99-101]

Additionally, increased spin-polarization at active sites under
an external magnetic field has been proposed as a contributing
mechanism to magnetically enhanced OER.V%101-193) Thig idea is
supported with in situ X-ray emission spectroscopy (XES) mea-
surements, which show an increased spin-polarization at active
sites under OER conditions in a magnetic field, thus correlat-
ing it with improved activity (Figure 4c).”%! Similarly, the ob-
served increase in catalytic activity of magnetic heterostructures
upon application of an external magnetic field!'*1%] and correla-
tion between coercivity and OER enhancement!®! indicate that
an increase in the strength of exchange interactions between
spins in different domains or across magnetic interfaces (e.g.,
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Figure 5. The schemes of O-O coupling and triplet O, turnover process. a) LOM, where spin alignment in an adsorbate M-O- radical and a lattice oxygen
M-O- radical enables direct formation of the triplet O,. b) 12M, where spin alignment in nearest-neighbor M-O- radicals enables direct formation of the
triplet O,. b) AEM, where spin-selective electron removal enables direct formation of the triplet O,. Inspiration taken from ref. [4].

FM/antiFM, PM/antiFM) can be a key factor in OER activity. It
is hypothesized that this effect can be attributed to accelerated
spin-selective electron transfer into the catalyst.[1041%]

Besides effects arising from changes within the catalyst, the be-
havior at the solid-electrolyte interface plays a significant role in
determining the field induced OER enhancement. For instance,
beyond the magnetic field’s effects on mass transport of charged
species in the electrolyte,”®] strong magnetic field gradients at the
electrode—electrolyte interface might enhance activity through
enhanced electron transfer, as even in non-spin-dependent reac-
tions like the hydrogen evolution reaction magnetic fields effects
have been reported.['%] Moreover, recent studies demonstrate
that OER enhancement depends strongly on the electrolyte pH
and is most pronounced under strongly basic conditions.[1268.107]
This behavior was attributed to the formation of M-O- radi-
cals with unpaired electrons, which are spin-polarized and ac-
tivate spin-selective OER pathways.[* Building on this, it was
proposed that spin-polarized OER is particularly relevant for
multi-site mechanisms such as the lattice oxygen mechanism
(LOM) and the interaction of two metal sites (I2M), though
it also influences the adsorbate evolution mechanism (AEM)
(Figure 5).11%8

Lastly, the magnetic properties of the support material used in
electrochemical cells can play a critical role. Nonmagnetic ma-
terials’such as coated glass, carbon-based electrodes, or stain-
less steel-typically exhibit negligible magnetic enhancement in
OER activity when used as working electrodes.['29#197] Conse-
quently, they are unlikely to contribute meaningfully to mag-
netic enhancement when serving as supports. In contrast, FM
electrodes—particularly those that are intrinsically active for the
OER, such as Ni foil or Ni foam—can show significant field-
induced activity enhancements when used as working elec-
trodes, and thus can substantially contribute to magnetic en-
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hancement when employed as supports.[299101105] This high-
lights the need to distinguish between substrate-induced and
catalyst-induced effects when investigating thin film or nanopar-
ticulate catalysts deposited on conductive and possibly also mag-
netic supports. Additionally, FM supports can amplify magnetic
field effects through magnetic coupling with magnetically or-
dered catalysts.[1%]

Spin state and Intrinsic Magnetic Order Induced OER Enhance-
ment: An alternative strategy for enhancing magnetic effects in
the OER involves optimizing the intrinsic magnetic order of the
catalyst. This approach is particularly advantageous as it elimi-
nates the need for external magnetic influences, which would
otherwise necessitate complex reactor designs and may introduce
undesirable side effects. Consequently, to clarify the relationship
between intrinsic magnetic order and OER activity, extensive re-
search has been dedicated to investigating the role of the intrinsic
magnetic order by modulating magnetic properties through var-
ious spin engineering techniques.[841%

Catalysts exhibiting larger intrinsic magnetization from in-
creased spin exchange interactions or long-range FM order gen-
erally showed higher OER activity (Figure 4e).l727880110] For most
cases, increased spin-polarization, which can be induced by a
change in oxidation state, doping, or a transition from low
to intermediate or high electron spin states, contributed posi-
tively to catalytic activity (Figure 4c,d)./+10211L112] However, be-
cause the spin configuration of the unpaired d-electrons within
the catalyst is intrinsically linked to the filling of its e, or-
bitals, unfavorable occupancy in certain high spin states can de-
crease OER activity,®7113 highlighting the complexity of the spin-
dependent effects.

One of the most utilized spin engineering techniques to
alter spin state and magnetic order is the use of dopants
or substituents which can induce changes in the chemical
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environment, electronic properties and crystal coordination of
the active site, and affect the spin state and long-range mag-
netic order through distortions, charge redistribution and spin
exchange interactions.®*1%] Another technique that has been
widely used involves modifying the magnetic properties of the
catalyst through variations in synthesis conditions,!''*] the size of
the catalyst,[%811%] the strain,[**] and the exposed crystal facets.['1?!
These approaches have been applied to a variety of materials in-
cluding layered materials,[®>11>116] single atom catalysts!”’] and
bulk magnetic compounds like metal-oxides!"-1%] (Figure 2). A
key limitation of these techniques is that changes in magnetic
properties are often accompanied by modifications in catalyst
composition, crystal structure, or symmetry, making it challeng-
ing to isolate the intrinsic effects of the spin state and magneti-
zation of the active site on catalytic activity.

To mitigate these concerns, other studies have adopted spin
and long-range magnetic order engineering techniques to selec-
tively tune magnetic order and increase remanence with mini-
mal alterations of other parameters. Studies on catalyst systems
which show magnetic coupling via the proximity effect,8%120121]
spin pinning, 1% alignment to stray fields from nearby mag-
netic particles,['1% metal-support interactions, '] and spin trans-
mission through spin-dependent electron transfer governed by
quantum spin exchange interaction in magnetic van der Waals
heterostructures!®! have enabled the decoupling of magnetic or-
der induced effects and confirm the role of spin-polarization and
intrinsic magnetization. Moreover, these studies demonstrated
that FM coupling reduces the charge transfer resistancel®*12!
and that small local magnetic fields!'?!) and spin filtering!*+104121]
at the interfaces with different magnetic order can enhance spin-
selective electron transfer.

Another method to directly influence the magnetic order with
minimal alterations of other parameters uses temperature vari-
ations to induce magnetic order transitions (Figure 4e). This
method has enabled the observation of in situ OER enhancement
with a PM to FM transition in the catalyst.l”>78] Additionally, it has
been shown that the antiFM to PM transition in a catalyst with an
PM/antiFM interface boosts OER activity by promoting spin dis-
order at the interface.[®] These results highlight that long-range
order is crucial for improving OER activity and that the activity
follows the trend: FM> FiM> PM> antiFM.

The above-mentioned approaches to tune the intrinsic mag-
netic order have thus enabled the identification of clear relation-
ships between long-range magnetic order and spin-polarization
of the active site to the OER activity. However, the explanation of
those relationships varies across different studies, such that the
exact origin of the enhancement effect remains to be pinpointed.
Identified key factors range from more moderate absorption en-
ergies, regulated by stabilizing QSEI interactions,l’29411% local
magnetic fields of the long-range ordered catalysts,[1%! shorter
metal-oxygen bonds or formation of spin-selective transport
channels!®878117119] t0 3 higher amount of unpaired electrons,!”!!
or more optimal orbital filling reducing occupation of anti-
bonding orbitals.[”*111112] Additionally, enhanced spin spillover
from the active sites to the intermediates!®8°>116117] and reduced
spin flip energies,'>] both of which enable the direct formation
of triplet O, and effective oxygen coupling at the surfacel*! and
lower charge transfer energies,[”2912%] are hypothesized to affect
OER enhancements.
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2.2.3. CISS Enhanced OER

The discovery of the CISS effect!!??] has revealed that electron
transfer reactions and electron displacements in chiral molecules
are strongly spin dependent, even at ambient temperature, and
this insight has led to the use of chirality to bias the OER to-
ward the formation of triplet oxygen (*X), rather than singlet by-
products (H,0,, and singlet O,, 'A).}%) The body of work on
the OER is now substantial and has revealed the benefits of spin
control for reaction efficiency and selectivity via the CISS effect
in a large variety of chiral materials (Figure 2), as detailed in
Table 2. In contrast to these general approaches, less common,
material specific approaches exploit spin-selective carrier proper-
ties, either inherent to the catalyst or through engineering spin-
polarized defect sites on the catalyst.[!2*1%] While magnetically
enhanced OER efforts have primarily focused on electrochemi-
cal enhancements, the CISS effect has also been observed in a
variety of photoelectrochemical (PEC) systems.

The initial report of CISS effects in OER by Mtangi and
Naaman!®! used chiral molecular adsorbates to enhance reaction
yields in PEC water splitting. In the following years, chiral elec-
trocatalysts were found to enhance water splitting performance
by reducing the OER overpotential and improving reaction selec-
tivity, especially near neutral pH (Figure 4f). A variety of strategies
have been employed to introduce and tune chirality in OER cat-
alysts, including the self-assembly of chiral molecules, such as
DNA strands, amino acids, or helicenes, on electrode surfaces,
the use of intrinsically chiral inorganic materials, and the syn-
thesis of nanostructured materials via chiral templating agents
(Table 2). Although the use of chirally-imprinted or chiral elec-
trocatalysts are better known, advances in CISS studies of OER
have shown that chiral additives or chiral spin-transport layers
can be used with established achiral catalysts and enhance the
OER performance (Figure 4g).l7+126127]

Several experimental studies have shown that imparting chi-
rality onto electrocatalysts improves the Faradaic efficiency to-
ward products involving spin sensitive intermediates and en-
hances the catalytic activity.”*! Accordingly, the Faradaic effi-
ciency of O, production is increased, as systems incorporat-
ing CISS-active components exhibit markedly lower H, O, yields
compared to achiral analogs. This suppression of reactive oxy-
gen species like H, O, is particularly valuable for enhancing long-
term catalyst stability. Studies with chiral electrocatalysts show
that the specific (and mass) activities of chiral electrocatalysts can
be 5 to 10 times better than their achiral counterparts (Table 2).

While chiral electrocatalysts can be prepared in many differ-
ent ways and have been shown for metals, metal oxides, and chi-
ral semiconductors, they possess important constraints. For ex-
ample, many metal oxides are not stable at pH values <10 and
the challenges of developing syntheses for each new chiral cata-
lyst provides a barrier to progress. In contrast, recent develop-
ments show that chiral molecular films on electrode surfaces,
which provide extremely high spin-polarized electron currents
(approaching 100 %), can be fabricated.[1?$129] The separation of
the chiral material used to spin filter electrons from the composi-
tion and structure of the electrocatalyst promises to improve per-
formance greatly because it will allow optimization of the elec-
trocatalyst without the need for it to retain its chiral structure.
That is, by using a buried chiral spin-transport layer to ensure
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the spin-polarized electron transfer at the active catalyst, the ben-
efits of spin-polarization on the redox chemistry can be ensured.
For instance, chiral hybrid organic-inorganic oxides, known to
act as spin filters,!3% could be used as spin transport layers in
PEC water splitting. Chiral molecules and polymers have been
used as spin transport layers as well; NiO, catalysts were de-
posited on top of helicene monolayers, and the spin-polarization
was shown to enhance OER compared to achiral samples!’* and
chiral polyaniline coated electrodes were used as a spin transport
layer.131]

Confirming the presence and role of chirality in these sys-
tems requires careful characterization.!'*?] In addition to the
electrochemical methods mentioned above, the chirality and
spin-selectivity must be assessed. Circular dichroism (CD) spec-
troscopy, which measures the differential absorption of left- and
right-circularly polarized light, is commonly used to verify optical
activity. In thin films or nanostructures, CD can also confirm the
retention of chiral ordering after material processing. To directly
assess spin-selective transport properties, magnetic conductive
atomic force microscopy (mc-AFM) is frequently employed. This
method reveals differences in current as a function of magnetic
orientation, indicating spin-polarization. Complementary tech-
niques such as spin-resolved photoelectron spectroscopy (SR-
PES) provide direct evidence of spin-polarized electron emission
from chiral surfaces, particularly under ultraviolet or X-ray excita-
tion. Additionally, conventional structural characterization meth-
ods, including scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), and atomic force microscopy
(AFM), can be used to evaluate morphology, nanostructure, and
surface roughness, which can influence or correlate with the ex-
pression of chirality, especially in templated systems.

Despite growing evidence for CISS-mediated enhancements, a
notable challenge in interpreting spin-dependent catalysis lies in
disentangling true spin effects from other structural or surface-
related phenomena. For instance, improvements in performance
might stem from increased surface area, altered wettability, or
changes in double-layer capacitance associated with chiral tem-
plating. To ensure the validity of CISS-related interpretations,
rigorous experimental controls are essential, including the use
of achiral analogs, enantiomers, and consistent electrode fabri-
cation protocols.

2.2.4. Comparison and Combination of CISS and Magnetism in
OER

Comparing activity enhancements in the CISS and magneti-
cally enhanced OER fields is valuable, as each involves distinct
phenomena that can account for the observed behavior. In chi-
ral catalysts, improvements are usually linked to spin-polarized
charge transport, which can either facilitate spin-selective elec-
tron removal from intermediates or induce spin polarization di-
rectly at the active site. In magnetic catalysts, the situation is
more complex: beyond spin-polarized transport, exchange inter-
actions across sites and layers can alter adsorption energies, es-
tablish spin polarization at active sites, and modify spin struc-
tures within the catalyst. Domain behavior, MR, and, under ex-
ternal fields, MHD effects can further contribute to activity in-
crements.
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Direct comparisons of overpotential and current density incre-
ments in the two approaches could thus provide insights into
which factors dominate OER enhancement. Reported enhance-
ments, however, vary widely. At 10 mA cm™2, overpotential re-
ductions range from 9 to 130 mV for external-field effects, 20-120
mbV for intrinsic magnetism effects, and 25-150 mV for chiral cat-
alysts. Current density increases span 0.4-320%, 35-500%, and
85-500%, respectively. From the current increments it seems in-
trinsic magnetism effects and CISS effects yield slightly larger
enhancements, pointing to the central role of spin polarization
at active sites, spin-dependent transport, and exchange coupling.
However, the broad spread of reported values makes firm con-
clusions difficult, likely reflecting variations in catalyst composi-
tion, morphology (powder vs thin film), electrolyte, and applied
field strength.

For Ni-Fe catalysts, external-field-driven domain wall removal
or magnetoresistance effects lead only to modest improve-
ments, with overpotential reductions of 16[°*/ and 14 mVI!5] at
10 mA cm~2. Ni-Fe oxides in chiral form achieve far greater en-
hancements, showing a 100 mV reduction.'* A similar trend
emerges when chiral molecules are introduced beneath NiOx: the
resulting OER enhancement was about five times greater than
that obtained under an external field.#134] Together, these ob-
servations suggest that for Ni-Fe catalysts intrinsic spin polariza-
tion of charge transport has a stronger impact on activity than
external-field-induced effects.

A comparable pattern is seen in Co-Fe oxides, where activity
gains are mainly attributed to intrinsic spin polarization at ac-
tive sites through spin alignment, rather than domain effects.
Here, reported overpotential reductions of 39,70 30,121l and
21 mV™Ml are of similar magnitude to those of chiral counter-
parts (28 mV).[”3] External magnetic fields can further enhance
activity via a reduction in MR, with larger decreases observed at
very high fields—for example, a 69 mV reduction at 14 000 Oel*]
The similarity of enhancements at low fields between magnetic
and chiral systems suggests that field effects may also generate
spin-polarized current pathways, invoking a mechanism akin to
CISS. At stronger fields, MR amplifies the enhancements.

In contrast, Fe;O, shows a strikingly different behavior. Al-
though the enhancement from the intrinsic magnetic transition
from PM to FM can increase spin of electron transport, the ob-
served effect is small: the overpotential is reduced by only 9 mV
for 100 mA cm~2.'"] Chiral Fe,0, materials, however, exhibit
much larger improvements, with a 150 mV overpotential de-
crease at 10 mA cm~211%] and a 3.5% increase in current density
in another study!'*®! This stark contrast indicates that the domi-
nant mechanisms can vary significantly between materials, with
CISS-type intrinsic polarization often playing a stronger role than
field-induced magnetic effects.

These examples highlight the potential for mechanistic in-
sights when comparing CISS and magnetic effects under sim-
ilar experimental conditions. However, more systematic stud-
ies using comparable setups are needed, as direct head-to-head
comparisons remain scarce. Furthermore, a synergistic com-
bination of both strategies could potentially enhance OER ef-
ficiency even further. When such an integrated approach is
applied, both intrinsic spin polarization and field-induced ef-
fects may act together, offering a route to maximize catalytic
performance.
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When such a strategy is applied and both effects are integrated,
the outcome is highly dependent on the materials and conditions
used. Moreover, if their contributions are comparable, a differ-
ence in current is expected between opposite magnetic field ori-
entations (North vs South pole), with the behavior depending on
the enantiomer used. In this case, a stronger enhancement is ex-
pected when the magnetic field polarizes the spin in the same
direction as favored by the chiral molecule.

Another intriguing example is the case of sPM iron oxide
nanoparticle catalysts (s-Fe;O,) decorated with chiral diamines
for water splitting.['3”] Both the decoration with chiral molecules
and the application of external fields independently enhanced
OER activity. But their combination resulted in the highest ob-
served enhancements, reaching up to 89%, thereby underscor-
ing a strong synergistic effect. In a previous report, chiral cobalt
oxide (CoO,) only exhibited a magnetic field response after elec-
trochemical treatment induced PM Co(IV) species,®®) empha-
sizing the importance of catalyst structure and oxidation states.
In this case, no difference between the direction of the ex-
ternal magnetic field was observed, suggesting that the influ-
ence of the magnetic field on spin orientation appears to sig-
nificantly outweigh the contribution from the CISS effect. Fi-
nally, in another work, electrodes obtained by electrodeposi-
tion of Ni on a magnet were used as working electrodes for
the electrolysis of alkaline solutions containing chiral tartaric
acid.3* Here, reversing the magnetic field direction during elec-
trolysis altered overpotentials, indicating chirality-induced spin
effects.

The findings presented here underscore the potential of com-
bining magnetization and the CISS effect to enhance catalysis.

2.2.5. Existing In Situ and Operando Methodology

To further advance the understanding of the mechanism behind
spin-enhanced OER, and recognizing that the catalytic surface
under OER conditions differs from the initial state of the cata-
lyst, a limited number of pioneering studies have explored dif-
ferent in situ and operando techniques. We refer to experiments
as in situ when they are performed under conditions similar
to those of the OER measurements (e.g., using the same elec-
trolyte), and as operando when they are conducted during the
electrochemical reaction while simultaneously assessing catalytic
activity. Operando X-ray absorption spectroscopy (XAS) has been
widely used to determine the oxidation state, chemical environ-
ment, and crystal structure of active sites in dynamic catalytic
surfaces. Additionally, operando Raman, infrared (IR), and UV-
vis spectroscopies have been extensively applied to identify ac-
tive sites, analyze intermediates and surface states, and inves-
tigate OER pathways. However, the use of these techniques to
study the effects of magnetic order and external magnetic fields
on these properties has only recently been explored by a few
authors.[81:102115.138-140] Thege works are highlighted below.

A combination of XAS and Raman spectroscopy demonstrated
that application of an external magnetic field enhances the for-
mation of reactive species on NiFeO,, altering the reaction path-
way and thereby improving catalytic activity.[!*] Similarly, it was
found that a magnetic field can alter reaction pathways and in-
crease OER activity by shifting the RDS.["]
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Focusing on the spin state of the catalyst active site, it was
found that enhanced electron density accumulation and in-
creased spin-polarization under a magnetic field boosts OER
activity in a Ni,/MoS, single-atom catalysts.l1®2] Additionally,
cobalt foam-based electrodes with an intermediate-spin state
were shown to exhibit superior OER performance compared to
those in a high-spin state.l*"] This is attributed to the high spin
state stabilizing electrophilic superoxo intermediates, which hin-
ders reaction kinetics and decreases catalytic efficiency.

A study combining operando Raman spectroscopy with
operando MFM revealed that higher potentials were required
to form a FeOOH* intermediate in the domain walls of Fe,Seg
nanosheets compared to the potentials needed in the bulk of
a magnetic domain. The subsequent removal of these domain
walls ensured that FeFOOH* formed at low potentials in both re-
gions, showing that domain wall removal is the reason for the
magnetic OER enhancement observed in these materials.[8!]

These operando techniques evidently hold great potential for
unraveling the mechanism of magnetically enhanced OER by di-
rectly correlating reaction pathways and intermediates with the
catalyst’s spin state, especially when multiple operando tech-
niques are combined. However, broader use of these techniques,
along with their application to well-defined model systems and
direct comparison with computational studies, is required to fully
realize their potential, a topic to which we will return later.

2.3. Magneto Hydrodynamic Effects

While our discussion so far has focused on spin-related phenom-
ena in the catalyst and at the catalyst/electrolyte interface, it is
also critical to account for the role of magnetic fields through
MHD effects. These effects arise from the interaction between
magnetic fields and moving ionic species in the electrolyte, po-
tentially influencing experimental observations and their inter-
pretation. Magnetic fields can alter the diffusion of reactants and
products near the electrode surface, an influence that becomes
especially significant when mass transport constitutes the rate-
limiting step of the electrochemical process (Figure 4h).

When an electrochemical system is exposed to a magnetic
field, various magnetic forces arise, affecting ionic motion,
charge distribution, and fluid dynamics. The most relevant forces
include:

1) Kelvin Force: The Kelvin force acts on PM species in a mag-
netic gradient field by exerting a force in the direction of
the magnetic gradient.'*!l Although it is often negligible in
size, it becomes relevant when a gradient of PM species is
present.[®3] The Kelvin force can thin the diffusion layer and
enhance electrochemical currents.[83142]

2) Lorentz Force: The Lorentz force acts on charged species
moving in a magnetic field and is perpendicular to both
the magnetic field direction and the ionic current flow.['*!]
This force induces electrolyte convection, also known as
MHD flow, which can enhance reactant transport toward the
electrode,”>1*3] remove gas bubbles from the catalyst surface,
and decrease diffusion layer thickness, thus improving reac-
tion efficiency. The force can take on complex shapes due
to nonuniform currents at electrode edges,!*21* complex
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surface magnetization in magnetic catalysts,'*! adsorbed
bubbles,'*?l and non-ideal flat surfaces!'*] which can en-
hance near-surface diffusion(*11*2l while also making it cru-
cial to carefully consider the direction of the force.[%!]

