Open Access Article. Published on 17 February 2026. Downloaded on 3/14/2026 6:44:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

¥ ROYAL SOCIETY
PP OF CHEMISTRY

REVlEW ARTlCLE View Article Online

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5cc07243c

Received 19th December 2025,
Accepted 10th February 2026

DOI: 10.1039/d5cc07243c

rsc.li/chemcomm

“Molecular Science Institute, School of Chemistry, University of the Witwatersrand,
Johannesburg 2050, South Africa. E-mail: kenneth.ozoemena@wits.ac.za

b Department of Chemistry, College of Natural and Computational Sciences, Addis
Ababa University, Addis Ababa 1176, Ethiopia

Ernst H. Hechter

View Journal

Construction, computation, and characterisation
of spin-control powered catalysts for
oxygen electrocatalysis
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Spin has emerged as a powerful and complementary dimension in the rational design of oxygen
electrocatalysts, offering a route to circumvent long-standing limitations imposed by conventional activity
descriptors and scaling relationships. This review consolidates recent advances demonstrating how spin
states, magnetic ordering, and spin-selective electron transport influence the thermodynamics and kinetics
of key OER and ORR steps, particularly the spin-forbidden transition from singlet intermediates to triplet
oxygen. We critically examine traditional strategies such as ligand-field engineering, doping, lattice strain, and
defect control, as well as spin polarisation approaches including magnetic-field assistance and chiral-
induced spin selectivity (CISS), integrating insights from theory, computation, and operando characterisation.
Collectively, these studies reveal that manipulating spin polarisation at active sites can accelerate multi-
electron transfer pathways, alter intermediate binding, and enhance overall catalytic performance beyond
classical design limits. Finally, we highlight remaining mechanistic ambiguities, emerging diagnostic tools,
and future opportunities for integrating spin physics into scalable electrocatalyst development.

Introduction
Oxygen reduction and evolution

The need for new energy generation, storage and conversion
technologies has become clear. On the one hand, archaic
methods of burning fossil fuel generate airborne carbon,
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sulphur, and nitrogen species with adverse effects on local
environments and human health, not to mention global
impacts such as radiative forcing and ocean acidification. On
the other hand, growing energy demand and rapidly proliferat-
ing energy-hungry technologies such as artificial intelligence
require that energy be available for mobile or isolated systems.
Oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) electrocatalysis have a critical role in powering the
transition to ecologically clean energy, with applications in
water splitting, fuel cells and metal-air batteries." OER is a
bottleneck process occurring at the anode side of the water
electrolysis: its sluggish kinetics drags down the overall reac-
tion rate and energy efficiency of the system. ORR, the reverse
reaction, appears at the cathode of fuel cells and, in metal-air
batteries, converts oxygen gas into water via a redox process.
The onset potential of ORR limits the voltage that such devices
may supply.”® Enhancing and optimizing these oxygen-
involved electrocatalysis processes through catalyst design is
vital for developing electrochemical devices with better energy
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conversion efficiency and total performance. Works to develop
effective catalysts have continued toward accelerating the
kinetics of OER and ORR, employing various material design
strategies that rely on growing the density as well as the
intrinsic activity of active sites, for example p- and d-band
centre, d-electron number, e, orbital filling, charge-transfer
energy, and p-d hybridization, among others.*™°

While these structural and electronic descriptors have suc-
cessfully guided catalyst optimisation for decades, they
describe only the energetic landscape of adsorption and bond
formation-not the fundamental quantum constraints governing
how electrons move during the reaction. Oxygen-involving
electrocatalysis is intrinsically spin-dependent: intermediates
such as *OH and *O exist as singlets, whereas O, has a triplet
ground state, and interconversion between these states is
formally spin-forbidden.® Conventional catalyst design there-
fore overlooks an essential degree of freedom-electron spin-
which directly influences reaction kinetics through spin selec-
tion rules and exchange interactions as well as associated
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thermodynamic effects such as changes in magnetic entropy.’
Recognising spin as a catalytic descriptor opens an orthogonal
design space in which active-site spin state, magnetic ordering,
external fields, and chiral environments can be engineered to
accelerate steps historically limited by slow spin transitions. In
the following sections, we explore how spin control has
emerged as a powerful and versatile tool for breaking long-
standing activity constraints in both OER and ORR.**°

Increasing effort has been made to develop spin-selective
catalysts to take advantage of these effects.'* Although various
reviews in this area have been published recently, few categorize
and evaluate spin-selective catalysts according to the source of
spin polarisation. Therefore, recognizing the most advanced spin-
selective catalysis of OER and ORR is beneficial and crucial.

The development of spin-selective catalysts requires the
presence of spin-polarized adsorption sites, which can be
demonstrated by primarily describing the basic principles of
spin-selectivity using the spin-sensitive reaction pathways of
OER and ORR.5'%'? Afterwards, approaches for examining the
spin-related transition during electrocatalysis through theore-
tical calculations and in situ and operando characterisation
methods. The unresolved concerns and future possibilities in
this area can finally be addressed with the goal of providing a
clear path for developing innovative and extremely effective
spin-polarized electrocatalysis that involves industrial oxygen
evolution and reduction reaction processes.