3) Maxwell Stress: Magnetic fields can cause shape deformations
in droplets containing PM species in the direction of the field,
proportional to its strength. Therefore, recent studies hypoth-
esize that this so-called Maxwell stress can modulate the elec-
trochemical double layer (EDL) by altering the configuration
of the ion cloud at the electrode-electrolyte interface.[8*142]

4) DM and PM Forces: Inhomogeneous magnetic fields can pro-
duce a localized magnetic buoyancy effect due to differences
in magnetic properties between the liquid and gas phases.
While this effect is usually negligible, it can become relevant
under microgravity conditions.!14¢]

To date, most experimental studies have focused on establish-
ing correlations between the strength and orientation of mag-
netic fields and the resulting enhancements in catalytic activity as
the abovementioned forces are largely dependent on the direction
of the applied field. By analyzing the directionality of the mag-
netic force in relation to the field orientation, current flow, ion
movement, and electrode configuration, several authors have dis-
entangled MHD effects from intrinsic spin-related effects within
the catalyst.”27>19L1%] However, to better understand the afore-
mentioned effects in real electrochemical setups and quantify the
potential OER enhancements associated with them, characteriza-
tion methods capable of directly visualizing the motion of bub-
bles and ions in electrolytes under a magnetic field are essential.
Several studies have employed optical microscopy to investigate
oxygen bubbles in liquids, revealing that magnetic fields can en-
hance bubble velocity,*1*! induce directional movement that
depends on the orientation of the applied field,[”>#] facilitate
bubble detachment,[**’! and reduce bubble nucleation,!**®] all of
which can result in OER activity enhancement.['*] However, the
size and the appearance of the effect depends on the shape of the
cell, electrode and other geometrical considerations.

Investigating ion movement requires more complex setups.
For this, Vensaus et al. employed a chemical dye that turns pur-
ple in alkaline environments to study the movement of OH™ in
the electrolyte under a magnetic field. They demonstrated that
the magnetic field induces a force on the ions, causing a rota-
tional movement of the electrolyte, which induces bubble move-
ment. Despite such changes in electrolyte mass transport which
can assist in bubble removal, they show that the Lorentz force
has a minimal impact on the overall OER current at relatively
low current densities.[””) This could be explained by the fact that
the reactants for OER are always in high concentration near the
electrodel”! and that the transport of OH~ could not only be ve-
hicular but also follow the Grotthus mechanism, such that water
may act as the primary reactant, bypassing the involvement of
charged species and thus reducing the influence of the magnetic
field.['°) While the overall enhancement from MHD effects re-
mains relatively small at low current densities, it could unlock
new opportunities for industrial electrolyzers, where high cur-
rent densities amplify the significance of mass transport and bub-
ble removal.

Quantifying OER enhancement from a theoretical standpoint
due to such MHD phenomena at the solid-liquid interface re-
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quires dynamic 3D modeling capable of resolving species veloc-
ities. This necessity arises from the complex interplay of mag-
netic forces, field lines, electrode geometry, and fluid trajecto-
ries, which collectively shape transport behavior in electrochem-
ical systems.[151:152]

Building on this concept, Sen and co-workers!*!l employed
3D computational fluid dynamics (CFD) to simulate flow fields
and concentration gradients near electrode surfaces under the
influence of magnetic fields. Their simulations, performed un-
der both CV and CA,[*>*%52 incorporated reactant consumption,
product formation, and hydrodynamic effects. The results re-
vealed a decrease in diffusion layer thickness and enhanced
species transport away from the interface, with flow behavior
strongly dependent on magnetic field orientation—providing valu-
able insights into the role of MHD effects. However, this model
still includes notable simplifications and, to our knowledge, re-
mains the only attempt to address magnetic field-induced ef-
fects in full three dimensions. Continued model development is
therefore critical to achieving a comprehensive understanding of
MHD-driven enhancements in OER.

151

2.4. Key Principles for Spin Dependent OER

As described above, a variety of theoretical and computational
models have predicted the influence of spin on OER catalytic ac-
tivity, while experimental approaches have demonstrated its ef-
fect across a wide range of catalysts with different spin config-
urations. Based on this previous work we compile a list of key
principles which may underlie the observed activity enhance-
ments, which are summarized in Figure 6. These include: a) effi-
cient electron transfer kinetics, b) favorable reaction energetics,
and c) reduced spin-related electronic resistance via FM or spin-
polarized pathways and d) liquid-phase transport effects.

a) Electron transfer kinetics. In a spin-ordered catalyst, spin-
specific charge accumulation occurs on the surface, accompa-
nied by spin exchange interactions between surface adsorbates
and active sites, as well as between different sites within the
catalyst.[184:102] Both these factors can increase reaction kinet-
ics by changing electron transfer energies.[®*!] Additionaly, spin-
polarized, surface-trapped polarons can facilitate electron trans-
fer at the catalytic interface.l'>3] These effects provide a route for
favoring spin-aligned intermediates during reaction by lowering
the injection barrier or reducing charge transfer resistances!”>154
for the majority spin as displayed in Figure 6a. This in turn can re-
sult in more efficient production of energetically favorable spin-
aligned triplet oxygen.

b) Energetics of reaction intermediates and transition states.
The spin configuration at the atomic level of a catalyst and the
chirality of a chiral catalyst influence the electronic structure of
the active sites of the catalyst, e.g. via the orbital filling. More-
over, long-range spin order in magnetic catalysts induces strong
QSEI and QEXI between catalyst and adsorbates.!®°] In the case
of chiral catalysts and catalysts with surface polarons, the spin
polarization at the surface can stabilize certain spin states of the
adsorbates and intermediates.[%3133] All these factors can result in
changes in adsorption free energy of reaction intermediates and
transition state energies and imply deviations from the typically
assumed linear scaling of the transition state and chemisorption
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Figure 6. A schematic representation of the key principles which may underlie the spin induced OER enhancement. The different regions within the
catalytic system where these effects play a role are indicated within the center image. a) Spin-dependent electron transfer kinetics effects. Spin-dependent
charge accumulation and spin exchange interactions at the interface induce asymmetry in both the injection barriers and the charge transfer resistance
for spin-up and spin-down electrons. These effects can lead to spin-selective electron removal. b) Spin effects on OER energetics. Variations in spin
ordering modulate the free energies of reaction intermediates and transition states via quantum spin exchange interaction and quantum excitation
interactions. Additionally, spin-selective orbital occupation further reshapes the free energy landscape. c) Spin-related electronic effects. The formation
of spin-polarized conduction channels and the emergence of negative MR can lower resistance-induced electronic losses. d) Magnetic field-induced
alteration of transport phenomena in liquids. Stray or applied magnetic fields (in or out of plane) can give rise to MHD effects— such as the Kelvin force
(Fy) and Lorentz force (F,), which can modify ion transport, alter the thickness of the electrical double layer, and facilitate bubble removal at the electrode
interface. The orientation of the magnetic field strongly dictates the direction and magnitude of these forces; the illustration presents one representative

case.

energies of the intermediates(®3¢! as schematically depicted in
Figure 6b. More favorable binding energies of the intermediates
and lower transition state energy barriers enhance activity by get-
ting closer to the ideal electrocatalyst given by the Sabatier prin-
ciple.

) Spin-related electronic resistance. Intrinsic spin order in
magnetic materials and spin polarization in chiral materials give
rise to spin polarized conduction channels leading to a low resis-
tance for the majority spin which is lower than the bulk resistance
for their non spin polarized counterparts.*¢114118119] Thig, in
turn, can enable spin-selective electron removal, thereby gener-
ating spin-aligned intermediates. Moreover, magnetic order can
induce MR effects, leading to higher electronic resistance in the
bulk of a magnetic catalyst during electrocatalysis in the absence
of an external field due to domain wall formation. Applying an ex-
ternal magnetic field can reduce this resistance.[**-1%! Both these
effects decrease electronic losses and can thus enhance catalytic
activity. However, it is important to distinguish between them: in
one case, magnetic order directly enhances intrinsic activity; in
the other, magnetic order initially hinders activity by increasing
resistance (compared to DM materials), and this loss can be re-
versed by applying an external magnetic field. These principles
are summarized in Figure 6c.
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d) Transport phenomena in the liquid. Magnetic fields influ-
ence the transport of reactants, products, and electrolyte species
during electrochemical reactions!”>! through MHD effects.
Lorentz, Kelvin and DM and PM forces alongside Maxwell
stresses can modify the movement of ions toward and oxygen
gas bubbles away from the electrode surface and change the EDL
structure under certain magnetic fields and magnetic field gradi-
ents as shown in Figure 6d. This enhanced mobility can improve
oxygen bubble detachment and dispersion and thinning of the
EDL, ultimately boosting OER activity.[7>101:151]

3. Open Questions and Challenges

While we can identify several key principles which can potentially
underlie spin-enhancement in OER, determining which princi-
ple predominantly drives the effect remains a challenge, leaving
the exact mechanism elusive. One significant challenge lies in
disentangling the various overlapping effects described above.
These include kinetic effects (Figure 6a), thermodynamic effects
(Figure 6b), spin-dependent changes in the electronic transport
properties of the bulk material (Figure 6c), and field-induced
mass transport phenomena in the electrolyte (Figure 6d). These
effects must be separated not only from each other, but also from
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numerous other processes that may occur during OER and, while
not inherently spin-dependent, could still influence the reaction
outcome. To harness the effect and establish design principles
for future catalysts, it is thus still essential to pinpoint the funda-
mental concepts that dominate spin-enhanced OER. In this sec-
tion, we explore the open questions and challenges that must be
addressed to close this gap. We start the discussion focusing on
the previously identified key principles, after which we highlight
some more general considerations and potential directions for
investigating spin-enhanced OER.

3.1. Electron Transfer Kinetics

The effect of electron transfer kinetics in spin-enhanced OER has
been studied using techniques such as Tafel plots, electrochemi-
cal impedance spectroscopy, Hall measurements, and by investi-
gating changes in OER activity when tuning the spin-polarization
at the surface through catalyst design. However, as discussed
above, isolating electron transfer kinetics remains challenging in
these experimental approaches. To address this challenge, theo-
retical models and computational studies have offered a promis-
ing route to isolate and study the electronic charge and spin-
polarization of catalyst sites and adsorbates, and their impact on
electron transfer kinetics. However, these models often require
simplifications due to the complexity of real systems. A key unre-
solved challenge is incorporating angular momentum conserva-
tion, crucial for spin-dependent OER, into computational frame-
works.

Moreover, accurately representing the dynamic electrochemi-
cal environment remains difficult. In practice, catalyst surfaces
evolve, adsorbates exist in dynamic equilibrium, spin states fluc-
tuate, and the electrochemical interface continuously changes.
Capturing these transient phenomena computationally is cur-
rently not feasible. Additional complexity arises from modeling
the effects of applied potential and electron transport across the
catalyst. Realistic modeling also requires accounting for long-
range magnetic order, grain boundaries, structural defects, and
compositional variations, necessitating multiscale approaches
that are computationally demanding. Furthermore, most models
omit realistic operating temperatures, limiting their relevance to
experiments. Moreover, on the experimental side, operando mea-
surements are needed to investigate the system under such dy-
namic electrochemical conditions.

Lastly, because the field of polaron-mediated catalysis remains
largely unexplored, the role of localized electrons or holes at lat-
tice sites acting as local spins, characteristic of polaron systems,
in determining the activity of OER catalysts remains poorly un-
derstood. This gap arises primarily from the complex nature of
polaron behavior, as polarons often exist in multipolaronic envi-
ronments rather than as isolated entities. Additionally, their ther-
mally activated hopping mobility is not yet fully understood, ob-
scuring the role of polarons in electron transport at catalytic in-
terfaces.

Together, these challenges hinder the accurate simulation of
spin-dependent, dynamic charge transfer processes at catalytic
interfaces and make it difficult to correlate the theoretical predic-
tions with experimental observations. Key open questions which
remain include: i) how do intrinsic and induced spin order, chi-
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rality, and polarons affect charge transfer energies and spin-
specific electron injection barriers, ii) what are the specific mech-
anistic steps along the reaction pathway where singlet-to-triplet
transitions in intermediates occur, iii) what is the influence of
electron transfer on this transition, iv) what is responsible for the
conservation of angular momentum during the reaction, and v)
what is the relationship between the energy scales of spin-flips
and the charge transfer energies.

Addressing these aspects could help us understand whether
the angular momentum conservation can pose a significant lim-
itation for electron transfer. Finally, it is essential to determine
whether long-range spin order (spin-alignment) is necessary for
these effects or if local spin-polarization at the active site can in-
dependently influence these parameters.

3.2. Energetics of Reaction Intermediates and Transition States

Spin control of binding energies and transition states has been
indirectly investigated experimentally in both magnetic and chi-
ral systems. These studies have explored the effect of intrinsic
spin order on adsorption and desorption dynamics of various
molecules or ions on catalytic surfaces, the rate-determining step
through Tafel analysis, and the reaction selectivity. Moreover, pio-
neering studies have explored how spin order influences the OER
mechanism. For example, researchers have tried to investigate
the effect of spin order on the type and concentration of reaction
intermediates through operando spectroscopy (Section 2.2.5).

However, such studies are still limited in number and com-
plexity, and a major challenge remains in the direct experimen-
tal observation of individual reaction intermediates. Many inter-
mediates are either short-lived or closely resemble surrounding
species, such as OH™ and water in the electrolyte, or = O and
—OH terminated surfaces, making them difficult to detect. More-
over, such measurements are experimentally complex to realize
and the dynamic behavior of the intermediates on the active cata-
lyst surface is not well understood. This complexity is heightened
Dby the possibility that interactions between intermediates and the
catalyst may depend on the local spin order of the catalyst and the
magnetic environment in the liquid. Additionally, the need to re-
solve the spin states of intermediates to study their interaction
with spin order and reaction pathway adds significant complex-
ity to examining spin-enhanced OER.

From the theoretical and computational standpoint, spin-
polarized DFT+ U has proven reasonably successful in predicting
how local spin-polarization influences the electronic structure
and adsorbate interactions, which in turn leads to favorable en-
ergetics and nonlinear scaling of intermediate energies in spin-
polarized OER systems. Building on this, recent studies have be-
gun integrating spin-polarized DFT+U into free energy calcula-
tions for key OER steps on oxide catalysts, in an effort to bet-
ter align computational predictions with experimental observa-
tions (see Section 2.1.1).[826313537] However, while increasingly
adopted, this integration is still not universally applied, and its
omission in some studies leads to free energy predictions that do
not fully account for the physics of strongly correlated systems.
Furthermore, to the best of our knowledge, the effect of different
long-range spin orderings in catalysts has not been systematically
studied using such computational approaches.
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While these advances mark important progress, it is crucial to
recognize that spin-polarized DFT+ U methods still face funda-
mental limitations that restrict their predictive accuracy. Due to
the static mean-field treatment of both the Kohn-Sham potential
and the Hubbard U correction, spin polarized DFT+U cannot
capture dynamic magnetic fluctuations and fails to reliably de-
scribe PM insulating phases. Additionally, the reliance on a fre-
quently empirically tuned U parameter and the simplified static
treatment of electron correlations due to its single-determinant
framework, can compromise the accurate description of local
spin excitations and other many-body effects beyond an effec-
tive static potential. These limitations can be partially lifted by
employing more advanced approaches, such as calculating U
using the constrained Random Phase Approximation!'>] or hy-
brid functionals, although these methods typically come with in-
creased computational cost. These shortcomings become partic-
ularly pronounced at elevated temperatures or in systems that
exhibit dynamic behavior, such as catalytic environments. As a
result, these limitations can introduce significant inaccuracies,
in the adsorption, reaction and transition state energies as well
as in free energy calculations.

The frameworks of quantum spin-exchange interactions
(QSEI) and quantum excitation-induced interactions (QEXI) and
including them into free energy and transition state energy cal-
culations, as discussed in reference,®! offers a conceptual bridge
between spin-polarized DFT+U results and experimentally ob-
served spin effects in OER catalysis; However, these frameworks
remain qualitative. Including explicit energy decompositions, al-
lowing for the quantitative separation of contributions from dif-
ferent interactions to the total energy - such as spin exchange,
Coulomb interactions, and correlation effects— can potentially
help quantify the role of spin-dependent interactions.!'>¢] More-
over, approaches beyond spin-polarized DFT+U can offer im-
proved (and self-contained) descriptions of such effects, which we
will discuss in detail in Section 4.1, though at significantly higher
computational cost. Nonetheless, many of these advanced meth-
ods have matured and are increasingly being applied to realistic
catalytic systems.

Moreover, it is important to acknowledge that despite the
widespread use, the free energy calculations utilizing the method
suggested by Rossmeis] et al. (see Section 2.1.1) face fundamental
challenges that go beyond the intrinsic limitations of the under-
lying DFT method impacting both accuracy and applicability.

First, the widespread use of scaling relations may lead to in-
accurate predictions. This limitation arises because spin interac-
tions, such as QSEI and QEXI, between the catalyst and reaction
intermediates can significantly affect both the adsorption free en-
ergies of intermediates and the energies of the transition states
(Figure 6b)°! and thus can potentially lead to breaking of scal-
ing relations. Moreover, the formation of surface polarons might
affect the scaling relationships of the binding energies of reac-
tion intermediates.[*] As a result, the assumed linear relation
between reaction energies and activation barriers, the Brgnsted-
Evans-Polanyi relation, may break down, especially in systems
where magnetic effects or open-shell species are involved. When
this assumption does not hold, the predictive power of volcano
plots determined using the scaling relations is compromised be-
cause activation barriers cannot be ignored, potentially result-
ing in misleading conclusions in catalyst screening and design.
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This implies that accurate modeling must explicitly account not
only for the energies of intermediate states but also for those of
transition states. Moreover, recent studies indicate that although
scaling relationships generally hold for magnetic oxide catalysts,
more complex binding geometries than the assumed single-site
adsorption can result in overpotentials that lie even beyond the
top of the volcano.[3%]

Second, spin transitions, like the conversion from singlet
—OOH to triplet O,, add further complexity by introducing con-
straints related to the conservation of angular momentum, as
well as the need to incorporate spin-polarized transition states in
simulations. Yet, mostly used computational approaches to cal-
culate potential determining steps neither explicitly treat the for-
mation of the O, molecule nor its desorption from the catalyst
surface, thus failing to account for this critical spin transition.

Lastly, including pH effects and realistic potentials requires ap-
proximations (e.g., the CHE), which neglect charge redistribu-
tion at the interface and may wrongly estimate reaction energet-
ics.

Due to these limitations, the explicit role of intrinsic spin order
or chirality in determining the binding energies and transition
states of key intermediates under realistic conditions and their
connection to the experimentally observed spin-enhancement of
the OER, remains largely unquantified.

Key open questions are: i) How does spin polarization of the
active site influence the reaction free energy landscape, including
transition states? ii) How do interactions between adsorbates on
a spin-polarized surface affect this landscape? iii) How does this
relate to the rate-determining steps? iv) To what extent does spin
influence the free energy landscape differently across possible
OER pathways? v) Can spin effects be systematically exploited to
break traditional scaling relationships, as hypothesized in emerg-
ing frameworks like the QSEI (quantum spin exchange interac-
tion) and QEXI (quantum exchange interaction) models,®! which
use qualitative space-time diagrams? Another important aspect is
investigating the relationship between the energy scales of spin-
flips and the heights of transition barriers between OER inter-
mediates, as this may reveal how significantly spin-flips can in-
fluence overall reaction energetics.

Additional open questions include identifying which spin or-
der is most favorable, assessing whether the directionality of spin
order or chirality plays a significant role, exploring the influ-
ence of external magnetic fields on the aforementioned reaction
thermodynamics, examining whether magnetic order or spin-
polarization affects reaction selectivity by altering the formation
energies of main products versus side products, and determining
whether spin-spin interactions dominate over other electronic in-
teractions between adsorbates and catalysts.

3.3. Spin-Related Electronic Resistance

The occurrence of spin-polarized conduction channels has so
far been investigated by comparing intrinsic resistance and its
anisotropy in materials with varying magnetic order. However,
this approach does not directly measure the spin-polarization in
conduction channels and thus cannot be used to verify that such
channels can enhance OER. Theoretical models describing spin-
polarized conduction channels exist in DFT-based calculations,
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however, the link to experimental work remains difficult due
the above-mentioned lack of inclusion of realistic catalytic en-
vironments. In the case of the CISS effect, experimental meth-
ods are mainly based on the observation of spin-dependent elec-
tron transfer. While it has been shown that electron transport
through chiral molecules, chiral semiconductors, and chiral met-
als is spin-polarized, its impact on overall sample conductivity
remains unclear. Moreover, a theoretical description of the rela-
tionship between chirality, spin polarization of currents, and OER
activity is still lacking.

Thus, both for magnetic and chiral materials it is still uncer-
tain whether spin-polarized channels can affect the bulk resis-
tance under OER conditions to such an extent that a significant
decrease in electronic losses occurs. Moreover, it is still unclear
how the direction of the spin channels is related to the OER en-
hancement. Such insights could provide design rules for future
catalysts and electrolyzer systems utilizing these effects.

Moreover, several studies have investigated the MR influence
on the OER and found that it greatly depends on the geometries
of both the experiment and the sample due to its anisotropic na-
ture. In principle this allows studying MR effects by carefully
considering the directionality of the spin-enhancement in exper-
iments, however, it remains challenging to determine the exact
contribution of MR in OER enhancement due to the complex
shape of real catalysts and OER conditions.

A key question remains: how are the MR induced effects in
catalysts influenced by the complex morphology of real catalyst
surfaces, liquid-solid interfaces, and intricate current flows, es-
pecially under operando conditions where dynamic processes oc-
cur.

Efforts to probe MR induced effects using EIS under varying
magnetic fields have yielded valuable insights into the direct link
between charge transfer during the reaction and the MR within
the catalyst bulk. However, these techniques face limitations,
as they cannot easily disentangle MR contributions from other
changes in series resistance, including those arising from elec-
trolyte transport properties. It is thus still unclear how the mag-
nitude of MR effects compare to the extent of the other key con-
tributions

3.4. Transport Phenomena in the Liquid

Experimentally, MHD effects under magnetic fields have been
demonstrated through two approaches: i) direct visualization of
bubble and ion motion,!”>1711 and ii) finding correlations be-
tween activity enhancements and the orientations of the mag-
netic field, current, and electrodes.l”21%! Together, these findings
provide strong evidence that magnetic fields have the potential
to influence mass transport via MHD mechanisms. However, re-
ported results show considerable variability, with some studies
indicating measurable enhancements in performancel'!l while
others observe negligible changes.!”] These discrepancies may
arise from differences in experimental conditions, such as varia-
tions in magnetic field strength, current densities, electrode de-
sign, electrolyte composition, cell geometry, or catalyst hydropho-
bicity. Extensive and systematic studies investigating these vari-
ables are therefore needed to accurately characterize the effects
of magnetic fields on mass transport phenomena. Furthermore,
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many studies do not consider MHD effects and thus conflate
them with spin-related phenomena, underscoring the need for
clearer distinctions in experimental analysis.[1%>157]

Theoretical models offer valuable insights into the mecha-
nisms behind these phenomena. For instance, Lorentz forces are
predicted to enhance mass transport by compressing the double
layer, thereby increasing the supply of electroactive reactants to
the electrode. This effect can result in higher limiting currents
under an applied magnetic field. However, integrating these ef-
fects into simulations which can predict the qualitative effect of
the spin-induced forces on electrolyte species in 3D using e.g.
CFD simulations or multiscale models is inherently complex due
to the dynamic and multifaceted nature of electrochemical sys-
tems. Real-time variables, such as bubble growth, evolving elec-
trolyte composition, and fluctuating reaction conditions add fur-
ther complexity, making static theoretical models inadequate for
capturing the full scope of magnetic field effects.

When studying magnetic catalysts, the effects of external mag-
netic fields may be altered by the formation of magnetic field gra-
dients near catalyst surfaces. The inherent magnetism of the cat-
alysts themselves can generate Lorentz forces, leading to changes
in mass transport. These effects could significantly impact local
mass transport and should be investigated further through both
theoretical modeling and experimental studies.

A major challenge in the field is disentangling the roles of
Lorentz forces, Kelvin forces, DM and PM forces, and Maxwell
stress, and spin-related effects in enhancing OER activity. A key
question is how the strength and orientation of magnetic fields
influence these mechanisms. Additionally, the dynamic nature
of the boundaries between electrochemical regions during reac-
tions necessitates a thorough understanding of how these forces
evolve under operando conditions. Furthermore, the interaction
between external magnetic fields and the various media they tra-
verse can profoundly affect the resultant forces, raising the ques-
tion of how magnetic field lines behave in realistic OER systems.

3.5. General Considerations

Besides the specific questions and challenges related to the key
concepts discussed above, there are several broader open ques-
tions which are important to answer for advancing the mechanis-
tic understanding of spin-related effects in OER catalysis. They
cannot be directly attributed to any single key principle, but can
have an influence on both the interpretation of experimental re-
sults and theoretical studies.

1) Dynamic Catalyst Surfaces. It is known that most catalysts
change dynamically under operating conditions even if they
convert back to the initial state after the potential is removed.
Such transformations can drastically alter their activity and
stability. These transformations may include oxidation-state
changes, surface reconstruction,?®) amorphization, leaching
and dissolution, or the formation of new surface phases, par-
ticularly under anodic conditions in alkaline or acidic envi-
ronments. Such structural and compositional changes typ-
ically originate at the topmost atomic layers, where inter-
actions with electrolyte species and reaction intermediates
are strongest. These surface modifications under operando
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conditions can alter the spin state, spin polarization and spin
order of the active sites and its surroundings, such that re-
lying on the properties of the pristine catalyst could lead to
incorrect spin-activity correlations.

Role of long-range order. An important question to consider
is how different types of long-range spin order will specifically
influence the OER. As described in Sections 2.1 and 2.2 it has
been theoretically and experimentally shown in literature that
antiFM and PM materials, unlike FM, do not exhibit the activ-
ity enhancement effect under magnetic fields and often have
lower activity than their FM counterparts (Section 2.2.2 Spin
state and Intrinsic Magnetic Order Induced OER Enhance-
ment). However, long-range magnetic order may arise from
interactions between multiple magnetic sublattices within a
material, leading to complex structures that cannot be fully
described by a single order type. For example, FiM and A-
type antiFM combine both antiFM and FM orders within the
same material, making it difficult to attribute OER enhance-
ment to a specific magnetic order. Thus, the exact relation-
ship between long-range spin order and OER enhancement
remains unknown in such materials prompting the question:
on what length scale does long-range order play a critical
role?”

Spin-polarization of the active site. Two key questions remain:
do the OER enhancements stem solely from long-range spin
order across the material, or can they also arise from spin-
polarization at the active site alone, independent of interac-
tions with neighboring atoms? Can bulk spin-order enhance
OER even if the active site itself is not spin-polarized, e.g. a
non-spin-polarized site embedded in a spin-ordered lattice?
Differences and similarities in chiral and magnetic catalysts.
So far, we have described the open questions for the fields
of chirality and magnetic-enhanced OER as if they are iden-
tical. However, the driving forces behind spin order in these
two systems are fundamentally different, suggesting that the
mechanisms behind their respective enhancements may also
differ. It is therefore essential to treat these fields as intercon-
nected while carefully considering their distinctions. From
this, different key questions arise: Are all the interactions and
effects discussed above equally applicable to both systems?
Can the CISS effect be used to rule out certain mechanisms
as the dominant driver of magnetic OER, and vice versa? And,
can we use a combination of these material classes to combine
different enhancement strategies and thus further optimize
the OER activity?

Timescales. Spin-spin interactions—such as spin flips and re-
laxation times in spin-ordered materials—typically occur on
the nanosecond timescale. Other magnetization-related phe-
nomena, including domain wall motion, domain annihila-
tion, and magnetization switching in sPM particles, span a
broader range from nanoseconds to milliseconds. In con-
trast, chemical steps involved in catalytic processes—such as
adsorption, desorption, electron transfer, and ion or liquid
movement—often occur on much slower timescales, extend-
ing up to seconds. This mismatch between the fast dynamics
of spin-dependent interactions and the slower kinetics of elec-
trochemical reactions raises important questions about the
relevance and influence of spin effects in catalysis, particu-
larly: on what time scale does spin play a critical role?
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3.6. Focus Points for Future Research

Based on the above discussion, the field still has several open
questions that need to be explored in more detail through com-
bined experimental and theoretical efforts. The following points
outline potential directions for future research in the field:

1)

Improved experimental and theoretical methods. Future re-
search should prioritize mechanistic studies to clarify the
contributions of the different key principles. Experimentally,
methods must be improved to identify the different inter-
mediates and their spin state and electron injection barriers
during the fundamental reaction steps of the different OER
mechanisms. Moreover, methods to identify the effect of spin
order on electron and ion transfer within the catalyst and the
electrolyte should be established. Theoretically, the gap be-
tween quantum mechanical theories of spin-dependent trans-
fer energies, binding energies of intermediates and transition
state barriers, and real-world systems with magnetic and chi-
ral properties where angular momentum conservation is crit-
ical and dynamics play a role, should be bridged. Moreover,
models to investigate electron transfer in chiral or magnetic
catalysts, as well as catalysts with surface polarons, under
operating conditions, including the effects of MR and spin-
polarized channels, and models describing transport phe-
nomena in the liquid under the influence of external fields
should be applied and developed for spin-dependent OER.
Separate spin-related effects. It remains difficult to tune the
magnetic or chiral order of a catalyst material without altering
other properties. Changes in composition, morphology, crys-
tal structure, as well as microstructure and defect structure re-
sulting from the synthesis pathway, inevitably affect not only
the magnetic but also the electronic and structural properties
of the active site. They must therefore be carefully considered,
and thorough analysis on the electronic state and conductiv-
ity within the catalyst, orbital overlap between catalyst and ad-
sorbate, and determination of the active site is essential. We
should switch to experimental techniques that can simultane-
ously investigate the spin order and these secondary materi-
als properties, which would allow the effects arising specifi-
cally from changes in spin structure to be distinguished from
those driven by other factors. Another route is using experi-
mental approaches that alter the desired physical properties
of the materials, in a controlled manner, while minimally af-
fecting others. This approach allows the relative importance
of all the spin-related effects to be determined.

Operando characterization.Building on the understanding
that catalyst surfaces dynamically restructure during opera-
tion, it is imperative to characterize the spin, chiral, and mag-
netic properties of the actual active site under OER-relevant
conditions. However, current methodologies remain under-
developed, with most spin-sensitive and chirality-resolved
techniques limited to ex situ measurements. As previously
discussed, this limitation can lead to incomplete or mislead-
ing spin-activity correlations. To address this gap, there is an
urgent need to adapt these analysis techniques for in situ
and operando electrochemical conditions. This approach is
essential for directly tracking the evolution of spin states and
spin order during catalysis, ultimately enabling a mechanistic
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understanding of how magnetic and chiral properties govern
OER activity and uncovering currently inaccessible correla-
tions.

4) Cell design and comparability. The design of OER experi-
ments has a large influence on the result. For example, dif-
ferent cell designs will introduce variations in the transport
of species in the electrolyte processes upon application of an
external magnetic field; likewise different techniques to ap-
ply a magnetic field will result in variations in field gradients
and MR phenomena. Thus, there is a need to establish stan-
dardized experimental procedures to enable better compari-
son and reproducibility in the field.

4. Perspective

In the following section we will explore opportunities for ad-
vancing the field in terms of mechanistic understanding, exper-
imental approaches, and theoretical frameworks, based on the
points discussed above. We propose future research directions
and methodologies, and explore emerging pathways within the
field, outlining potential avenues for their further development.

4.1. Improved Theoretical Methodology

Advancing the field of spin-dependent OER and achieving a fun-
damental understanding of its underlying principles requires in-
depth knowledge of spin-dependent electronic structure, strong
electron correlation effects, and interfacial dynamics—both within
the catalytic material and in its interactions with adsorbates.
This section of the perspective outlines emerging theoretical,
computational, and data-driven strategies designed to compute
these properties and address the challenges discussed in the
previous chapters. These methodologies are summarized in
Figure 7, which outlines the required input parameters, pro-
vides a schematic representation of the modeling approaches,
and highlights the key outputs that can be obtained.

4.1.1. DFT+U Studies

DFT+ U and associated free energy calculations have been instru-
mental in revealing the role of local spin polarization in shaping
the energetics of reaction intermediates and overpotentials, as
well as in tracking the evolution of spin states along catalytic path-
ways. But many exciting opportunities remain underexplored.
Several key aspects of spin-enhanced catalysis, where these meth-
ods hold significant potential for quantitative insight call for sys-
tematic and focused investigation.

Systematic comparison of overpotentials and intermediate free
energies related to different long-range magnetic order (FM, FiM,
and antiFM) within the same catalyst system could provide valu-
able insights into how magnetic order mediates catalytic behavior
(Figure 7a). Moreover, extending spin-polarized DFT+ U calcula-
tions to more complex OER mechanisms is essential, as different
reaction pathways may exhibit different spin dependencies (see
Figure 5). Similarly, studies exploring the effect of spin-orbit cou-
pling in OER are necessary, especially for catalysts that contain
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heavier elements such as 4d and 5d transition metals. A further
incentive is to include kinetic effects by explicitly calculating tran-
sition states using methods such as the Climbing-Image Nudged
Elastic Band (CI-NEB) or metadynamics that can help reveal how
spin exchange interactions and spin conservation influence ki-
netic barriers and thereby OER activity (Figure 7a).[%%!

Finally, recent advances allow explicit modeling of applied
magnetic fields within DFT, providing a unique opportunity to di-
rectly investigate how external fields influence the magnetic con-
figuration at active sites and modify overpotentials. These studies
could reveal if external magnetic fields enhance catalytic activity
by mediating the spin states of the active site, neighboring ions,
and adsorbates. This would be an important contribution toward
disentangling the specific effects of an external magnetic field at
the reaction sites from micromagnetic phenomena that may also
lead to OER enhancements under magnetic fields. These include
long-range MR effects or increased exposure of active sites due to
domain wall removal. These micromagnetic effects, on the other
hand, can be assessed using alternative computational methods,
which will be discussed below.

In addition to exploring these new directions, current compu-
tational DFT+ U approaches for spin-dependent OER can be fur-
ther refined to more accurately capture spin-dependent proper-
ties. Improved treatment of electronic correlations—particularly
spin-spin interactions—using hybrid functionals or meta-GGA
functionals can yield a more realistic representation of the mag-
netic and electronic structure of the active site than the cur-
rently widely used GGA functionals. To capture spin excitation
effects and spin-polarized polarons, the inclusion of electronic
excitations within the framework of many-body perturbation the-
ory (MBPT) is also promising. This involves quasiparticle effects
treated within the GW approximation and excitonic effects by
solving the Bethe-Salpeter equation. However, due to their high
computational cost, these methods have so far been mostly re-
stricted to bulk materials.!'**-1°1 Additionally, incorporating sol-
vation effects in spin-dependent energy calculations—through im-
plicit models like VASPsol¥] or explicit solvation models—will be
important for realistic electrochemical modeling. Finally, includ-
ing the applied potential in these calculations will be essential to
accurately capture the spin properties under OER conditions.[*®]

The integration of the aforementioned spin-polarized DFT+ U
techniques with emerging methods such as quantum computing
and machine learning, and exploring innovative combinations of
these approaches, holds great promise for accelerating the discov-
ery of spin-sensitive catalysts. These developments will be further
discussed in the following subsections.

4.1.2. DFT+DMFT Calculations

A current limitation of the above-mentioned methods lies in their
treatment of inhomogeneity of magnetic order and dynamic or
fluctuating magnetic moments, which are essential in order to
describe the phenomena occurring within complex redox-active
catalyst materials for the OER. Moreover, to gain a realistic un-
derstanding, models must operate at temperatures relevant for
catalysis, typically from room temperature to 80-90 °C. Meeting
these requirements demands a method that goes beyond spin-
polarized DFT+U.
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Figure 7. Schematic overview of proposed theoretical approaches, including required inputs and expected outputs, for advancing spin-dependent OER
research. a) Spin polarized DFT (DFT+U), b) DFT combined with DMFT, c)MCSCF methods capturing complex electron correlations, d) CFD models
based on finite element methods (FEM) combined with MHD effect models (CFD-MHD) for macroscopic spin and fluid dynamics, e) multiscale mod-
eling integrating phenomena across different length and time scales, and f) ML techniques to accelerate discovery and as a unifying framework for OER

catalyst discovery.

Embedding strategies, such as DFT combined with dynamical
mean-field theory (DFT+DMFT), enable this. In this approach,
the original lattice many-electron problem, constructed starting
from DFT band-structure calculations, is mapped onto a quan-
tum impurity in a self-consistent bath. The latter is obtained with
the constraint that the quantum-impurity self-energy equals the
local self-energy of the original problem.

The DFT+DMFT technique captures the transition from itin-
erant to localized electronic behavior, and thus the physics of

Adv. Energy Mater. 2025, e03556 €03556 (28 of 66)

the Mott metal-insulator transition, both in the PM and long-
range ordered (e.g., FM or AntiFM) magnetic phase. (Figure 7b).
In DMFT, the key approximation is that the self-energy is fre-
quency but not momentum dependent. Long-range order can
however be obtained by simple local-cluster extensions at no ad-
ditional computational cost. More complex non-local effects can
be also accounted for, however via advanced non-local extensions,
which typically also have a much higher computational price. The
DFT+DMFT approach and its non-local extension are currently
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the most advanced techniques for describing strongly-correlated
materials and have so far been very successfully used to study
the nature of the Mott transition, the origin of magnetic and or-
bital ordering, and much more (see, e.g., Ref. [161] and refer-
ences therein). While DFT+DMFT has thus been primarily em-
ployed to study the electronic structure of such systems, particu-
larly those with complex spin and orbital characteristics, its ability
to capture dynamical fluctuations makes it a promising frame-
work for exploring strong correlation effects and charge-transfer
dynamics in catalytic systems.

Although explicitly including adsorbate interactions or reac-
tion pathways in DFT+DMFT calculations remains computa-
tionally challenging and expensive, especially in realistic settings,
the method can provide critical insights into the local electronic
environment and spin polarization of metal atoms within the cat-
alyst, which may serve as active sites during catalysis. In particu-
lar, the electronic and spin structure of the active site, shaped by
dynamic correlations, plays a crucial role in governing electron-
removal steps and determining the energetics of key OER inter-
mediates. These insights can prove valuable for understanding
spin-dependent OER.

By accounting for dynamic correlation effects—such as fluc-
tuating magnetic moments and local charge fluctuations—
DFT+DMFT is well-suited to model paramagnetic phases and
catalytic redox centers, where transition metal d-orbitals fluctu-
ate between oxidation states. Together, these capabilities enable a
representation of the properties of the active site that more closely
reflects its magnetic properties. For example, for the representa-
tive catalyst LaCoO; both DFT+U and DFT+DMFT correctly pre-
dict the low-spin ground state.l1%21%] However, while DFT+U can
be applied to larger systems and is therefore the current method
of choice for studying complex reconstructions,!'?) surface ef-
fects, and OER activity,[*”) the DFT+DMFT approach-by properly
capturing dynamical fluctuations—is better suited for describing
key phenomena such as the subtle energy balance between the
different spin states and the associated finite-temperature spin-
state transitions.!1%3

Looking ahead, advances in computational techniques (e.g.,
the development of more efficient quantum impurity solvers) or
in hardware (supercomputer abilities) can in the future make
computing structural relaxations and accurately capturing ad-
sorbed intermediates more accessible. This could enable a more
realistic description of the behavior of both the active site and
adsorbates, as well as their evolution under near-operando con-
ditions. Moreover, because DFT+DMFT can accurately capture
the temperature dependence of magnetic ordering and describe
the PM state, it enables a detailed investigation into how both PM
phases and the transition from a FM or AntiFM to a PM phase
influences the spin and electronic structure of the active site and
nearby adsorbates. This capability allows not only for an assess-
ment of how FM, AntiFM and PM ordering affect the energetics
of the OER, shedding light on the role of long-range spin order,
but also for an exploration of how the magnetic phase transition
itself, and the associated spin fluctuations near the critical point,
may impact catalytic performance. In particular, this approach
can help explain the temperature-dependent behavior of OER ac-
tivity observed around the magnetic transition, as discussed in
Section 2.2.2 Spin state and Intrinsic Magnetic Order Induced
OER Enhancement.
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A major limitation of the DFT+DMFT technique is its high
computational cost, which currently prevents it from accurately
describing adsorbates and thus limits its applicability to catalytic
systems. Although DFT+DMFT builds upon the DFT+ U frame-
work, it is significantly more demanding numerically because it
involves solving a many-body quantum impurity problem. For
real materials, the latter is typically solved using methods like
Quantum Monte Carlo on massively parallel supercomputers.
Consequently, the size of the system that can currently be realis-
tically treated, such as the number of orbitals and sites included
in the DMFT calculations, remains limited.

4.1.3. Multiconfigurational Methods

Another approach for more accurate calculation of adsorption
energies, transition state barriers and reaction energies and the
resulting free energies including strong correlation and spin-
specific effects, is the use of multiconfigurational quantum
chemical methods, such as multiconfigurational self-consistent
field (MCSCF) techniques. Like DFT+DMFT, they aim to capture
strong electron correlation, but they differ fundamentally in how
the active region is treated. MCSCF methods explicitly construct
fully correlated wavefunctions within a defined active space. MC-
SCF methods enable precise control of spin and electronic states
by variationally optimizing both orbitals and configuration inter-
action coeflicients, providing an advantage in targeting specific
spin or excited configurations.["**l MCSCF methods are therefore
valuable for investigating the active region in strongly correlated
systems (Figure 7c).

In this context, MCSCEF, in the form of the embedded corre-
lated wave method!'%! for example, provides a rigorous frame-
work for computing localized spin states, adsorption energies, ac-
tivation barriers, and electron transfer kinetics in spin-enhanced
OER systems (key principles a and b in Figure 6). By resolving
the multireference character of electronic states, especially dur-
ing charge transfer and spin transitions, these methods offer a
way to accurately model spin-selective adsorption processes and
the associated energy barriers between spin states.!1%] Although
these studies are still in their early stages, developments in this
research area is surging. This capability could aid in exploring
how spin polarization influences catalytic performance by alter-
ing reaction energetics and electron transfer pathways, and may
also hold promise for modeling spin transitions in reaction inter-
mediates, such as the conversion from singlet —OOH to triplet
0,.

Moreover, MCSCF methods offer significant potential to ad-
vance the modeling of complex, spin-coupled catalytic pro-
cesses by incorporating conceptual frameworks such as QSEI
and QEXI. Integrating these specific frameworks enables a
deeper understanding of spin-dependent phenomena in OER
(Section 2.1.1 Key Results and Methodological Limitations)?!
(Figure 7c).

QSEI arise from spin-dependent electron interactions gov-
erned by the Pauli exclusion principle: electrons with parallel
spins tend to spatially separate, reducing Coulomb repulsion and
stabilizing open-shell configurations. These effects influence the
orbital occupancy and spin states of the catalyst, as well as the
energy barriers associated with adsorption, intermediate forma-
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tion, and transition states during the OER. Wavefunction-based
quantum chemical methods, such as MCSCF methods, can be
used to investigate these interactions by analyzing spin states and
the multiconfigurational nature of the electronic structure, which
includes exchange and correlation effects.

QEXI, on the other hand, involve multiconfigurational elec-
tron excitations that minimize repulsion via transient promotion
to higher-energy orbitals. This behavior cannot be captured by a
single Slater determinant and instead requires a linear combina-
tion of configurations:

o) =co | Dg) + ¢, 1S)+¢, D) +¢ |T) + ... (1)

where |®,) is the reference state, and |S), | D), and | T) represent
single, double, and triple excitations. Such correlation effects are
poorly treated in mean-field methods, like Hartree—Fock or spin
polarized DFT +U. Again, high-level MCSCF methods, can ex-
plicitly include these excitations, providing much-needed accu-
racy. However the factorial scaling associated with these methods
renders them impractical for large catalytic systems.

MCSCF methods yield accurate energetics for strongly cor-
related systems but come with additional limitations. Applying
these methods to complex catalytic interfaces is especially chal-
lenging due to their high computational cost and the inherent dif-
ficulty of modeling extended surfaces and dynamic electrochem-
ical environments. Having said that, recent advancements in al-
gorithm and hardware have rendered these methods more real-
istic and useful tools for modeling catalytic systems.['”] More-
over, they are often system-specific and still largely disconnected
from realistic catalytic operating conditions, although they can
offer more accurate energetics and spin-state descriptions than
conventional spin-polarized DFT+ U approaches.

To overcome these limitations, embedding strategies have
been developed that integrate the strengths of MCSCF methods
with DFT, allowing strongly correlated active sites to be treated
with high-level accuracy while embedding them in an environ-
ment described by a lower-level theory.!1¢>1%¢] For example, a re-
cent study, using embedded correlated wavefunction (ECW) the-
ory, showed that the differing CO, reduction activities of Cu(111)
and Cu(100) arise from distinct CO hydrogenation pathways, em-
phasizing the role of ECW in understanding surface morphology
effects on selectivity.'%8] Another study on IrO,(110) used an em-
bedded multireference approach and showed that the O, release
barrier—a critical step in OER-was significantly influenced by the
breaking of z-bond between O, and Ir, and its interaction with ad-
jacent electrophilic Ir-oxo species.!'%] These details were missed
in standard DFT but captured with multireference methods.

Looking forward, quantum computing presents a promising
pathway to overcome the scaling limitations of MCSCF calcula-
tions, particularly as system sizes approach regimes intractable
for these methods on classical supercomputers. Emerging hy-
brid quantum-classical embedding approaches, which are con-
ceptually similar to DFT+DMFT, are being explored for accurate
and scalable modeling of spin-resolved catalysis and strongly cor-
related materials.'®! Although current quantum hardware and
algorithms are not yet mature for routine application to chemi-
cally realistic OER systems, continued developments in both MC-
SCF methodologies, embedding strategies and quantum com-
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puting are expected to enhance their practical applicability in the
future.l16%)

4.1.4. Computational Fluid Dynamics Models

Understanding spin-induced effects on dynamics within the elec-
trolyte and mass transport, like the MHD effect, requires extend-
ing theoretical studies to models that incorporate solvent effects
and field gradients. Such extensions are crucial for capturing
transport phenomena at relevant scales within realistic cell ge-
ometries but introduce significant complexity. CFD models us-
ing FEM, as previously discussed, offer a flexible and physically
grounded framework to tackle these challenges (Figure 7d).

To more accurately capture the dynamic and heterogeneous
nature of electrochemical systems, it is essential to include the
detailed structure of the EDL and its role in ion transport. In-
corporating Helmholtz, Gouy—Chapman, or Stern models into
the framework proposed by Sun et al., or a similar model, could
help overcome existing limitations.!*>1179-173] Another limitation
of the current CFD model is its oversimplified treatment of redox
reactions. Including a more accurate representation of the OER
and its kinetics would improve realism.

Another promising next step is to include local magnetic
and electric fields. These fields, affected by gradients in mag-
netic susceptibility, electrode geometry, and stray fields, can sig-
nificantly alter ion motion.['’*] We propose using FEM or hy-
brid FE/boundary element methods to model the spatial dis-
tribution of magnetic fields generated by both the catalyst and
external sources, see Figure 7d. These techniques are well-
suited for handling complex geometries, temperature effects, and
anisotropic or inhomogeneous materials, and have been effec-
tive in modeling magnetic force induced motion,['”>! magnetic
domain motion!'7®! and stray fields.!'””] Similarly, electrode mor-
phology, charge accumulation at interfaces, and applied poten-
tials result in locally varying electric fields. These can also be
modeled using FEM['78! or simpler numerical methods.['”*] Fi-
nally, extending the model to incorporate Kelvin forces, Maxwell
stress, complex cell geometries, and bubble formation could sub-
stantially improve our understanding of MHD effects, as it would
enable a more comprehensive investigation of the interactions
among these phenomena and the Lorentz force.

4.1.5. Multiscale Modeling

Multiscale modeling offers the opportunity to bridge quantum-
level insights with experimentally observable electrochemical be-
havior (Figure 7e). Spanning multiple length and time scales by
combining methods such as molecular dynamics, kinetic Monte
Carlo, and continuum modeling,['8-182] overcomes the limita-
tions commonly associated with purely atomistic models. Con-
tinuum modeling, in particular, encompasses a diverse range of
approaches: from solvation models and implicit electrolyte mod-
els at the atomistic level 18318 to microkinetic modeling of the
electrochemical interfacel'®-189] up to multiphysics modeling at
the component or device level.'*19] Given these advantages,
the need for multiscale modeling is increasingly recognized, with
more studies emerging in this area.[180.181]
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New approaches based on nonlinear state-space models and
microkinetic modeling have recently been developed, allowing
a direct connection between electrochemical models and ex-
perimental data. These approaches address a key limitation in
electrochemical measurements: while electrical quantities such
as potentials, currents, and impedances are applied and mea-
sured, they are not directly linked to the underlying (elec-
tro)chemistry or the electrochemical models.'881 Examples
of such efforts have been published in the context of solid
oxide fuel cell electrodes!**1%! and, more recently, for the
OER.[187-189.197.198] /e propose that a deeper understanding of
spin-dependent OER can be achieved by incorporating spin-
dependent (sub) models into such multiscale approaches. For
example, the microkinetic modeling approach from Bieberle-
Hiitter et al.[186187.198] could use spin-dependent DFT data, i.e.
spin-dependent free energy data for the different de-protonation
steps in OER. The free-energy data is used as input for the estima-
tion of the rate constants and, hence, spin dependence is included
in the reaction mechanism. By simulating current-voltage curves,
surface coverages, and impedance data from spin-free and spin-
dependent free energy data, the impact of spin on the electro-
chemical data can thus be simulated (Figure 7e). The results can
be directly compared to experiments and the impact of spin could
be assessed. Similarly, magnetic and non-magnetic materials can
be systematically compared to identify the impact of the long-
range magnetic order on the electrochemical activity and perfor-
mance of energy materials. Another promising direction is the
incorporation of alternative reaction mechanisms,!'*! beyond the
classical four-step pathway proposed by Rossmeisl et al.,[**] to in-
vestigate how spin influences different catalytic routes.

It is also crucial to assess how these spin-dependent ef-
fects influence macroscopic behaviors. This requires combining
DFT based models for describing metal electrodes with classical
molecular dynamics,?%] solvation models, microkinetic or mul-
tiscale approaches to simulate solid-liquid interfaces and inter-
actions within the electrolyte. Such an approach would enable
exploration of a broad range of phenomena, including the influ-
ence of spin polarization on bubble motion, electrolyte flow, and
the electrochemical interface’s structural dynamics—such as elec-
trode degradation or surface transformations, and restructuring
within the EDL. Sensitivity analysis can support such studies and
identify limiting parameters as has been shown in [201].

Such computational advancements offer the potential to move
beyond static models, capturing the evolving electrochemical en-
vironment more accurately. The integration of these methods
with operando and spin-resolved experiments can help guide
the rational design of spin-engineered catalysts, improving both
electrochemical activity and selectivity. Additionally, incorporat-
ing magnetic effects, such as, models that describe the Lorentz
force (as discussed in Section 4.1.4), or micromagnetic mod-
els that describe magnetic domain wall movement under mag-
netic fields, can provide insights into the role of magnetic fields
in electrochemical performance. However, scaling these mod-
els to 3D systems or integrating them into CFD models re-
mains challenging. These models may currently thus be better
suited for assessing the impact of simplifications in less complex
frameworks.

Limitations of these methods are related to the multiple input
parameters, such as pre-exponential factors or surface reorgani-
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zation energy, which are needed to carry out the simulations but
are often not known a priori, see.l'®?) Moreover, the assumption
that spin-polarization and order can change independently is pos-
sible in simulations, but might not reflect reality where changes
in magnetism might change other materials or process parame-
ters.

4.1.6. Machine Learning

Machine learning (ML) has become an indispensable tool in elec-
trochemical research, particularly for OER, due to rapid advances
in algorithms, model architectures, data accessibility, and compu-
tational hardware (Figure 71).[202-204] Unlike traditional ab initio
methods like DFT, ML models learn patterns from data, enabling
the discovery of complex correlations, reducing computational
costs and accelerating catalytic material screening. To date, ML
has mostly been used to enable faster catalyst discovery by learn-
ing complex structure-property relationships.[205-207]

Beyond material screening, ML holds great promise for ad-
vancing spin-enhanced OER modeling by bridging electronic
structure, spin dynamics, and experimentally measurable prop-
erties across multiple scales. However, the incorporation of spin
effects into ML models for OER remains virtually unexplored,
and even in general materials modeling, such integration is still
limited. Existing efforts include ML-based prediction of magnetic
parameters,[2% ordering in 2D materials,?”! and magnetic ma-
terials discovery.[210-212]

At the atomic scale, several descriptors have been proposed for
the evaluation of catalysts using ML.[2%2] Recent reviews high-
light ionization energy, electron affinity, and charge transfer as
key features.[29>2%*] with ionization energy and electron affinity
emerging as particularly important. However, standard DFT of-
ten underestimates these values due to self-interaction errors./*1%]
Corrections such as DFT+ U and hybrid functionals can mitigate
these issues, offering improved accuracy for charge localization
and transfer.

A promising application of ML in spin-dependent OER re-
search lies in uncovering the relationship between spin con-
figurations and key catalytic properties such as charge transfer
rates, adsorption energies, and work functions, factors critical
to understanding and optimizing spin-selective electron trans-
fer. However, accurately modeling the dynamic, spin-dependent
charge transfer processes at catalyst-adsorbate interfaces poses
significant computational challenges. Recent advances in ML
offer potential solutions specifically for polaron systems: novel
model architectures now enable accelerated exploration of the
multipolaron configuration space, facilitating rapid and accurate
identification of ground-state spatial charge distributions.[214215]
Furthermore, the integration of spin degrees of freedom into
machine-learned interatomic potentials/?'®! extends ab initio
spin-polaron simulations to the nanoscale, enabling more realis-
tic modeling of catalytic processes under operational conditions.
Developing analogous approaches for chiral and magnetic cata-
lysts would be highly valuable for deepening our understanding
of spin effects on charge transfer mechanisms.

Another promising direction is the application of machine
learning as a unifying framework for multiscale modeling,!?!”]
with the potential to simultaneously capture a wide range of
spin-related phenomena. This includes spin-spin interactions
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such as QSEI and QXEI, both within the catalyst and at the
catalyst-adsorbate interface; long-range magnetic ordering, in-
cluding FM, antiFM, and FiM phases; and micromagnetic effects
such as spin channels, domain structures, and stray magnetic
fields. Modeling these phenomena within a single framework
would allow for comprehensive investigations into their com-
bined influence on energy barriers, transition states, electron
transport, and overall OER activity. In this context, a particularly
exciting direction is the development of unified ML architectures
such as the All-atom Diffusion Transformer, which can generate
both molecules and materials within a common framework.[28]
Such models could enable generative design of spin-active cat-
alytic interfaces by learning from multiscale data and simulat-
ing complex phenomena like spin-polarized charge transport and
magnetically modulated reaction energetics.

Moreover, in polaron-mediated catalysis, where spin states and
charge localization play a critical role in determining activity and
selectivity, ML can help uncover complex structure-property rela-
tionships that are computationally inaccessible with traditional
methods. Recent efforts suggest that machine-learned force
fields could be designed to explicitly capture spin-dependent
polaron dynamics, particularly in systems with adsorbates or
magnetic ordering.[?') These models can be trained on accu-
rate quantum chemical data and extended to simulate realis-
tic interfacial environments with defects, solvent effects, and
thermally activated hopping processes—factors that directly affect
spin-dependent electron kinetics. Initial studies recommend val-
idating these approaches on minimal systems before progressing
to more complex geometries relevant to OER.

Despite the significant potential of ML, its reliability funda-
mentally depends on the availability of high-quality datasets,
which are often limited or derived from DFT, with known er-
rors in correlated oxides and transition metal surfaces. Exper-
imental data remain scarce and are not standardized.l>®! Tra-
ditional scaling laws often fail for complex catalysts, and spin,
charge transfer, and magnetic effects are still underexplored. ML
frameworks such as self-learning algorithms?®! and generative
modelsi??) offer promising strategies for data augmentation and
transferability across catalytic environments, addressing this key
bottleneck in data availability. Integrating ML with benchmark
datasets that include spin information and charged defect con-
figurations could significantly enhance model generalization and
predictive accuracy.

Together, these developments illustrate a path forward for ma-
chine learning as a unifying framework to model spin-enhanced
OER (Figure 7f), one that connects atomic-scale spin effects to
mesoscopic observables, and ultimately, to experimentally rele-
vant catalytic behavior. Realizing this vision will require tight in-
tegration of ML with accurate quantum chemistry data, careful
treatment of spin-related phenomena, and validation against con-
trolled experiments.

4.1.7. CISS Enhanced OER

The theoretical state-of-the-art regarding the CISS effect remains
largely phenomenological, and the field lacks a consensus on a
predictive, first-principles model. Nevertheless, significant the-
oretical advancements are expected as the fundamental mech-
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anisms underlying the CISS effect continue to be elucidated.
For example, as mentioned in Section 2.1.2, theoretical models
that go beyond the independent-particle approximation and in-
corporate electron correlation effects into the theoretical frame-
work have been able to more accurately capture the singlet nature
of the molecular states within a chiral material. A solid under-
standing of such fundamental physics underlying the CISS effect
is essential for elucidating its influence on chemical processes.
However, current ab initio calculations remain inadequate be-
cause they fail to quantitatively or even qualitatively reproduce
the physics of the CISS effect. Nevertheless, emerging theoretical
frameworks that describe spin-polarization in chiral molecules,
particularly at metal interfaces and under non-equilibrium con-
ditions, hold promise for advancing our understanding of spin-
dependent phenomena in catalysis, including reactions such as
CISS enhanced OER.

A promising pathway forward lies with the incorporation of
non-adiabatic effects into current ab initio models.[?2!-224] In this
approach, the role of nuclear motion, i.e. vibrations, is included
by constructing a Berry force, which can be incorporated in the
electronic single-electron part of the Hamiltonian as an effec-
tive gauge potential A. This shifts the momentum operator p?
— (p — yA)%. In this way, the molecular nuclear motion acts as
an effective magnetic potential (A) that directly modifies the elec-
tron wave functions. Since electron-vibron and electron—-phonon
coupling related to this molecular nuclear motion arises directly
from particle-particle interactions, the development of such mod-
els may enable the description of correlated states that can explain
spin polarization in molecules, potentially advancing the field to-
ward a more quantitative understanding of the CISS effect.

Another recently proposed feature of the CISS effect is its abil-
ity to generate highly spin-polarized triplet currents.[62225226] In
the context of the OER, such spin-polarized currents could en-
hance activity by favoring spin-aligned intermediates by selec-
tively removing two-electron triplets of a specific spin-projection,
as discussed in Section2.4 External Magnetic Field Enhanced
OER. Extending the model which describes this polarization ef-
fect, to include electron transfer from the reactant to the catalyst,
both with and without spin-polarization of the currents within
the catalyst, could offer valuable insights. In particular, it would
allow for evaluating the total energy required for the four elec-
tron transfer steps involved in the OER and help assess whether
spin-polarization contributes to enhanced activity. A key advan-
tage of this approach is that it allows the investigation of electron
transfer kinetics independently of the other effects discussed in
Section 3.

To advance our understanding of how the CISS effect in-
fluences the OER, there is a need for reaction-specific the-
oretical models. Thus far, however, most theoretical studies
have concentrated on the ORR. This emphasis stems from two
main factors: the more direct link between spin-polarized elec-
tron transfer—central to the CISS effect-and electron supply
in the ORR, and the broader availability of experimental data
for validation.[0367:225:226] While these models were originally de-
signed to explain the spin-selective reduction of triplet O, to sin-
glet products in the ORR, they also offer valuable insights for
the OER, where the formation of triplet O, imposes analogous
spin constraints. Key transferable hypotheses include: 1) simul-
taneous two-electron transfer to mitigate angular momentum
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Figure 8. Methodology to study effects of spin and magnetic fields on electrochemical processes. a) Schematic of an electrochemical cell integrated with
an external magnetic field, used to probe magnetically induced spin-polarization during OER.I7>%%] The narrow cell width minimizes the gap between
magnetic poles to enhance field strength at the working electrode. b) EIS enables analysis of charge transfer processes. The Nyquist (top) and Bode
(bottom) plots permit the identification of individual contributions to the overall electrochemical process. c) Optical probes of mass transport can identify
gradients in concentration near the electrode surface, impacted by the MHD effects.I’] d) In situ/operando vibrational and optical spectroscopies
(Raman, FTIR, UV-vis) offer molecular-level insight into intermediate species under working conditions. e) pH-dependent studies reveal changes in
OER activity, which can be linked to proton-coupled electron transfer steps and spin-dependent reaction pathways.['! f) Product detection via gas
chromatography and spectrophotometry aids in quantifying selectivity and efficiency. g) Isotope labeling combined with mass spectrometry helps trace

oxygen atoms and identify mechanistic pathways.

constraints;©32252261 2) spin-polarized electron removal to reduce

activation barriers potentially enabling access to a triplet reaction
surfacel®® and 3) defined chirality to lower entropic barriers by
limiting the number of accessible reaction channels.[®*]

4.2. Prospective Experimental Methodology

In this section, we propose different methodologies for future
experimental work that could enable researchers to shed fur-
ther light on the spin-dependent OER mechanism. We give a
short description of each method and discuss its proposed rel-
evance for the field. Moreover, we highlight some considerations
about current methodology which we believe are crucial to enable
accurate and reproducible observations. Table 3 and Figures 8,
9, and 10 summarize the proposed methods for spin-enhanced
OER research, highlighting their key parameters, advantages,
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limitations, and suitable environments. These summaries serve
as a practical guide for readers to identify techniques most rel-
evant to their research interests and to direct further detailed
reading within this chapter for a deeper understanding of each
method’s functionality and potential. The overview presented in
this chapter is intended to guide the design, implementation
and application of future methodologies in the study of spin-
dependent OER.

4.2.1. Electrochemical and Spectroelectrochemical Characterization

Electrochemical Techniques—Most Utilized Techniques for OER
Activity Characterization: Accurate electrochemical measure-
ments are crucial for identifying spin effects on OER under mag-
netic fields (Figure 8a). As discussed before, OER activity under
magnetic field is normally measured by three electrochemical
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Figure 9. Schematic summary of scanning probe microscopy techniques for future spin-dependent OER research. The images illustrate the working prin-
ciples of each method. The key properties probed by each technique which are relevant to this field are indicated below each schematic. The figure serves
as a visual guide to complement the discussion of detailed working principles in the corresponding sections, helping readers navigate and explore the

techniques most relevant to their interests.

methods: CV, LSV, and CA. Reliable OER measurements require
initial surface stabilization, as the change in surface chemistry
greatly influences the OER activity. To compare the OER activity
with and without a magnetic field, one should be cautious in us-
ing LSV. The magnetic field can induce mass transport and spin-
related charge accumulation near the EDL. Such a change in EDL
may cause a shift or distortion in the non-Faradic region of an
LSV curve,*] interfering with the estimation of magnetic field-
enhanced OER. On the other hand, the OER activity measured by
CV, after iR-correction and background corrections,!??’] provides
amore accurate estimation of magnetic field effects. Moreover, as
mentioned in the review, steady-state CA provides complemen-
tary insights to CV by adding time resolution, enabling the dis-
entanglement of effects that tend to become convoluted over the
longer timescales of a full CV cycle.

OER kinetics are often analyzed using the Tafel plot, where the
Tafel slope is only kinetically meaningful within certain poten-
tial ranges. At high overpotentials, OER activity is influenced by
non-kinetic factors, such as mass transport limitations and bub-
ble formation.!® This is especially true when applying magnetic
fields where MHD effects largely enhances mass transport and
bubble removal, such that the Tafel analysis at high overpoten-
tials is less reliable for assessing the change in spin-related ki-
netics. Thus, fundamental studies on spin-related OER kinetics
should be performed at low overpotentials/current densities to
minimize the non-kinetic effects.

MHD effects can alter mass transport at the solid-liquid in-
terface. To decouple these influences from genuine spin effects,
control experiments under stagnant and stirred conditions,[??] as
well as the use of microelectrodes or hydrodynamic simulations,
are recommended.

Comparing or fitting the experimental results obtained from
the different electrochemical characterization methods discussed
above with the outcomes of multiscale models, as outlined in
Section 4.1.5 can help establish a direct link to electrochemical

Adv. Energy Mater. 2025, e03556 €03556 (40 of 66)

models and mechanisms. This, in turn, can deepen our under-
standing of the influence of spin on the fundamental processes
governing the OER.

Impedance Spectroscopy: Next to the above discussed most com-
monly used methods, further systematic studies combining EIS
with spin engineering techniques of chiral and magnetic sys-
tems may allow for the investigation of the relationship be-
tween spin order, electron transfer, and adsorption of interme-
diates (Figure 8b). Additionally, a limited number of studies
have demonstrated that EIS can differentiate between bulk MR
effects and spin-induced changes at the electrochemical inter-
face, such as variations in charge transfer resistance and adsorp-
tion kinetics.”?l By performing EIS measurements in a three-
electrode configuration (working, counter, and reference elec-
trodes) and analyzing uncompensated resistances, which reflect
contributions from the electrolyte and catalyst, it becomes possi-
ble to correlate the magnetic field-dependent trends with those
observed in bulk MR measurements and OER activity under
magnetic fields. Widespread application of this approach, com-
bined with advanced impedance data fitting techniques described
above, may enable quantification of the extent to which MR con-
tributes to OER enhancement.

Furthermore, electrode architecture can provide deeper in-
sight into MR-related effects. In systems where electron trans-
port is governed by lateral resistance across magnetic domain
walls, MR is likely to play a more prominent role than in con-
figurations where a non-magnetic, conductive subsurface sup-
ports a magnetic catalytic surface. Investigating EIS responses
under magnetic fields in such systems could help clarifying
the conditions under which MR significantly influences OER
performance.

Lastly, EIS data is typically interpreted by fitting to equiva-
lent circuit models.”*””) However, determining the correct cir-
cuit models remains a challenge, particularly when attempting
to understand complex phenomena like spin effects in OER.
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Figure 10. Schematic summary of proposed characterization techniques for measuring magnetic and chiral properties relevant to future spin-dependent

OER research. The images illustrate the working principles of each method. The key properties probed by each technique, relevant to this field, are

indicated below each schematic. The figure serves as a visual guide to complement the discussion of detailed working principles in the corresponding

sections, helping readers navigate and explore the techniques most relevant to their interests. The techniques are grouped into three categories: (a)
methods with elemental resolution that enable direct investigation of active sites; (b) microscopy techniques that provide spatially resolved imaging to

reveal local properties; and (c) techniques capable of probing spin order and spin-polarization, which are essential for establishing direct spin-activity

relationships.
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An alternative way to perform a physical analysis of impedance
data is the transformation of the impedance to a distribution
function of relaxation times (DRFT).[22%230] Boukamp!?*%! criti-
cally reviewed the DRFT method, several inversion methods, ap-
plications of DRFT in energy research, and its advantages and
disadvantages. Even though DRFT is a good way of deconvolut-
ing the dispersive processes in electrochemical applications, it
does not allow for interpretation with electrochemical quantities
and models. To overcome this limitation, fitting procedures can
be extended to include microkinetic models in combination with
state-space models,['**1%7] which is described in more detail in
Section 4.1.5. These approaches enable a more mechanistic anal-
ysis by directly linking impedance features to elementary reaction
steps and associated kinetic parameters.

Experimental Protocols for External Magnetic Field Studies: To ob-
serve and identify the spin-enhancement in OER, standard proto-
cols for applying magnetic fields during electrocatalysis are criti-
cal for minimizing the activity enhancement via secondary effects
like MHD. First, a uniform magnetic field should be used to avoid
Kelvin force from field gradients affecting mass transport. Sec-
ond, for catalysts with a rough surface, the magnetic field should
be applied perpendicular to the electrode surface (parallel to the
current) to minimize the macroscopic Lorentz force.['0*] For
catalysts with magnetic anisotropy, the external field should be
applied along the easy axis to maintain a stable magnetization
with a lower field. Third, the magnetic field strength at the work-
ing electrode should exceed the saturation field (H;) to ensure
a fully aligned magnetic moment in FM catalysts. Importantly,
the magnetic field should be applied only after the surface is sta-
bilized by electrochemical pre-treatment and a comparison be-
fore and after demagnetization and magnetization of the catalyst
layer is desired to confirm that the observed enhancement indeed
arises from magnetization.!1%!

Electrochemical results under a magnetic field can be influ-
enced by the composition of the electrolyte, which is primarily
associated with the ion distribution and transport during the re-
action. Previous research suggested that the type of anions af-
fects the bubble dynamics during the bubble growth and detach-
ment in electrochemical reactions,?*!! which varies the MHD
effect under magnetic fields. Besides, different cations in alka-
line conditions are also reported to influence OER activity by in-
teracting with the oxygen intermediates,!’] potentially affecting
the spin-related OER pathway. We suggest to use identical elec-
trolyte composition for comparison of spin-related effects within
the same or across various catalyst materials and electrochemical
cells. To detect such ion transport effects under magnetic fields,
pH-sensitive dyes, such as phenolphthalein dyel”®! or metacresol
purplel! could be used for monitoring the electrolyte motion
according to the coloring (Figure 8c).

Furthermore, proper electrochemical cell setups under a mag-
netic field are important for ensuring accurate and reproducible
measurements (Figure 8a). A temperature control and monitor-
ing system is essential for investigating spin-related OER under a
magnetic field, as it helps minimize temperature fluctuations in
the electromagnet coil and maintain a stable temperature in the
electrochemical cell. The electrochemical cell should be designed
to minimize the gap between the electromagnet poles to further
limit the Joule heating. The temperature of the cell and the region
between the poles should be monitored. Any observed increase in
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activity should be carefully examined for correlation with temper-
ature changes to determine whether thermal effects contribute to
the enhancement. For a typical three-electrode electrochemical
system, only the working electrode (WE) should be placed under
magnetic fields, while the counter electrode (CE), the reference
electrode (RE) and the wiring should remain in a separate cham-
ber with minimal magnetic fields to avoid additional or parasitic
effects.[”>15% In order to get quantitative measurements, the sys-
tem should also incorporate forced convection to minimize un-
controlled mass transport arising from the interplay between nat-
ural transport processes in electrochemistry and MHD flows.[?28]
Moreover, the positions of the electrodes relative to the direction-
ality of magnetic field lines should be considered.'!]

Operando Raman, Infrared, and UV-Vis Spectroscopy: In situ
Raman, FTIR and UV-vis spectroscopy offer ease of availabil-
ity and accessibility and rapid data acquisition relative to X-ray-
based synchrotron methods, and these spectroscopic techniques
provide a largely untapped avenue to detect subtle, magnetically
induced changes in electrocatalytic OER (Figure 8d).

Raman spectroscopy uses a laser to induce inelastic scatter-
ing of light from a material - such as an OER electrocatalyst.
This process can excite a variety of vibrational modes, includ-
ing the electrocatalyst’s phonon modes (typically within the low-
frequency range of 100~700 cm™!) and vibrations associated with
surface adsorbates (e.g., —OH, —OOH, H,0, and multiatomic
cations/anions) typically observed in the mid-infrared region.
Owing to its low scattering cross-section, Raman spectroscopy is
relatively insensitive to the electrolyte; however, it is highly sensi-
tive to interfacial species and the catalyst’s bulk properties, mak-
ing it a key technique for in situ/operando investigations of elec-
trochemical water oxidation.?32] Raman spectroscopy will there-
fore be crucial to elucidate the influence of magnetic fields on
the formation of reaction intermediates and on the catalyst phys-
ical properties.

Regarding the detection of reaction intermediates, initial in
situ Raman microscopy experiments during OER on a NiFe cata-
lystunder a magnetic field revealed alterations in the O-O stretch-
ing vibration region, which have been linked to the formation of
Ni-O-O-Fe bridges.!'*] Similarly, studies on an FeSe water oxida-
tion electrocatalyst under a magnetic field demonstrated a 100
mV earlier onset of FeOOH vibrational features, attributed to
spin ordering of the catalyst surface.®!] Further experiments by
doing scan rate-dependent and time-resolved measurements, as
well as using isotope-labelling can further strengthen these hy-
potheses and can elucidate the relationship between the temporal
behavior of spin processes and catalytic activity.

For the characterization of catalyst properties, Raman studies
on magnetic systems, such as MoS,, SrCr,As,, and perovskite
manganites, have already demonstrated that applying magnetic
fields can induce measurable shifts in Raman peak positions
and variations in intensity. These spectral changes are often
linked to lattice expansion or contraction, providing a sensitive
probe for detecting subtle modifications in the intrinsic proper-
ties of magnetic materials. Consequently, it would be interest-
ing to explore whether similar in situ/operando Raman spec-
tral changes can be observed and correlated with variations in
OER performance. Finally, magnetic fields can influence the mo-
bility of the surface species, potentially impacting surface re-
construction processes. Raman spectroscopy serves as a valu-
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able tool to investigate alterations in these processes. However,
in combination with magnetic field-induced dielectric polariza-
tion, such changes may also lead to enhanced Raman signal
intensities.[?3%234] This enhancement could make interpretation
of Raman signals more difficult since the appearance and in-
crease in intensities could be misleadingly correlated to new
intermediates.

Unlike Raman spectroscopy, Fourier transform infrared
(FTIR) spectroscopy is based on the absorption of infrared ra-
diation by all components along the optical path between the
source and the detector. This technique has distinct advantages
and limitations which depend on measurement configurations,
such as differences in surface sensitivity, electrode morphology
(porous vs smooth), and mass transport considerations. FTIR
spectroscopy inherently enables the capture of electrochemical
conversion effects on the near-electrode electrolyte composition.
For OER research usually attenuated total reflection FTIR is
used.[22>23¢] For example, the technique allows for straightfor-
ward quantification of local pH changes,?*’! determination of lo-
cal ion concentrations, and detection of products evolving and
diffusing away from the electrode surface. For these reasons, in
situ/operando FTIR studies have been extensively used to study
OER.[BS’BG]

FTIR spectroscopy will likely prove useful in elucidating the
impact of MHD effects, which can cause significant changes in
interfacial concentrations of ions, water, and O,. These changes
may not only affect the stability of reaction intermediates but
also alter local concentration gradients, thereby shifting Nerns-
tian overpotentials and improving or worsening conversion rates.
Consequently, capturing dynamic changes within the diffuse
double layer, caused by the external magnetic field or catalyst spin
order, offers a promising opportunity to further disentangle the
local MHD effects.

Lastly, if changes in the optical densities of the electrode mate-
rial or the electrolyte constituents in the UV-vis/NIR regime are
expected during OER, then spectroscopy in this spectral range
can be employed to elucidate the impact of magnetic fields.!””]
Moreover, UV-vis spectroscopy can enable characterization of
catalytic responses across multiple timescales—from femtosec-
onds to seconds-allowing detailed kinetic analyses. By monitor-
ing the concentration of oxidized species responsible for driving
water oxidation, UV-vis measurements can be used to extract key
kinetic parameters such as rate constants and reaction orders,
thereby offering direct insight into the dynamic evolution of ac-
tive sites under operando conditions.[238-240]

Experimental Variables and Measurable Outputs—Temperature
Dependent Studies:  As discussed in the review part of this paper,
determination of the temperature dependence of catalytic activ-
ity has proven to be a powerful tool for probing in situ changes
in magnetic order and their influence on OER activity even in
the absence of external magnetic fields. However, elevated tem-
peratures also increase reaction rates by thermal activation and
affect other electrochemical processes—such as water adsorption
and dissociation, surface species dynamics, electrolyte conduc-
tivity, oxygen vacancy migration, and catalyst degradation.[?41-243]
To isolate magnetic effects, it is thus advisable to compare ma-
terials with similar electronic structures but different magnetic
transition temperatures,/’?! or to perform in situ characterization
of these secondary effects.
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Expanding the temperature range for measurements would
greatly enhance our ability to investigate how magnetic tran-
sitions influence OER activity. While most studies concentrate
on temperatures near ambient conditions, alkaline electrolyz-
ers can operate above 150 °C, with some systems—particularly
those using metal alloys, spinels, or perovskite oxides—tolerating
temperatures up to 160 °C.[2* Advanced electrolyzer designs
can even reach temperatures as high as 700 °C[?*?) making
high-temperature measurements a promising direction for fu-
ture research. From a fundamental science perspective, study-
ing OER at sub-zero temperatures could offer valuable insights
into exotic magnetic states and novel quantum or topological
phenomena such as skyrmions, which emerge only at these
low temperatures. However, to our knowledge, OER electrolyz-
ers capable of stable operation below 0 °C have yet to be
developed.

pH-Dependent Studies: As discussed in the review section, M—
O- oxyl radical species are crucial in the LOM and I2M pathways
(Figure 5),1#1%] where spin alignment between the metal orbital
electron and the oxygen’s unpaired electron—facilitated by favor-
able interactions within the catalyst-enables direct triplet oxygen
formation. In contrast, the AEM does not form such radicals and
relies solely on spin-selective electron removal (Figure 5).[+108]
Since the stability of M-O- radicals depends strongly on pH,*
LOM and I2M mechanisms show pronounced pH dependence
(Figure 8e),[1%] whereas AEM does not. Investigating how pH
affects spin effects on OER activity can therefore help identify
which pathway the reaction follows, which key species are in-
volved, and how spin influences them. Furthermore, designing
catalysts to follow a specific pathway and studying their pH re-
sponse can deepen our understanding of the specific role of
spin within each of these pathways.['%! Moreover, spin-related
effects under acidic conditions remain relatively unexplored, ow-
ing largely to the limited stability of most FM transition metals
and their oxides in such environments. This instability necessi-
tates the deliberate design of magnetic or chiral catalysts to with-
stand acidic media and enable meaningful measurements. De-
spite these challenges, reductions in Tafel slope and overpotential
have been reported under acidic conditions both with and with-
out magnetic fields!?*>24] and with chiral modifications.[126:2#7]
Further studies could extend the investigations across broader
pH ranges, spanning acidic to alkaline conditions, to elucidate
how spin interactions influence key oxygen intermediates such
as M-O- and M = O species.

Isotope Studies: Beyond pH-dependency, spin-related OER
pathways (Figure 5) could also be investigated by isotope labeling
of the catalyst or electrolyte, combined with product detection,
e.g. in mass spectrometry (Figure 8d). For example, heavy water
(D,O) has been used to study the spin-polarized proton-coupled
electron transfer process in the AEM pathway under a magnetic
field,[2*8] which implies that the cleavage of O-H could be affected
by the magnetic field. Additionally, ®O-isotope labeling could
be performed to detect the participation of lattice oxygen in the
magnetically-enhanced LOM pathway (Figure 8g).['%] This ap-
proach thus presents possibilities for studying spin-related OER
mechanisms at the atomic level.

Furthermore, understanding the key intermediates for spin
interactions may enable the strategic use of chemical probes
during OER under magnetic fields, such as phosphatel?*®! or
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tetramethylammonium cations (TMA*),12%] to selectively detect

specific oxygen species, enabling precise identification of reac-
tion pathways and providing deeper mechanistic insights into the
role of spin in OER.

Product Detection: Conventional metrics such as current den-
sity obtained from CV or CA represent the sum of all interfa-
cial processes occurring within the electrochemical cell, includ-
ing side reactions and electrode degradation. Consequently, these
measurements alone cannot definitively distinguish between
true water oxidation and the formation of undesired byproducts.
Accurate identification and quantification of both gaseous and
liquid, dissolved products are therefore critical (Figure 8f). Spin
effects, as demonstrated in the CISS field, have been shown
to modulate product selectivity during water oxidation. How-
ever, the spin-dependent faradaic efficiency, particularly the ra-
tio of O, to H,0, produced, remains largely unexplored in the
context of magnetically enhanced OER. For O, quantification,
well-established techniques like gas chromatography,°% differ-
ential electrochemical mass spectroscopy!®!! or optical oxygen
sensors!?>2 offer direct means to quantify O, evolution. To detect
H,0,, colorimetric assays or UV-vis spectroscopy using chem-
ical probes are commonly employed.l*°] Complementary tech-
niques, like rotating ring-disk electrode (RRDE) setups, further
enable sensitive, simultaneous monitoring of both H,0, and O,
via their respective reduction reactions.?>*]

4.2.2. Scanning Probe Microscopy Techniques

The OER strongly depends on surface active sites and intermedi-
ate species that undergo transformations under reaction condi-
tions. Scanning probe microscopy (SPM) techniques are emerg-
ing as essential tools for characterizing these phenomena with
high spatial resolution, under both ultra-high vacuum (UHV)
and electrochemical environments. These methods, summarized
in Figure 9, provide valuable insights into the relationships be-
tween surface morphology, electronic structure, spin-dependent
properties, and catalytic performance.

Scanning Tunneling Microscopy: Scanning tunneling mi-
croscopy (STM), allows the investigation of the structural and
electronic properties of catalyst surfaces at the nanoscale, and
even at the atomic level. By exploiting the fact that quantum tun-
neling depends exponentially to the distance within a sharp con-
ductive tip and a conducting or semiconducting sample, STM
provides information about the local density of states (LDOS)
within an energy window around the Fermi level (determined
by the bias voltage applied between the tip and the sample)
(Figure 9a.1). This enables atomic-resolution imaging of surface
structures, such as step edges, terraces, defects, and adsorbates
that determine the performance of oxygen catalysts.!>*2] Un-
der UHV conditions, STM has successfully revealed adsorption
geometries and electronic properties of O, molecules, as well
as water dissociation at cryogenic temperatures on several cat-
alytic surfaces.!?’-2021 As mentioned before, OER catalysts of-
ten exhibit surface transformations and restructuring, which are
crucially influencing activity and necessitate experimental eval-
uation of surface characteristics. UHV-STM has proven effec-
tive in identifying surface sites before and after OER that are
highly susceptible to structural rearrangement and can thus be
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used to anticipate operando transformations.26324] Moreover,
scanning tunneling spectroscopy (STS) can probe the electronic
band structure, surface states, and Fermi-level alignment with
nanometer precision.[>¢2%] In summary, using STM to investi-
gate how spin engineering of catalysts, external magnetic fields,
or temperature-induced changes in spin order affect the struc-
tural and electronic properties and processes, and linking these
effects to catalytic activity, can provide deeper insight into spin-
driven influences on the OER.

Spin-Polarized STM (SP-STM): Employing magnetically
coated tips extends the STM capability to probe spin-dependent
electronic states at surfaces (Figure 9a.2). UHV studies demon-
strated the effectiveness of SP-STM in elucidating magnetic
interactions in catalytic reactions, providing critical insights into
spin-dependent adsorption and catalytic mechanisms.[266:267]
To demonstrate the influence of spin fluctuations on enan-
tioselectivity, SP-STM has been used to probe enantioselective
adsorption of chiral molecules on magnetic islands,!?%®) under
UHV conditions. Adapting SP-STM to electrochemical envi-
ronments remains challenging because of limited tip stability
under reactive conditions and thermal noise. Nonetheless, many
CISS studies mimic spin-selective detection, by using magnetic
substrates and non-spin-polarized STM tips as proxies.!1322¢]

Electrochemical STM (EC-STM) and Noise EC-STM extend
STM capabilities to in situ electrochemical conditions, allowing
for atomic-scale imaging of electrode surfaces under potential
control in an electrolyte environment.[27°2721 While EC-STM has
been used to characterize surface reconstruction during several
electrocatalytic reactions,?’>?74] the most promising application
of EC-STM in the context of this perspective is the use of the
noise fluctuations in the tunneling signal in noise EC-STM (n-
EC-STM)I?”%] to track catalytic active sites down to the atomic
scale under operando conditions (Figure 9a.3).270276.277] Remark-
ably, this technique is not limited to well-defined single crystal
surfaces, and has been extended to identify OER active sites on
transition metal oxide layers.[?’8]

Atomic Force Microscopy: AFM measures surface topography
and interactions by detecting forces between a sharp or function-
alized tip and a sample (Figure 9b.1). Examples going beyond
pure topographic imaging include the functionalization of the tip
with a terminal O atom under UHYV to identify oxygen adsorption
geometries?’’! and injection and imaging of polarons!?*°! using
non-contact AFM, opening the possibility to study polaron mo-
bility at catalytic interfaces.

AFM, even in its fast-speed variations (time resolution
~milliseconds), is a slow technique for characterizing reac-
tion intermediates (timescale typically in the picosecond to sub-
millisecond range) but it remains invaluable for providing spa-
tially resolved insight into long-lived reconstructions on the cat-
alytic surfaces which determine the surface activity. Moreover,
combining AFM with liquid flow cells offers the possibility of
measuring dynamic processes at constant concentrations, from
the first seconds of the reaction to days, potentially allowing in-
vestigation of surface reconstructions and degradation, including
their behavior under applied fields.

Electrochemical AFM (EC-AFM) further extends AFM capa-
bilities to the investigation of electrochemical interfaces during
reaction, enabling subnanometer resolution measurements of
surface morphology, double-layer structure, local electrochem-
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ical environments, hydration layers, and nanoscale surface re-
constructions (Figure 9b.2).1281-28] Combining EC-AFM with
spin engineering or external magnetic fields can thus enable
nanoscale exploration of the effects of spin on surface recon-
struction and catalyst electronic properties. Force-distance curves
can be used to characterize the electric double layer structure
Jref and such studies could be extended to model catalysts with
engineered domains exhibiting defined spin ordering (e.g.,
through patterning or thickness gradients) Moreover, potential-
sensing EC-AFM enables operando mapping of surface electro-
chemical potentials with nanoscale resolution.!?®* As this tech-
nique enables direct probing of electrochemical activity in a spe-
cific region within a catalyst, it offers a promising route to es-
tablish direct spin order-activity relationships using model cata-
lysts with engineered domains, as described in the previous sec-
tion). mc-AFM can determine the degree of spin-polarization by
measuring spin-dependent currents with either magnetic tips
or chiral molecule-functionalized AFM tips in contact mode
(Figure 9b.3). The tip is brought into contact with a magnetized
surface. The force of interaction between the tip and substrate
is measured as a function of magnetization direction. When us-
ing chiral molecules, a difference in adhesion or force curves
when the magnetization is flipped indicates spin-dependent
interactions- a signature of the CISS effect.[?®]

Magnetic Force Microscopy (MFM), in contrast, uses magneti-
cally coated tips operated in non-contact or tapping mode to de-
tect magnetic domains through stray magnetic field gradients
(Figure 9b.4). Recent operando MFM studies revealed direct cor-
relations between magnetic domain wall dynamics under magne-
tization and catalytic activity during OER,[8!] offering a promis-
ing pathway to better understand the link between local mag-
netic order and OER activity, especially if this technique could
be combined with local activity probes like EC-AFM or Scanning
Electrochemical Probe Microscopies (SEPM). Moreover, model-
ing these measurements using DFT calculations and comparing
them with experimental results can help quantify magnetic ex-
change forces at the electrochemical interface.[?%¢]

A further possibility is to use Frequency-modulated Kelvin
Probe Force Microscopy (FM-KPFM) in which the contact poten-
tial difference between the tip and sample is detected by mea-
suring shifts in the cantilever’s resonance frequency, enabling
highly sensitive and high-resolution mapping of surface poten-
tials (Figure 9b.5).[287288] A recent study employed FM-KPFM
to simultaneously measure quantum capacitance and surface
potential in monolayers of a-helical peptides.[?®] The research
demonstrated that both the magnetic polarization of the sub-
strate and the chirality of the peptides influenced the measured
surface potentials. Since surface potentials can potentially alter
the OER catalytic process and contribute to its spin dependence,
utilizing KPFM for spin-enhancement studies holds significant
promise. However, although recent efforts have extended KPFM
to aqueous solutions,!?*’] true operando OER measurements are
not yet feasible.

Scanning Electrochemical Probe Microscopies: SEPM are ad-
vanced techniques that enable precise, high-resolution imag-
ing and electrochemical measurements at the nanoscale. A de-
tailed description of these techniques can be found in a recent
review.[?"] Scanning electrochemical microscopy (SECM) uses a
micro- or nanoelectrode tip to scan surfaces, measuring electro-
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chemical processes like electron transfer, ion transport, and cat-
alytic activity in real-time under operando or in situ conditions
(Figure 9¢.2)??1292] and SECM imaging can thus identify active
regions, which promises to make it a valuable tool for exploring
magnetism and chirality effects on OER activity.

Scanning ion conductance microscopy (SICM) employs
nanopipettes to map the surface topography, ion flux, and
changes in local electrochemical environments with high spatial
resolution. This technique could be used for studying the ionic
transport dynamics and local variations in concentration, such as
the consumption of OH~ during the OER (Figure 9¢.3).*%]

Scanning electrochemical cell microscopy (SECCM) en-
ables nanoscale electrochemical measurements by rastering a
nanopipette with a small droplet of electrolyte over the surface at
speeds of tens to hundreds of um/s, providing high-speed, high-
resolution electrochemical imaging, recording electrochemical
data at each contact point of the nanopipette (Figure 9c.1). It en-
ables the distinction of individual facets and nanoparticles in cat-
alytic materials, offering a fine-scale view of how localized elec-
trochemical reactions occur.[?)] This capability is especially use-
ful for studying heterogeneous catalysts and understanding the
effects of small-scale structural features on the OER.[?** While
SECM is the most commonly used SEPM technique due to
its adaptability and versatility, SECCM offers higher lateral res-
olution and enables high-throughput data acquisition. One of
SECCM'’s key advantages is that it confines the electrolyte to a
small area of the sample, minimizing exposure and thereby re-
ducing the risk of degradation. However, maintaining the sta-
bility of the electrolyte droplet at the SECCM tip can be chal-
lenging, making the experimental setup and operation more
demanding.

Together, these SEPM techniques allow for the exploration
of spatially resolved electrochemical properties, particularly for
studying local variations in surface morphology, ionic composi-
tion, and catalytic activity. Scanning across chiral regions, mag-
netic domains, or domain walls may reveal localized variations
in catalytic performance. Future advancements could include the
use of spin-selective redox mediators or tips functionalized with
chiral molecules, or magnetic tips in SEPM, designed to interact
specifically with the spin states of OER intermediates, offering
deeper insights into spin-dependent catalytic mechanisms.

Complementary Techniques and Multimodal SPM Approaches:
Since no single technique can resolve all challenges and open
questions related to oxygen electrocatalysis, a multimodal ap-
proach is essential. SPM techniques are commonly used in com-
bination with spectroscopy (X-ray photoelectron or absorption
spectroscopy, Raman) and ab initio calculations to achieve a com-
prehensive understanding of OER processes on surfaces. More-
over, EPR-STM is emerging under UHV and cryogenic con-
ditions as a technique that combines atomic-resolution imag-
ing with the detection of single-electron spin transitions.[?*! Al-
though the technique is in its infancy, we anticipate that it could
offer a powerful approach to investigate spin-dependent pro-
cesses and transient intermediates in oxygen catalysis, with un-
precedented detail.

On the solid/liquid front, the study of spin-polarized sam-
ples with EC-STM and noise-based techniques represents a sig-
nificant opportunity to explore spin-dependent intermediate ad-
sorption and activation under operando conditions. Additionally,
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the combination of EC-STM and SECM with spin-engineered
samples can provide deeper mechanistic understanding at elec-
trochemical interfaces. Thus, future advancements in scanning
probe methodologies, especially when equipped to characterize
physical and chemical surface properties under operating condi-
tions, are poised to significantly advance our understanding of
the spin-related phenomena driving the OER.

4.2.3. Characterization of Magnetic Properties

Careful characterization of the magnetic properties of the cat-
alyst is crucial for fully understanding the spin effects in the
magnetically enhanced OER. Advanced magnetic measurement
techniques enable the construction of a comprehensive picture
of the magnetic order, including depth profiles, spatial varia-
tions, exchange-coupled regions, and surface magnetic states
(Figure 10). These features can then be directly correlated
with OER performance. Moreover, studying these properties
under operando conditions is essential for accurately linking
the actual magnetic ordering to the catalyst’s electrochemical
behavior.

X-ray Absorption Spectroscopy, X-ray Magnetic Circular Dichro-
ism and X-ray Magnetic Linear Dichroism: X-rays can interact
with the core electrons of a material, with a consequent electronic
excitation toward an empty molecular orbital, leaving a core-
hole (absorption process). Thus, X-ray absorption spectroscopy,
which measures absorption intensity within a defined photon
energy range near an absorption edge, provides information
about the local chemical environment of the absorbing atom
(Figure 10a.1).[2%

In general, soft X-ray photons (100-2000 eV) probe mainly K
edges (1s to 2p transitions) of low Z (<13) elements, and L edges
(2p to empty states transitions) of first row transition metals; the
study of these so-called Near Edge X-Ray Absorption Fine Struc-
ture (NEXAFS) spectra can provide useful information about the
oxidation state, spin state and local geometry of the material, with
chemical selectivity and relative surface sensitivity. On the other
hand, medium and hard X-ray photons (> 2000 eV) mainly probe
K edges (1s to empty states transitions) of medium-high Z ele-
ments with bulk sensitivity (because of the higher penetration
depth combined with the transmission mode acquisition popu-
lar in this energy range). In this energy region, in addition to
the oxidation state, it is possible to obtain structural information
looking at the so-called extended X-ray absorption fine structure
(EXAFS) region, where multiple scattering effects dominate the
absorption process.

When NEXAFS is performed with polarized light, the absorp-
tion will change according to the different orientation between
the incident light polarization vector and the quantization axis
of atoms in a material; this property can provide additional in-
formation about local anisotropies of charge, spin and angu-
lar momentum around an atom in a material. This aspect of
XAS gave birth to other related spectroscopies through which
other physical properties can be investigated. In X-ray magnetic
dichroism (XMD) spectroscopies, the use of left/right circularly
(XMCD)[?7] or horizontally/vertically linearly (XMLD)[2%] polar-
ized light combined with the dichroic response of p to d electronic
transitions in magnetic materials allows one to quantitatively de-
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termine their FM or antiFM properties respectively, with chemi-
cal selectivity (Figure 10a.2,3).

XAS, when used in operando conditions, enables monitoring
the dynamic evolution of the electronic structure of a catalytic
system under working conditions, allowing to identify the role of
the sites involved in the catalytic reaction mechanism.**! With
the advent of fourth-generation Synchrotron facilities, ambient
pressure and operando XAS have gained traction. The first ex-
perimental setups were dedicated to the study of catalytic pro-
cesses occurring at the gas-solid interphase, ongoing develop-
ments aim to extend operando XAS techniques to liquid-phase
environments.>®! This advancement will enable direct observa-
tion of electronic and structural dynamics—such as changes in ox-
idation state and local coordination—at solid-liquid interfaces un-
der realistic catalytic conditions, including electrocatalysis. Both
approaches have demonstrated the ability to provide direct evi-
dence of oxidation state and spin state variations under reaction
conditions.313%2] For such measurements, it is important to rec-
ognize that the probing depth is largely determined by the de-
tection mode. Transmission mode is bulk-sensitive, while total
electron yield (TEY), which detects emitted electrons, is highly
surface-sensitive (=5 nm). Fluorescence yield is less surface-
sensitive (%100 nm) than TEY. Since catalytic processes primarily
occur at the surface, selecting the appropriate detection mode is
crucial to capturing surface changes during catalysis.

Combining these operando measurements with spin-
engineered catalysts or applied external fields would enable
the study of the effect of spin order on these properties. How-
ever, due to the experimentally complex setups, ambient pressure
XAS in the soft X-rays regime is available only in a few of the
world’s beamlines.3%] Moreover, these setups pave the way
for the use of Soft-XMCD/XMLD techniques under catalytic
conditions, which is appealing because they are generally per-
formed at the L edges of transition metals. At these edges, the
XMCD signal is significantly stronger than at the K edges, which
are usually probed in hard-XMCD/XMLD experiments. This
difference arises because the core hole excited at the L edge
experiences spin-orbit coupling, whereas the core hole at the K
edge does not.

Operando XMCD/XMLD are unique and very promising tools
for spin-dependent OER studies because they could allow us to
discriminate the role of electronic and magnetic property mod-
ifications of the catalyst - with elemental resolution - and of the
reactant molecules during OER. We expect that such experiments
will provide fundamental information regarding the spin-related
effects in spin-enhanced reactions. As an example of its potential,
XMCD has been used in operando conditions by Yu et al.l3% to
provide insights on the gating mechanism of electric double-layer
transistors, by measuring Co L, ; edge XMCD and Oy edge dur-
ing bias application. The experimental setup developed by Guer-
rero et al.B%] shows the possibility of using circular polarized
light to measure the Fe L, ; edge XMCD signal of a Fe film at
1 bar of total pressure. Thus, operando XMCD offers a power-
ful approach for investigating solid/gas or solid/electrolyte inter-
faces in electrochemical systems involving magnetic materials.
By directly correlating OER activity with spin states, electronic
structure, and their modifications under catalytic conditions,
deeper insight into spin-enhanced OER mechanisms can be
achieved.
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Lorentz Transmission Electron Microscopy, Off-Axis Holography
and Electron Magnetic Circular Dichroism: TEM enables simul-
taneous access to microstructure, electronic structure, chemi-
cal composition, electrostatic and magnetic properties, thus en-
abling correlative studies that provide insight into structure-
property-activity relationships. Magnetic imaging in TEM is
based on the interaction of high-energy electrons with the mag-
netic fields within and surrounding a sample. To avoid distor-
tion of magnetic domains by the ~2 T objective lens in standard
TEM, Lorentz microscopy (LIEM) disables the objective lens and
uses a mini-lens or transfer lens to achieve field-free imaging
conditions. In this section, we will introduce two commonly
used phase contrast techniques in LTEM: Fresnel mode and oft-
axis electron holography, and one spectroscopic TEM based tech-
nique: electron magnetic circular dichroism (EMCD).

Fresnel mode LTEM utilizes the Lorentz force, which causes
charged high-energy electrons to deflect sideways as they
pass through magnetic domains with varying orientations
(Figure 10b.1). This deflection creates regions of electron den-
sity excess, or deficiency, immediately below the sample, result-
ing in lines of black and white contrast at domain walls when
imaging with under-focus, or over-focus, conditions, as shown
in Figure 10b.1 3%l Importantly, magnetization parallel to the
beam produces no Lorentz deflection; thus out-of-plane magnetic
domains (parallel to the electron beam direction) are invisible un-
less the sample is tilted to project an in-plane component.

Off-axis electron holography provides the ability to quantify the
magnetic phase shift and electrostatic potential. Electron holog-
raphy records the interferences of coherent electron waves, allow-
ing for the recovery of both the amplitude and the relative phase.
The two waves then overlap and interfere, producing a holo-
gram with interference fringes (see Figure 10b.2). The phase shift
of the electron wave can be reconstructed from the holograms
and quantitative phase information with high spatial resolution
about the projected in-plane magnetic fields and electrostatic
fields in a sample can be extracted.?%! Furthermore, when
combined with a model-based approach, a quantitative magne-
tization distribution can be resolved.®1°) However, the associated
procedures can only be fully quantitative if the experiments are
carefully designed and great care is taken to avoid introducing
artifacts.

Different from phase contrast techniques mentioned above,
EMCD does not require a field-free condition and can be imple-
mented using standard TEMs. Moreover, EMCD detects out-of-
plane magnetic components, offering complementary magnetic
sensitivity to other TEM-based techniques. EMCD is conceptually
analogous to XMCD but it uses electrons instead of circularly po-
larized X-rays. While XMCD relies on differential absorption of
left- and right- circularly polarized photons, EMCD uses the in-
terference of electron scattering paths within a crystalline sample
to produce a dichroic effect.}1312] Figure 10a.4 shows the setup
of TEM-EMCD. The EMCD signal is obtained by acquiring elec-
tron energy-loss spectra (EELS) from symmetric Bragg reflection
(g) positions in the diffraction plane and calculating their dif-
ference. It enables quantification of element-specific spin and or-
bital magnetic moments.3!!]

Table 3 summarizes the key characteristics of the three TEM-
based magnetic imaging techniques described above. The com-
parison includes spatial resolution, phase resolution, field of
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view, key limitations, and in situ measurement capabilities.
Fresnel-mode LTEM provides real-time imaging of magnetic do-
mains with moderate spatial resolution and wide field of view but
is limited to qualitative contrast. Electron holography offers quan-
titative phase mapping of both magnetic and electrostatic phase
with high phase sensitivity and nanometer-scale spatial resolu-
tion, though it requires a coherent setup and is less compatible
with chemically reacting systems. EMCD, in contrast, enables
element-specific quantification of spin and orbital moments with
atomic resolution in optimized STEM configurations but suffers
from weak signal intensity and limited operando capability. To-
gether, these techniques offer complementary strengths for prob-
ing magnetism in catalytic systems.

In spin-enhanced catalysis research, TEM studies have so far
been limited to investigating the crystal structure. However, the
techniques described above have demonstrated strong capabili-
ties in probing magnetic structures in metals, oxides, and chiral
magnets across various sample types.[>13] These methods there-
fore offer valuable insights into the correlation between this
magnetic structure and catalytic behavior. For example, electron
holography can reveal domain reconfigurations before and af-
ter OER, while EMCD provides element-specific spin and orbital
moment data that complement oxidation-state maps from STEM-
EELS. Such imaging is particularly important for OER catalysts,
where the spin and valence states of transition-metal cations
critically influence activity. Although in situ applications remain
challenging, recent advances in environmental TEM holders and
phase-reconstruction techniques are substantially enhancing the
ability to image materials under near-operando conditions>'#!
even using Lorentz TEM and off-axis electron holography.l>®]
Such developments hold significant potential for the direct ob-
servation of magnetic flux and electrostatic charge distributions
in catalyst materials during reactive processes. These capabili-
ties could provide new insights into the interplay between struc-
ture, magnetism, and catalytic performance at the nanoscale,
thereby contributing to the rational design of next-generation
functional catalysts.

Low Energy Electron Microscopy and Photoemission Electron
Microscopy: Photo Emission Electron Microscopy (PEEM) is
a full-field photon-in-electron-out imaging technique on the
photoelectric effect, where monochromatic UV or X-ray light
generates photoelectrons with defined momenta and energies
(Figure 10b.3). This process begins when photons with energy
hv > @ (the material's work function) strike a conductive sur-
face, causing the emission of photoelectrons and Auger electrons
with a range of kinetic energies. These electrons undergo inelas-
tic scattering, resulting in a strong low-energy secondary electron
peak. Electron lenses, energy filters, and apertures then gener-
ate a 2D intensity map, with contrast arising from variations in
electron emission. By tuning the wavelength and polarization of
the incident light, PEEM can reveal chemical and magnetic prop-
erties of the sample’s near-surface region with nanoscale spa-
tial resolution across several microns. Modern PEEM systems—
particularly those with aberration-corrected optics—achieve spa-
tial resolutions below 3 nm, primarily limited by spherical and
chromatic aberrations.

Combined with synchrotron x-rays (100-3000 eV), PEEM
offers powerful chemical and magnetic imaging capabili-
ties. Spatially-resolved X-ray Absorption Spectroscopy provides

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

35UB017 SUOWILLIOD dAIIR.1D) 3|ceal|dde ay Aq pausenob ake sajone YO ‘9N JO Sa|nJ 10j ARelg 1 aulUQ AB]IAA UO (SUO N IPUOD-PUR-SLLB)ID AS 1M AReiq U1 UO//SANY) SUORIPUOD pUe SW | 3UI 89S *[GZ0z/TT/70] Uo ArigiTauluQ A8 ‘JeiueD Yolessay HAWS Udiine winiuezsbunyasiod Aq 955806202 WuUse/Z00T OT/I0p/Wod A3 1m Aeld 1 puljuo paoueApe//sdny Wwoij pepeoumod ‘0 ‘0v89rToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

chemical contrast, valence variations, local site-symmetry, and
adsorbate coordination (Figure 10b.3). In spin-enhanced OER
studies, this could help distinguish purely the electronic ef-
fects from spin effects, and provide a way to explore the
effect of spin-polarization on the adsorbates. Particularly ex-
citing for spin-dependent OER is the combination of po-
larized x-rays with PEEM, which opens up detailed mag-
netic imaging at <20 nm resolution. PEEM imaging with
circularly or linearly polarized X-Rays, allows spatially re-
solved spectroscopy corresponding to X-ray magnetic circular
and linear dichroism, which are discussed in detail in sec-
tion 4.2.3. Thus, it can probe the FM and antiFM properties,
respectively, offering the possibility to study the element-specific
spin structures and to map the domain structure with several nm
spatial resolution. These observations then could be related to
the magnetic catalyst performance under OER conditions to gain
valuable insight into the magnetic structure- electrochemical per-
formance correlation.

In addition to PEEM, Low-Energy Electron Microscopy (LEEM)
is another powerful technique which uses backscattered elec-
trons, generated by illuminating the sample surface with a low-
energy electron beam (Figure 10b.4) to map changes in ® across a
surface. These variations reflect changes in surface dipole, elec-
tronic states, and adsorbate-induced charge transfer, and could
be influenced by spin order, which can impact OER activity. In-
vestigating the spin-property relationship in OER catalyst could
thus help to clarify the role of spin in OER enhancement. When
used alongside XMCD/XMLD-PEEM, LEEM enables correlation
of magnetic domain structures with surface morphology and
electronic contrast, helping to distinguish between purely mag-
netic effects and structural or electronic contributions to cat-
alytic behavior. Furthermore, Low-Energy Electron Diffraction
(LEED) allows bright and dark-field imaging of domain orienta-
tion across a surface with a few tens of nm resolution.>'*! Un-
derstanding such domain orientation and symmetry is crucial,
as magnetic anisotropy can strongly influence spin-adsorbate in-
teractions and thus affect spin-dependent OER performance.

PEEM and LEEM require stringent sample conditions and
the probing depth is limited to just a few atomic layers (typi-
cally 3-5 nm). Nevertheless, modern systems routinely achieve
element-specific full-field imaging over hundreds of microns
while reaching spatial resolutions below 20 nm-and in some
cases down to 3 nm—enabling detailed studies of electrode mor-
phology, phase changes, and magnetic domains before and af-
ter electrochemical reactions.[*17318] Another advantage of LEEM
and PEEM is the possibility of tracking structural, chemical and
magnetic changes across a surface in real time and under in-situ
conditions during heterogeneous catalytic reactions!*!%32°1 and
phase transitions.3?!l Regularly, PEEM and LEEM require UHV
conditions, impeding operando studies. But in recent years,
several notable advances have been achieved, allowing PEEM
to be extended to near-ambient pressure imaging®??! as well
as imaging electrochemistry at solid-liquid interfaces in real-
time using graphene windows.323324] Extending these capabili-
ties to operando, spatially-resolved spectroscopy with polarized X-
rays could open new avenues for understanding spin-enhanced
chemical processes, as the measurements discussed above could
then be performed directly on the active catalytic surface under
OER conditions.
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Magneto-Optical Kerr Effect Microscopy: Magneto-optical
Kerr effect (MOKE) microscopy enables non-invasive, surface-
sensitive domain structure observation and magnetometry
(Figure 10b.5). MOKE refers to the change in the polarization
state of light as it is reflected from a magnetic surface. In the con-
text of linearly polarized light, this effect can be conceptualized
as a rotation of the polarization plane depending on magnetiza-
tion, which can be converted into a weak but observable change
in light intensity by means of an analyzer in optimized full field
polarization microscopes. MOKE microscopy requires smooth
and reflective surfaces for optimal performance. For metallic
surfaces, a probing depth of ~30 nm can be attained. This
method allows for the local measurement of magnetic hysteresis
loops, the determination of magnetization directions, and the
extraction of relative magnetization values. A comprehensive
review of applied MOKE microscopy for the characterization of
magnetic materials can be found elsewhere.[3%]

The spatial resolution of MOKE microscopy is constrained by
the optical diffraction limit. When combined with the employed
optical apparatus, a resolution of ~250 nm can be achieved. Mag-
netic analysis of smaller structures remains a viable option. The
field of view can extend to several centimeters. Standard MOKE
microscopy achieves a single-shot temporal resolution in the mil-
lisecond range. However, sub-picosecond temporal resolution
can be achieved through the implementation of specialized se-
tups. MOKE microscopy enables uniform imaging of magnetic
domain structures of different catalyst materials used for the
OER. As this can be carried out independently of electrochem-
ical measurements and concurrently in operando during such
measurements, MOKE microscopy holds great potential for spin-
dependent OER studies. The direct identification of effects aris-
ing from spin order within the catalyst materials is made possible
by correlating changes in the electrochemical properties with al-
terations in the magnetic properties and imaged magnetic struc-
ture of the catalyst. Furthermore, changes in the magnetic prop-
erties of the investigated catalysts due to degradation or redepo-
sition processes can be probed during the OER. Notably, the suc-
cessful in situ implementation of MOKE microscopy and magne-
tometry during electrochemical measurements not only demon-
strates feasibility but also paves the way for future advances in
magnetic operando analysis.[326:327]

Electron Paramagnetic Resonance and Ferromagnetic Resonance:
EPR spectroscopy uses unpaired electrons to detect the presence
of PM centers in a material by inducing transitions between
energy states associated with different spin magnetic quantum
numbers m, in an external magnetic field (Figure 10c.1).3%®] The
intensity of the resonant microwave absorption, which is mea-
sured as a function of the magnetic field strength, provides in-
formation about the absolute number of unpaired electrons in
a sample. Furthermore, the exact value of the external magnetic
field at which a resonant transition occurs is sensitive to magnetic
moments of nearby electron or nuclear spins and reports on the
microscopic environment of localized PM centers by quantifying
the coupling and distances to neighboring spins.

Magnetic resonance techniques can help to identify active
sites, transient states and reaction intermediates as well as spin-
dependent processes at catalytically active surfaces.32°l However,
due to small signal strengths, conventional EPR is mainly con-
sidered a bulk characterization technique. Still, there are a few
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examples of studies on PM centers on catalysis-relevant surfaces
detected by EPR, using particularly long averaging times.33!

Detailed insights into catalytic processes, in particular also
magnetically-enhanced and chirality-enhanced OER, could be
provided by combining EPR with electrical detection. The result-
ing technique, electrically detected magnetic resonance (EDMR)
spectroscopy, has a much higher sensitivity than conventional
(microwave-detected) EPR and can be pushed down to the single-
spin level.?3!) As EDMR detects changes in the electrical con-
ductivity, this technique is ideally suited to study spin-dependent
charge-transfer processes and identify current-limiting transient
states and reaction intermediates.[?3?] This has, for instance, been
demonstrated by detecting EDMR signals resulting from spin-
dependent charge transfer at the interface between chiral elec-
trodes and an electrolyte.l332]

Spin-resonant transitions can also be excited in FM mate-
rials, and probed in FMR spectroscopy. In contrast to EPR,
which probes individual uncoupled spins, the magnetic moment
that gives rise to a resonant signal in FMR is caused by many
exchange-coupled electron spins and allows studying parame-
ters like the magnetic anisotropy, the magnetic moment and the
Curie temperature.333]

The alignment of spins due to the FM order in FMR leads
to much larger signals, providing the opportunity for study-
ing ultrathin FM films down to a few nm and thus enable
surface sensitive measurements. Many additional opportunities
for magnetic resonance techniques thus open up when (spin-
ordered) FM electrodes are used to explore spin-enhanced OER.
Notably, in-situ FMR and EPR experiments offer a unique ca-
pability: beyond simply probing the spin states of catalysts and
adsorbates, these resonant techniques can actively manipulate
spin configurations by inducing transitions between spin states.
This dynamic control provides a direct means of modulating
spin-dependent conduction channels, should allow one to se-
lectively “switch on or off” specific reaction pathways. The re-
sulting change in catalytic activity can be directly observed as
a change in current in the EDMR signal. Such experiments
hold great promise for establishing a causal relationship be-
tween spin state and catalytic performance, and for enabling
the disentangling of complex spin-related phenomena. FMR
can also be applied to probe whether or not a nominally spin-
ordered electrode is indeed FM and stays FM under reaction
conditions. This is particularly relevant when potential-induced
changes, prolonged exposure to OER conditions with corre-
sponding degradation pathways or side reactions may modify
the composition of the electrode surface and thus its magnetic
properties.

57 Fe Méssbauer Spectroscopy: >’ Fe Mossbauer Spectroscopy is
used for characterization of iron in various solid compounds. It
studies the recoil-free nuclear resonance absorption and emis-
sion of y rays (E = 14.4 keV) in >’ Fe nuclei. In lab-based Méss-
bauer spectroscopy a radioactive 3’ Co source is used to gener-
ate the relevant y rays. To match the energy of the nuclear ex-
cited and ground states in the sample and the source, the latter
is given a small velocity of several mm s™' (note 1 mm s™' cor-
responds to an energy difference of ca 50 neV). If the resonance
absorption occurs, in this velocity range, the amount of y rays
that are detected is lowered leading to characteristic absorption
lines (Figure 10c.2).

Ady. Energy Mater. 2025, 03556 e03556 (49 Of66)

www.advenergymat.de

The resulting Méssbauer spectra are plotted as relative absorp-
tion intensity versus Doppler velocity. The spectral features re-
flect interactions between the nucleus and its surrounding elec-
tric and magnetic fields, known as hyperfine interactions. These
can lead to characteristic patterns depending on the local environ-
ment of the iron atom. A single absorption line appears if only
an electric monopole interaction is relevant. The velocity at which
the balance point of the line occurs is referred to as isomer shift,
where the isomer shift (6;,,) indicates changes in electron density
at the nucleus, often related to the oxidation state. If there is an
asymmetry in the local electric field—due to distorted ligand fields
or non-cubic symmetry, additional electric quadrupole hyperfine
interactions occur that appear as overlay to the electric monopole
interactions, leading to a doublet pattern. The energy difference
between the two lines is described by the quadrupole splitting
(AE,). In magnetically ordered systems, a magnetic dipole inter-
action is additionally superimposed on the electric hyperfine in-
teractions. These can split the nuclear energy levels further, pro-
ducing a sextet pattern. This magnetic hyperfine splitting is quan-
tified by the internal magnetic field (H,,,). Each of these hyperfine
parameters provides valuable insight into the chemical, struc-
tural, and magnetic environment of the iron sites being probed.

As such, Méssbauer spectroscopy offers great potential for in
situ or operando characterization of iron-containing catalysts.
Prior work has shown that the local environment of iron is af-
fected by applied electrochemical conditions, resulting in spin
and oxidation state changes.33433¢] For example, comparing the
data on operando Mdssbauer spectroscopy for NiFeOOH in the
OER indicates that, depending on the Ni:Fe ratio, a different fer-
ryl iron signature occurs in the spectra.[?¥”-3%°] These findings
demonstrate that Méssbauer spectroscopy can sensitively detect
changes in spin state, oxidation state, and local coordination. In
in situ or operando setups, the long measurement times - often
several hours to days in laboratory based experiments — can limit
its practical application.[340-342]

An option to overcome this limitation is provided by
synchrotron-based Méssbauer spectroscopy that can be per-
formed at selected synchrotrons as DESY, ESRF, Spring-8.343-34]
It enables much faster data acquisition and is thus more relevant
for in situ or operando spectroscopy. This approach also allows
for comparison of catalyst behavior with and without an applied
magnetic field, helping to reveal mechanistic changes driven by
spin effects.

Vibrating Sample and Superconducting Quantum Interference
Device Magnometry: VSM and SQUID magnetometry are the
most commonly used techniques for studying the magnetic prop-
erties of materials. In VSM, the sample is vibrated between
pickup coils, which induces a voltage that is proportional to
the sample’s magnetization (Figure 10c.3). Most SQUID magne-
tometers also involve moving the sample through pickup coils.
This movement induces a change in the magnetic flux of the
Josephson junction-based SQUID sensor, which is transformed
into a voltage signal proportional to the sample’s magnetic mo-
ment. Both VSM and SQUID magnetometry enable precise mea-
surement of magnetic moments across a range of external mag-
netic fields and, depending on the configuration, temperatures.
The selection of either technique should be guided by their re-
spective advantages and limitations. SQUID magnetometry of-
fers sensitivity higher than that of VSM, making it particularly
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suitable for detecting small magnetic signals or working with
minute sample quantities. However, due to its reliance on su-
perconducting components, SQUID instruments are typically re-
stricted to operating temperatures below ~ 400 K. In contrast,
VSM systems are better suited for experiments requiring elevated
temperatures, as they do not face the same thermal constraint.

The results of the experiments can be used to determine mag-
netic order, transition temperature, saturation magnetization,
and coercivity. In cases of more complex sample geometries,
like thin films or layered structures, both techniques can be
used to determine magnetic anisotropies and to probe exchange
interactions.l' All of these properties can be systematically
correlated with magnetically induced enhancements in OER ac-
tivity. Such comparisons could probe the relationship between
the catalyst’s spin ordering at the surface and subsurface layers
and its OER performance, as well as the influence of magnetic
field directionality on catalytic enhancement.

While both VSM and SQUID have to date only been utilized ex
situ to characterize the magnetic properties of the catalyst prior
to catalysis, it is possible to adapt both techniques for operando
measurements. Despite the previously discussed differences in
operating principles, VSM and SQUID magnetometry support
similar sample holder geometries, typically using hollow DM
tubes 5 mm in diameter, in which the sample is suspended—
thereby limiting the sample size to below 5 mm. By making these
tubes leak-tight and filling them with electrolyte to submerge the
sample while maintaining electrical contact with external instru-
mentation, operando measurements become feasible. This con-
cept has already been demonstrated, using a sealed Teflon tube
in a SQUID magnetometer to investigate redox-dependent mag-
netic behavior.**¢] Using this approach, it should be possible to
directly correlate the magnetic moment of the real active catalyst
phase under operating conditions to the observed electrochemi-
cal dependencies and gain more insight into the actual role of the
spin state in the OER. (Table 4).

4.2.4. Characterization of Chirality and Spin Filtering

Understanding the role of chirality in OER catalysis necessitates
robust methods for characterizing chiral electrodes. A key objec-
tive is to elucidate how CISS influences electron transfer and cat-
alytic activity. To date, inferences about the importance of spin-
polarized radical intermediates in the OER reaction on chiral
electrodes are drawn from circumstantial evidence, such as the
correlation of spin-filtering properties of OER catalysts with their
catalytic performance. Thus, developing and applying operando
techniques capable of probing chirality, spin-polarization, and
radical intermediates in real time will be essential to uncover the
mechanistic impact of chirality on reaction pathways.

Chirality: CD spectroscopy, which measures the differen-
tial absorption between left- and right-circularly polarized light
(Figure 10c.4), is the principal technique for the characteriza-
tion of chiral systems. In the context of spin-dependent OER
catalysis mediated by the CISS effect, operando CD spectroscopy
presents a particularly compelling approach to monitor the dy-
namic evolution of chirality in electrode materials under work-
ing conditions. Recent studies suggest that this approach is
highly promising. For instance, in a study involving chiral Fe—
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Ni metal oxides in alkaline solution, the evolution of the CD
signal during electrocatalysis indicated that the OER-active sites
formed in the chiral catalysts are spin-polarized centers and in-
volved in the reaction.['*3] Additionally, redox-triggered structural
transformations in heme proteins have been investigated using
operando CD spectroscopy coupled with electrochemistry and
other operando optical methods,3*'! highlighting the power of
multimodal operando characterization.

While operando CD can thus provide real-time insights into
the evolution of chirality under electrochemical conditions, a
complete understanding of spin-polarization in catalysis requires
direct correlation of the intrinsic spin-filtering properties of chi-
ral materials with their catalytic behavior. In this regard, some
studies have explored the relationship between the CD responses
of chiral systems and their spin-selective electron transfer and
charge transport characteristics.>*3-3>°] However, establishing ro-
bust structure-function relationships remains an outstanding
challenge.!) Continued development of integrated operando
techniques which combines CD with characterization techniques
for spin filtering and polarization, will be critical for elucidating
the intricate interplay between chirality, spin-polarization, and
catalytic function in CISS-mediated OER systems.

Spin-Filtering and Spin-Polarization in Chiral Electrodes: The
primary methods used to quantify the spin filtering properties
of chiral electrocatalysts and chiral electrode films are Mott po-
larimetry and mc-AFM measurements.[!3%]

Mott polarimetry measures spin-polarization by analyzing the
asymmetric scattering of electrons from a target with high spin-
orbit coupling. In chiral systems, it is used to probe spin-selective
electron transmission caused by the CISS effect. Electrons are ex-
cited in a substrate and pass through a chiral layer, which prefer-
entially transmits one spin. Those electrons that pass are acceler-
ated toward a second target, where their scattering pattern reveals
the spin-polarization induced by the chiral film (Figure 10c.5).
Though highly effective in probing spin-polarization and its cor-
relation with OER activity, Mott polarimetry is constrained to ex
situ measurements under UHV conditions.

Conventional mc-AFM employs a magnetized conductive tip
to measure spin-dependent electron transport through a mate-
rial (Figure 9b.3). In chiral systems, it detects the CISS effect by
observing current changes as the tip’s magnetization is reversed,
thereby revealing spin-selective conductivity. However, the poor
stability of magnetic tips in liquid environments prevents the di-
rect application of mc-AFM under operando conditions.

A viable workaround involves using a standard conductive tip
while magnetizing the substrate on which the chiral layer is de-
posited through a thin magnetic underlayer—such as a 5 nm gold
film deposited on nickel-which can be magnetized either up or
down. In this configuration, a non-magnetic AFM tip can be used
and the magnetic layer is not exposed to the liquid environment,
eliminating stability concerns.[>*? This latter approach offers the
potential for operando mc-AFM measurements. Other issues re-
lated to nanoscale imaging in OER conditions such as interfer-
ence of electrical noise and potential fluctuations with the AFM
signal, and disruptions due to bubble formation, would apply in
this case.

MR of film electrodes, Hall effect, and other methods have also
been used to study spin-filtered currents in the CISS commu-
nity. Details of each of these techniques can be found in a recent
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Table 4. List of abbreviations. Left two columns: methods and techniques; right two columns: phenomena, materials, components, and concepts.

Abbreviation

Method / Technique

Abbreviation

Concept / Phenomenon

AFM

CA
CASSCF
cD

CFD

Cl

cv

DFT
DMFT
DRFT
EC-AFM
EC-STM
ECW
EDMR
EELS
EIS
EMCD
EPR

FMR
FTIR
GGA
KPFM
LDA
LEED
LEEM
LSV
LTEM
mc-AFM
MBPT
MCSCF
MFM
PEEM
SECCM
SEM
SEPM
SICM
SP-STM
SPM
SQUID
SRPES
ST™M
STS
TEM
VSM
XAS
XES
XMD
XMCD
XMLD
XUV

Atomic force microscopy
Chronoamperometry

Complete active space self-consistent field
Circular dichroism

Computational fluid dynamics
Configuration interaction

Cyclic voltammetry

Density functional theory

Dynamical Mean-Field Theory
Distribution function of relaxation times
Electrochemical-AFM
Electrochemical-STM

Embedded correlated wavefunction
Electrically Detected Magnetic Resonance
Electron energy-loss spectra
Electrochemical impedance spectroscopy
Electron magnetic circular dichroism
Electron paramagnetic resonance

Finite element method

Ferromagnetic resonance

Fourier transform infrared

Generalized gradient approximation
Kelvin Probe Force Microscopy
Local-density approximation

Low-Energy Electron Diffraction
Low-Energy Electron Microscopy

Linear sweep voltammetry

Lorentz transmission electron microscopy
Magnetic conductive AFM

Many-body perturbation theory
Multiconfigurational self-consistent field
Magnetic force microscopy
PhotoEmission Electron Microscopy
Scanning electrochemical cell microscopy
Scanning electron microscopy

Scanning Electrochemical Probe Microscopies
Scanning ion conductance microscopy
Spin-polarized scanning tunneling microscopy
Scanning probe microscopy
Superconducting quantum interference device
Spin-resolved photoelectron spectroscopy
Scanning tunneling microscopy

Scanning tunneling spectroscopy
Transmission electron microscopy
Vibrating sample magnetometry

X-ray absorption spectroscopy

X-ray emission spectroscopy

X-ray magnetic dichroism

X-ray magnetic circular dichroism

X-ray magnetic linear dichroism

Extreme ultraviolet

antiFM
AEM
CE
CHE
CISS
DM
EDL
FM
FiM
HS
12M
IR

KS
LDOS
LOM
LS
MHD
ML
MOKE
MR
OER
ORR
PEC
PM
QEXI
QSEI
RDS
RE
Nele
sPM
TSS
UHV
WE

Antiferromagnetic

Adsorbate Evolution Mechanism
Counter electrode
Computational hydrogen electrode
Chirality-induced spin selectivity
diamagnetic

Electrochemical double layer
Ferromagnetic

Ferrimagnetic

High-spin

Interaction of two metal sites
Infrared

Kohn-Sham

Local density of states

Lattice oxygen mechanism
Low-spin
Magnetohydrodynamic
Machine learning
Magneto-optical Kerr effect
Magnetoresistance

Oxygen evolution reaction
Oxygen reduction reaction
Photoelectrochemical
Paramagnetic

Quantum excitation interactions
Quantum spin exchange interactions
Rate-determining step
Reference electrode

Spin-orbit coupling
Superparamagnetic

Topological surface states
Ultra-high vacuum

Working electrode
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Figure 11. lllustration of the potential synergistic effects of combining the CISS effect with magnetism to enhance OER activity. a) A hybrid electrode
combining a chiral spin transport layer with a FM electrode may enhance OER activity, as detailed in the LSV curves (b). c¢) Schematic comparison of
expected OER activity for: (i) aPM electrode, (ii) a FM electrode, (iii) a FM electrode subjected to an external magnetic field, (iv) the same FM electrode
functionalized with chiral molecules whose spin-polarization via the CISS effect aligns with the external magnetic field, and (v) the same FM electrode
functionalized with the opposite enantiomer, producing spin-polarization opposite to that of the magnetic field. Such comparisons can provide insight
into the relative contributions of magnetic and CISS effects, and offer strategies to maximize spin-selective charge transfer and catalytic efficiency.

review.['*2] One promising operando method for probing spin-

dependent electrochemistry involves preparing a catalyst film on
a Hall bar device, as shown by Kumar et al. (Figure 10c.6).>*3
While such measurements have not been performed for OER, it
has been shown that the chiral OER catalyst CoO, can be elec-
trodeposited onto the surface of such electrodes, 3> thus high-
lighting the feasibility of this approach.

Several alternative approaches, although less explored, also of-
fer promising avenues for investigating spin-polarization under
catalytic conditions. First, operando EPR spectroscopy would pro-
vide a direct method to probe the spin-polarization of catalytic
centers (see Section 4.2.3) and may also enable the detection of
radical intermediates formed during the OER.3%! Second, mag-
netic circular dichroism (MCD) spectroscopy in the extreme ul-
traviolet (XUV), similar to the abovementioned XMCD but asso-
ciated with M-edge transitions (Figure 10c.7), has recently shown
potential for linking enhanced OER activity to the generation of
a spin-polarized hole population.?* Applying MCD in operando
configurations could provide additional important information
on the reaction mechanism and spin-polarization in the cata-
lyst, however, to our knowledge, the technique is currently still
restricted to vacuum conditions. Lastly, electron-based charac-
terization tools (as mentioned in Section 4.2.3) could signifi-
cantly enhance our understanding of spin-polarization in chi-
ral materials, and although their application under in situ and
operando conditions is challenging, recent advances suggest that
this would be feasible in the near future, thereby holding great
promise (Section 4.2.3)

4.3. Combination of CISS and Magnetism in OER
Since the observed OER enhancement due to the CISS effect and

using magnetic materials share mechanistic motifs, a combina-
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tion of the fields will provide a unique opportunity to further un-
derstand or distinguish these processes. However, this combina-
tion has been rarely addressed in the literature. Each approach
brings distinct advantages: CISS enables intrinsic, molecule-
level control over electron spin without the need for external
fields, thereby avoiding MHD interferences. In contrast, mag-
netic materials offer external and tunable control over spin align-
ment through temperature and magnetic fields, enabling real-
time modulation of catalytic performance. Moreover, their di-
verse range of long-range magnetic orderings can be leveraged
to tailor exchange interactions and spin-mediated conductivity.
By leveraging these complementary strengths, we envision that
hybrid systems could not only maximize spin-mediated catalytic
activity but also provide deeper insights into spin-dependent re-
action mechanisms, as schematized in Figure 11.

To explore the hybrid space between these fields, compara-
tive and combined experiments are essential. Early studies have
shown that chiral molecules on FM substrates can exhibit enan-
tioselective interactions via spin complementarity.l'”) Comparing
the OER response of opposite enantiomers on such magnetic
substrates under identical magnetic-field strengths and orienta-
tions can reveal whether CISS and magnetic alignment act syner-
gistically or antagonistically (Figure 11c iv and v). Similarly, vary-
ing the direction and magnitude of the applied field (e.g., parallel
vs perpendicular to the chiral monolayer) could allow mapping of
the vectorial interplay between CISS-driven and field-driven spin-
polarization.

From a materials standpoint, integrating chiral assemblies
onto magnetic substrates or employing these assemblies as
embedding matrices for magnetic catalysts offer a compelling
strategy for constructing hybrid electrodes that unite intrinsic
molecular spin filtering with externally tunable, field-induced
spin alignment (Figure 11a). Such systems hold the potential
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for synergistic spin-polarization effects, where the combined
effects of CISS and magnetic ordering could produce signifi-
cantly enhanced OER activity!'*”] (Figure 11b,¢). In addition, ex-
change coupling at the interface may “lock in” spin orientation
(Figure 11c.v) even in the absence of an external field, point-
ing toward the development of room-temperature spintronic
catalysts.

When designing such hybrid systems, experiments should in-
clude racemic and achiral or PM and DM analogues of the chi-
ral and FM materials, respectively, to ensure that observed ac-
tivity enhancements are attributable to spin effects rather than
changes in surface area or electronic structure.[”>74] Moreover, to
fully harness the potential of spin-based OER enhancement, a
systematic exploration of material combinations is needed. This
includes pairing a range of FM or FiM catalysts (e.g., Co- or Fe-
based oxides, perovskites, spinels) with diverse chiral molecules,
ligands, or polymeric additives, or via chiral templating.l'3}] Such
a comparative framework would enable researchers to disentan-
gle the relative contributions of CISS and magnetic alignment
across different systems and uncover the conditions under which
one mechanism dominates or the two act synergistically. This
approach could reveal design rules for identifying optimal pair-
ings that maximize spin-selective charge transfer and catalytic ef-
ficiency. Furthermore, by evaluating these combinations under
controlled variables such as pH, ionic strength, and field orien-
tation, deeper insights into spin-material-interface dynamics and
the OER mechanism may be achieved. An interesting divergence
in methodology between the two fields offers additional oppor-
tunities for cross-pollination. Magnetically enhanced OER stud-
ies have typically focused on benchmarking electrochemical per-
formance through current density and overpotential metrics. In
contrast, the CISS community has gone further by quantifying
Faradaic efficiency, specifically the production ratios of O, and
H,0,, as a proxy for spin-polarization effects. Adopting this ap-
proach in magnetic-field-enhanced studies could provide more
mechanistic resolution and help identifying the specific contri-
bution of spin-polarization to catalytic enhancement. Moreover,
the CISS effect has been observed not only in electrochemical
OER systems but also in photoelectrochemical cells. In contrast,
the application of external magnetic fields in PEC systems re-
mains underexplored, likely due to experimental limitations in
combining magnetic fields with light-driven systems. This dis-
crepancy highlights an opportunity to extend magnetic strategies
into PEC systems and further explore spin effects under photo-
electrochemical conditions.

4.4. Material Design and Model Systems

So far, magnetic powder inks, molecular chiral monolayers and
chiral templated materials have been the most widely used
classes of materials to study the influence of spin structure on
OER activity. Such samples often reflect an ensemble of mag-
netically active particles or molecules, and thus reveal geomet-
rically averaged information on the potential spin enhancement
and electrochemical performances. While still being able to pro-
vide valuable insight into the spin-enhanced catalysis mecha-
nism, there is a vast selection of alternative materials classes
and geometries, that remain mostly unexplored and could proof
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beneficial for better understanding of the effect. A wide range
of magnetically active and chiral material classes, along with di-
verse model systems featuring tunable parameters to systemat-
ically control, modify, and manipulate spin- induced properties
of these system, as well as its geometrical appearance, are avail-
able. These materials and model systems offer promising addi-
tional or alternative avenues to explore the spin enhancement in
electrocatalysis under well-defined conditions, as detailed below.
The most promising material classes are shown on the left side
of Figure 12, alongside the most promising tuning strategies for
model systems on the right, both selected for their potential to
yield valuable insights into spin-enhanced OER research.

4.4.1. Alternative Materials Classes

Beyond the typically explored powder and molecular catalysts,
magnetism, chirality and more specifically the engineering and
control of the spin properties is explored in many fields unrelated
to catalysis research. Many of these material classes, such as the
molecular-based magnetic materials or topological insulators, are
yet unexplored (or less explored, like half-metallic magnets or
topological chiral materials) for electrocatalysis, specifically for
the spin-enhanced OER, and utilizing them could uncover new,
yet undiscovered phenomena.

The presence of SOC in a system without inversion cen-
ter leads to the appearance of a variety of the electron trans-
port phenomena.3%®! For examples, the possibility to control the
spin states via electrical gating in Rashba materials (Figure 12a)
could allow for a novel experimental approach in OER enhance-
ment research. Thus, comparing activity changes induced by ei-
ther voltage or external magnetic field in these materials could
be of great insight to the origin of the spin induced enhance-
ments. Examples of Rashba spin-orbit interaction include inter-
faces of LaTiO,1*7] and LaAlO,[3%) with SrTiO, and the KTaO,
interface with ALP**") However, due to the often ionic charac-
ter of the involved materials, their OER activity may be low, yet
still controllable, making them suitable for studying the spin-
enhancement in model experiments. One has to keep in mind
that the majority of the Rashba materials are not oxides, mak-
ing a careful selection of an OER-stable compound crucial for
the experimental design, though some non-oxide Rashba mate-
rials have already been investigated for water electrolysis, like
MoS,.(3¢0]

Another promising class of materials is half-metallic mag-
nets (Figure 12b). These are materials, exhibiting metallic be-
havior toward electrons with one spin direction and insulat-
ing/semiconducting behavior toward electrons with the oppo-
site spin.I*®!l Such unique transport properties could make half-
metals promising for understanding the role of the spin trans-
port selectivity in the OER enhancement phenomena. Further-
more, the list of half-metallic magnets is vast and includes several
transition metal oxides, like Fe; 0,11 or La, ,Sr, ,Ca, ;MnO;,/”8
which have already been used to study the magnetically enhanced
OER effect and are known to be both electrochemically stable
and active.

Topological semimetals (Figure 12c),3%2! characterized by con-
duction and valence bands that touch at discrete points or
lines in momentum space, with properties governed by specific
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Figure 12. Schematic summary of the proposed alternative materials classes and the most promising tuning strategies within models systems, that
could be utilized for the future advancement of spin- enhanced OER field. The alternative materials classes are on the right side of the figure. Each
schematic demonstrates the core theoretical principle behind the materials class, highlighting its potential for the spin- enhancement studies. The core
advantages of using epitaxial model systems are schematically demonstrated on the right side of the figure, highlighting their benefits for more controlled
studies to isolate and investigate certain specific physical aspects, compared to more conventional experimental systems. Detailed discussions on how
the chosen materials classes could be used in the spin enhancement research and the core advantages of the model systems can be found in the

corresponding sections.

symmetries or their breaking, have recently gained attention
for the OER. For example, PdSn,[*®] has been used for the ex-
ploration of both OER and HER fundamentals. The interest is
driven by their exceptionally high charge carrier mobility and
the presence of robust topological surface states (TSS) arising
from the bulk band inversion. It is proposed that these fea-
tures can enhance electron transfer and positively influence sur-
face processes such as adsorption and desorption.[362364365] In
the context of spin-dependent OER, the strong SOC in most
topological semimetals is expected to be highly relevant, as it
can induce spin-polarization in their TSS. Notably, magnetic
topological semimetals offer exciting possibilities, particularly
due to their intrinsic long-range magnetic order and electron
delocalization.[3623%] The robustness of spin-polarized TSS, com-
bined with the ability to dynamically modulate their topologi-
cal features through symmetry alterations, using electric fields,
magnetic fields, or circularly polarized light, makes these sys-
tems promising platforms for systematically exploring the role
of spin and topology in catalytic processes with Co,;Sn,S, al-
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ready being utilized for OER studies.!3%°] Lastly, topological chiral
semimetals, materials that combine crystal chirality with topo-
logical characteristic, can exhibit Fermi surfaces with monopole-
like spin textures in the bulk state. These spin textures can gen-
erate spin-polarized carriers that could play a vital role in spin-
dependent OER as has already been demonstrated on Ru-based
compounds.[366:367]

To focus on the influence of the intrinsic spin properties on
the OER activity, one might turn to molecule-based magnetic
materials (Figure 12d).*%] A major advantage of such systems
is the high degree of direct tunability of the magnetic prop-
erties via chemistry, opposed to more classical indirect prop-
erty modulation approaches via doping or strain engineering
that was discussed in more detail before. Examples of relevant
molecule-based magnets include compounds composed of or-
ganic ligands and transition metals, which are not only po-
tentially active for OER, but also offer a convenient platform
for identifying the origin of magnetic active sites. For exam-
ple, a V(TCNE),y(CH,Cl,) molecular-based magnet has been
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demonstrated to possess ferromagnetic hysteresis even at room
temperature.[3¢]

Materials that offer the possibility of optical manipulation
of the magnetic order (Figure 12e) could provide a completely
new approach to probe and exploit the spin-induced OER due
to the versatility of physical properties they offer. Optical ma-
nipulation of the magnetic order is frequently performed on
transition metals, their oxides or multilayers with the exam-
ples of Ni thin films,[*”?l CoO single crystals!*’!] and NiFe/NiO
bilayers!*72l) respectively, which presents a good starting point
for exploring this approach for OER catalysis. Optical manip-
ulation usually involves directing a short laser pulse of several
mJ/cm? power at the material, then investigating the triggered
spin dynamics or its impact on the spin order.3”* Coupled with
electrochemical characterization, it would be possible to corre-
late optically-induced magnetic order fluctuations with electro-
chemical activity. While an operando approach would be prefer-
able due to the short life span of most effect (e.g. antiFM-FM
transformation occur on the picosecond timescale*’*l), some
laser induced changes could also be of permanent nature (e.g.
laser pulse induced spin reorientation*”%]), allowing for ex situ
studies.

Another promising avenue, particularly relevant to the CISS
field, is the exploration of material systems that exhibit nearly
100% spin-polarization of electronic currents (Figure 12f). No-
table candidates include ultrathin films of metal oxides (e.g.
Al,O; with L- and D- alaninol),[®) metal-organic frameworks
(e.g. Dy(IlI) and L-tartrate ligand - based MOF),1* and covalent
organic frameworks (e.g. Zn(salen)-based chiral covalent organic
frameworks),3”7] all of which have demonstrated such spin po-
larization, positioning them as promising platforms for investi-
gating spin-enhancement phenomena. Verification of these spin-
polarized currents can be performed using the buried Hall probe
configuration described in Section 4.2.4.

The majority of the abovementioned materials classes have
not been used before to study the influence of spin on OER,
while others have only appeared in a limited number of studies,
yielding initial insights into the effect. Further designing spin
property-specific OER experiments for these classes could po-
tentially uncover new phenomena, lead to new discoveries and
potentially allow for deeper understanding of the enhancement
effect.

4.4.2. Model Systems

Commonly studied OER powder catalysts inherently exhibit geo-
metrical and structural complexity due to the ensemble of grain
sizes, crystal orientations, exposed facets, grain boundaries, and
the frequent use of binders and support matrices. This complex-
ity often makes the interpretation of electrochemical data chal-
lenging and representative only of the collective behavior of the
catalyst material. This is especially relevant for studies of mag-
netic order induced effects in OER catalysis, where the applica-
tion of model systems is still lacking. At the same time, the often
directional application of a magnetic field combined with unde-
fined anisotropy in the catalyst adds even more variables to the
system. These phenomena make the deconvolution of property
descriptors for spin-dependent OER very challenging.
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Designing model systems to probe the spin enhancement of
OER and spin-induced effects within the catalysts could yield
a solution to this challenge, by allowing more precise tuning
and control of selected descriptors separately. Such model sys-
tems should possess defined structural properties and well-
defined stoichiometry, as well as defined, tunable and well-
characterizable electronic and magnetic properties, which can
be thoroughly tested inside and outside the electrochemical en-
vironment. By design, these systems also more closely resem-
ble the simplified models used in theoretical calculations, en-
abling more meaningful comparison between experiment and
theory.

To select a model system for the experiment, one must first
determine which descriptor to focus on. For example, the in-
fluence of the exposed crystal facet on the catalytic activity is
well-known and can be tuned by several different approaches
(Figure 12g). The most accessible one, which could be achieved
with wet chemistry methods, would be the employment of sys-
tematically faceted nanoparticles and nanosheets.*’8! By control-
ling the synthesis parameters, it is possible to select the thermo-
dynamically favored crystal facets, implement them in a coherent
manner on a support, and link these features to the OER perfor-
mance of the material with and without applied magnetic field.

Another example of model systems that allow even more con-
trol over the material properties are single crystals!*”*! and epi-
taxial films.[3¥] Although more challenging to synthesize due to
the need for high-temperature or vacuum equipment, atomically
smooth surfaces of selected crystal facets can be obtained under
carefully chosen synthesis conditions with the added possibility
of tailoring the atomic termination. (Figure 12h).

The uniform crystal orientation of such single-crystalline or
epitaxial systems opens the opportunity to explore the relation-
ship between magnetic anisotropy and the spin enhancement
mechanism, based on the defined and controllable relative orien-
tation between the applied magnetic field and the model catalyst—
something that cannot be achieved with powder or ceramic elec-
trodes (Figure 12i). Moreover, epitaxial thin films provide the
ability to tune magnetic anisotropy through strain engineer-
ing and crystallographic orientation.®®!] These strategies opens
new avenues to disentangle the effects of magnetic-field-induced
spin order, which originate from the catalyst’s intrinsic mag-
netic anisotropy, from MHD effects, which are not governed by
such material-specific properties.’”>1°!] Another unique advan-
tage of epitaxial systems is the ability to engineer long-range spin
order by creating and tailoring heterostructure interfaces,*®?]
thereby enabling precise tuning of a material’s response to
external magnetic fields through exchange interaction effects
(Figure 12j). While a similar effect can be achieved using core—
shell nanoparticles,[' a thin-film heterostructure approach en-
ables nanometer-scale precision in controlling the layer thickness
ratio and surface layer morphology.

Lastly, model systems can be used to tune and investigate the
electronic and magnetic properties of spin-polarized active sites,
as well as the coupling and interactions between these sites dur-
ing the catalysis (Figure 12k). The emerging class of single-atom
catalysts could enable such studies, as these systems allow for the
placement of distinct spin-polarized atoms with specific proper-
ties into the support. Precisely controlling the density and spac-
ing of the active sites allows for the systematic modulation of the
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strength and nature of their coupling, which could offer a unique
platform for spin-enhancement research.

While offering significant opportunities for a systematic un-
derstanding of catalytic processes, model system approaches
typically have important limitations. Using faceted nanoparti-
cles or core—shell particles for example does not eliminate size
distribution, leaving conductivity and exposed area inconsis-
tency untouched. Furthermore, the magnetic properties of the
powder-based systems may depend on particles size and its dis-
tribution, e.g. coercive field, saturation magnetization or local
spin-polarization. While this size dependence can be exploited
to systematically tune magnetic behavior, it also underscores the
need for precise control over particle size distribution in order to
draw reliable and reproducible conclusions.

Even single-atom catalysts—often considered to possess the
most well-defined active sites among catalytic systems—can be in-
fluenced by interactions between the active sites and their sup-
ports. These interactions could potentially alter the magnetic re-
sponse of the single atom to an external field and add more de-
scriptors to the system.®3] In thin films, for example, careful
consideration must be given to thickness-dependent effects, such
as surface and interface magnetic dead layers that can suppress
magnetization at low thicknesses, as well as pronounced mag-
netic anisotropy, which depends on factors such as exact thick-
ness, strain, and oxygen content. Lastly, one of the major down-
sides for epitaxial films and single crystals is their typically low
conductivity or their electrical contacting within the electrochem-
ical cell, typically limiting the absolute current densities that can
be applied to these thin film model catalysts. However, a number
of studies exists, demonstrating how to bypass this limitation.*2]

The use of model systems enables the design of experiments
that precisely isolate and investigate specific physical proper-
ties of a material. When carefully selected, such systems allow
for comprehensive data collection both inside and outside the
electrochemical environment, facilitating the correlation of spin-
induced properties with OER enhancement. While each model
system presents its own challenges, vide supra, the choice of mul-
tiple complementary model systems for comparative studies can
Dbe particularly advantageous depending on the research question
and available analytical techniques. The high degree of experi-
mental control that model systems offer enables clearer interpre-
tation of results and opens pathways to novel experimental strate-
gies that are often unattainable with conventional catalytic sys-
tems.

4.5. Interdisciplinary Community Approach

Advancing spin-enhanced catalysis requires a deep understand-
ing of how various physical properties behave under reaction
conditions and how these relate to electrochemical performance.
The challenges, opportunities and promising future pathways in
this emerging field are intrinsically interdisciplinary, involving a
broad spectrum of experimental and computational techniques.
This diversity is evident not only from the range of approaches
discussed above but also in the comparison between magnetically
enhanced and CISS-enhanced OER. Bridging these related yet
distinct domains holds great promise for accelerating progress
and uncovering new insights.
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Therefore, future breakthroughs will depend on collaboration
between research teams with complementary expertise.™*! For
example, the expertise of such teams could span: i) model sys-
tem synthesis, ii) operando characterization, iii) ab initio mod-
eling, iv) microkinetic or multiscale modeling, and v) electro-
chemical benchmarking and impedance spectroscopy. It is evi-
dent that multimodal operando characterization is key to iden-
tify the active state of the catalyst, its magnetic and chiral prop-
erties, and the electrochemical mechanisms and OER activity
and selectivity. Future simulations should incorporate both static
and dynamic solid-liquid interfaces, reaction intermediates, and
micromagnetic effects, such that collaboration between theoreti-
cians working on different system complexities, time scales and
length scales is essential. Machine learning and quantum com-
puting applied to computational materials science of strongly
correlated, magnetic, and chiral systems-linking their physical
properties to electrochemical behavior and performance-hold
tremendous promise. On a different level of abstraction, exper-
imental and computational surface scientists can provide crucial
insights for identifying key steps in the spin-dependent reaction
mechanisms, which then should be assessed by electrochemists.

Beyond such interdisciplinary collaborations based on the top-
ics suggested in this perspective, close collaboration with applied
and industrial research is essential for real-world impact. Assess-
ing material sustainability early on, even on model system level,
can further accelerate the transition from fundamental research
to practical applications.[*®*] Even at the stage of fundamental re-
search, given the breadth of coexisting or even competing phe-
nomena and the diversity of the observed phenomena, establish-
ing cross-laboratory benchmarking and testing protocols will be
key to improving reproducibility and advancing our understand-
ing of spin-enhanced electrocatalysis.

5. Conclusion

Spin-enhanced OER catalysis represents a rapidly evolving yet
complex field in the pursuit of sustainable energy conversion
technologies. A multitude of intertwined factors influence the
interpretation of both experimental and theoretical results, mak-
ing it challenging to disentangle the contributions of the under-
lying mechanisms. As outlined in this perspective, meaningful
progress in the field will require systematic, interdisciplinary, and
in-depth research efforts grounded in a deeper mechanistic un-
derstanding of the key principles. To this end, we highlight four
key avenues for advancing spin-enhanced OER catalysis:

1) Improved theoretical methods with stronger links between
experiment and theory. Theoretical methods must be re-
fined to capture the complex interplay between electronic
structure, spin structures, and electrochemical environments,
and to more effectively align with experimental studies. The
DFT+DMEFT approach provides improved treatment of spin
states and orbital interactions, particularly in the descrip-
tion of magnetic and strongly correlated catalyst materials
and their periodic 2D surfaces. However, its applicability to
phenomena relevant to electrocatalysis remains to be clearly
demonstrated. Important advancement in this direction has
been already obtained with multiconfigurational quantum
chemistry methods, which, among others, can rigorously

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

35UB017 SUOWILLIOD dAIIR.1D) 3|ceal|dde ay Aq pausenob ake sajone YO ‘9N JO Sa|nJ 10j ARelg 1 aulUQ AB]IAA UO (SUO N IPUOD-PUR-SLLB)ID AS 1M AReiq U1 UO//SANY) SUORIPUOD pUe SW | 3UI 89S *[GZ0z/TT/70] Uo ArigiTauluQ A8 ‘JeiueD Yolessay HAWS Udiine winiuezsbunyasiod Aq 955806202 WuUse/Z00T OT/I0p/Wod A3 1m Aeld 1 puljuo paoueApe//sdny Wwoij pepeoumod ‘0 ‘0v89rToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Adv. Energy Mater. 2025, e03556

ADVANCED
ENERGY
MATERIALS

capture QSEI and QEXI effects. Modeling extended surfaces
with these methods becomes feasible when combined with
DFT in embedded frameworks such as ECW. These embed-
ded frameworks thus provide a powerful, albeit computation-
ally demanding, route to modeling such phenomena in het-
erogeneous catalytic environments. Microkinetic and multi-
physics models offer valuable tools for investigating the influ-
ence of spin on the OER across different length scales via con-
tinuum modeling. Although still scarce, such efforts are cru-
cial for simulating how fundamental spin phenomena affect
electrochemical observables. In parallel, machine learning
provides a powerful framework for integrating diverse theo-
retical approaches across scales, including the treatment of
spin-spin interactions and micromagnetic effects. Both ap-
proaches can help bridging fundamental spin interactions
with measurable catalytic performance, enabling more direct
comparisons between theoretical predictions and experimen-
tal data. Moreover, incorporating machine learning offers a
powerful route to reduce the computational burden of em-
bedded methods and for modeling the emerging topics like
polaron-mediated catalysis, help to select catalysts, and create
data that is not obtainable experimentally.

These advances in multiscale modeling and machine learning
are also highly relevant to the emerging field of chiral cataly-
sis, where theoretical models are progressing despite the ab-
sence of a fully established computational framework for the
CISS effect. Continued progress will require deeper interdis-
ciplinary collaboration across chemistry, physics, and materi-
als science. Nevertheless, integrating models describing spin-
polarized currents within chiral materials adapted from stud-
ies on chiral ORR electrocatalysts may already provide valu-
able insight into spin-related resistance effects that could en-
hance OER performance.

To further bridge the gap between theory and experiment, the
use of well-defined model systems, such as single crystals or
epitaxially grown layers, is promising. These systems more
closely resemble the periodic representations commonly used
in theoretical models due to their well-defined surfaces, lower
defect densities, fewer impurities, and simpler geometries. As
a result, they enhance the reliability of comparisons between
computational predictions and experimental observations.
Improved experimental methods and progress toward
operando characterization. Experimentally distinguishing
the key spin-related principles remains one of the greatest
challenges in the field. In this roadmap, we have outlined
the most promising methods, including electrochemical
techniques, scanning probe microscopy (SPM), magnetic
characterization, and chiral property measurements, that
hold potential for disentangling these complex effects. The
integration of operando and in situ measurements of mag-
netic and chiral properties is essential to capture the true
spin characteristics of dynamically evolving catalyst surfaces
under reaction conditions. This is a necessary step toward
establishing predictive spin-activity relationships. Moreover,
performing electrochemical characterization (including
product analysis and intermediate detection) simultaneously
with measurements of the physical properties of the catalyst
can help establish direct links between spin properties and
key catalytic parameters, such as electron transfer energet-

€03556 (57 of 66)

www.advenergymat.de

ics, activation barriers, intermediate binding energies, and
reaction selectivity.

In parallel, the careful design of catalyst electrodes offers a
promising path forward. Model systems that allow precise
tuning of long-range spin order and spin polarization of the
active site provide the opportunity to directly connect these
properties to OER enhancements. Additionally, we highlight
the use of materials whose spin states can be modulated ex-
ternally, via chemical, optical, electronic, or magnetic stim-
uli. The use of such materials facilitates in situ or operando
modulation of spin order, providing a powerful platform to
correlate changes in electrochemical behavior with alterations
in spin structure. This approach opens the door to more dy-
namic, responsive catalyst systems where spin effects can be
probed and optimized in real time.

Combining chiral and magnetic materials for spin-enhanced
OER. Despite differences in theoretical and experimental ap-
proaches, studies on chiral and magnetic catalysts for OER ad-
dress fundamentally similar questions. Employing materials
that exhibit both magnetic and chiral properties, or construct-
ing heterostructures that combine them, may lead to higher
spin-enhancement values. Furthermore, comparing these hy-
brid systems with purely magnetic or purely chiral counter-
parts could yield deeper insights into the underlying mecha-
nisms, as chiral materials primarily influence spin-polarized
electron transfer, whereas magnetic materials encompass a
broader range of spin-related phenomena. Lastly, combining
these approaches could enable novel experimental designs by
integrating techniques from both areas, while broadening the
range of available catalyst materials.

Standardization, model systems, and collaboration in spin
catalysis research. Challenges in reproducing experimental
results and inconsistencies in quantifying the enhancement
effects across different research groups remain major obsta-
cles to advancing our understanding of spin-related phenom-
ena in catalysis. To address this, it is essential to establish stan-
dardized experimental procedures and agree on commonly
used measurables that enable consistent comparisons and
improve reproducibility. Additionally, when applying mag-
netic fields in electrochemical systems, careful consideration
must be given to minimizing non-spin-related effects, such
as those arising in the electrolyte or at the counter and ref-
erence electrodes. The use of well-defined model systems is
also highly beneficial, as they facilitate more controlled stud-
ies by removing the uncertainties like exposed facets, parti-
cle shape and size, surface area, and the magnetic anisotropy
orientation. Finally, fostering cross-laboratory collaborations
and community-driven efforts would greatly benefit the field
by enabling direct comparison of data across similar materials
and setups, helping to pinpoint the sources of discrepancies
and accelerate progress.

Finally, realizing the full potential of spin-polarized catalysis

requires addressing practical challenges related to long-term op-
erational stability and scalability. Future work should include de-
veloping robust, cost-effective electrode architectures that inte-
grate chiral or magnetic elements or a combination of the two, en-
abling their translation from lab-scale studies to industrial water-
splitting systems.

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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