Spin physics in brief

The term “electron spin” will be familiar to anyone who has
undergone undergraduate training in the natural sciences. The
term is somewhat misleading as electrons are not classical
objects that may rotate, despite this analogy’s popularity in
chemistry education. Rather, spin is a symmetry property of
quantum particles. Electrons belong to the family of particles
called leptons which are themselves in the class of the fer-
mions, which are particles with half integer spins. These
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particles, which include quarks, make up all matter."”> While
spin may seem on the surface to be somewhat esoteric, it is in
fact the property that allows matter to exist as discrete atoms at
all via the Pauli exclusion principle: fermions with identical
quantum numbers cannot spatially overlap. This fundamental
property of nature is what gives rise to chemistry: electrons
cannot have identical wavefunctions despite being bound to
the same atomic nucleus, and so they segregate into the
“atomic orbitals” each capable of accommodating two elec-
trons of identical angular momentum but opposite in spin: one
has spin +1/2 and is called spin-up, and the other is spin down
with a spin of —1/2."*

Here nature shows a curious agreement with the ‘“rotating
ball” analogy. Electrons have another intrinsic quantum prop-
erty generally called negative electric charge and, through
interaction with their spin, they have a magnetic moment.
The direction of the magnetic moment depends on the sign
of the electron’s spin, almost as if the electron really were a
spinning little charged sphere.

Conversion between spin states is quantum-mechanically
forbidden: most transitions require that the initial and final
states have the same spin, a phenomenon similar to conserva-
tion of angular momentum. This would put a damper on our
dreams of OER and ORR, as the parallel electrons of triplet
oxygen can never pair up to allow conversion to singlet water, or
vice versa. (It is worth noting that this obstacle is all that stands
in the way of the incineration of earth’s surface by atmospheric
oxygen)."

However, one must also consider the magnetic field pro-
duced by the orbital angular momentum of the electron about
its nucleus. The interaction between the magnetic fields from
the electron’s spin angular momentum and its orbital angular
momentum is known as spin-orbit coupling. An electron with
its spin such that its orbit and spin are parallel is in a lower
energy state than one with these vectors antiparallel, contribut-
ing to the fine structure seen in spectroscopy experiments. The
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other contributions to fine structure are the couplings between
the spin and orbital momenta and the magnetic moment of the
nucleus itself. The energy difference between electron states
with parallel and antiparallel spins is:

AE = %(j(./# 1) =+ 1) =s(s+1))

The interaction is more significant for heavier elements,
becoming more significant with increasing atomic number 2.
The spin orbit coupling constant A can be expressed as:

1
1
n3(x3l(l+§) (I+1)

bl M
Lnl = Z4ﬁgs‘u32

where Z is the atomic number, , is the permeability of free
space, g; is the electron spin g factor, ug is the Bohr magneton,
n is the principal quantum number of the electron, [ is the
orbital angular momentum quantum number and « is the fine
structure constant

This coupling “mixes” wavefunctions and so opens the
possibility for electrons to change their spin, a process called
intersystem crossing. Part of the reason why heavy precious
metal catalysts are so effective for the oxygen reactions is that
they facilitate spin-state changes through spin-orbit
coupling.’” In this review we explore how intersystem crossing
may be enhanced even in systems of lighter atoms, through
electron orbital energy tuning, geometric influences, and long
range magnetic interactions.

Electron spin also has consequences for the flow of electric
charge. Electrons moving through the conduction band of a
material must occupy vacant orbitals, where they experience
spin-orbit coupling. The interaction between the external elec-
tric field and the coupling causes electrons with opposite spins
to be deflected in perpendicular directions, leading to buildups
of parallel spin on opposite sides of the conducting material,
which can be measured experimentally. This accumulation of
parallel spin electrons is referred to as spin polarisation or
magnetic ordering, as these electrons’ intrinsic magnetic fields
reinforce one another to create a local magnetic field. An
alternative explanation is the Mott scattering mechanism,
where a classical (rotating ball) electron travels towards a
positively charged atomic nucleus. Due to the nucleus’s motion
relative to the electron, a magnetic field is experienced by the
electron. This will necessarily deflect electrons of opposite spin
in opposite directions. Both mechanisms are interesting in that
they allow the segregation of electrons with different spin
states, allowing the conception of spin-filtering devices. Indeed,
such devices may prove valuable in next-generation spintronic
computing. Our interest here, however, is in the little explored
use of such filters in chemistry, in both application and
computation.
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Spin-selective oxygen electrocatalysis
Mechanisms

The four-electron reaction process, which has been used to
explain the catalytic mechanism of many material systems, can
be used to characterize the reaction pathways of OER (eqn (1) to
(4) and (5) to (8)) and ORR (eqn (4) to (1) and (8) to (5)). The
adsorption sites are indicated by the symbol ‘“*”’, and the
arrows “1” and “|” indicate the spin direction of HOMO
electrons.'®' In acidic media:

HO(T])+* - *OH(1) + H" + e (]) @)

*OH(1) —» *O(1|)+H +e (1) (2)
*O(1 1) + H,0(1]) —» *OOH(1 | 1) + H" +e (1)

3)

*OOH(T 1) »*+Oy(11) +H +e7(]) (4)

And in basic media:
OH (T T])+* - *OH(T|T)+e () (5)
*OH(T 1) +OH(T11]) » *O(1]1])+HO(T|) +e (1)

(6)
*O(TLTL)+OH(T41]) » *OOH(T1])+e ({)
)
*OOH(T 1)+ OH (11 1)) = *+ 0x(11) + HO(T 1) +e7()
©)

Overall, three electrons with parallel spin and one with
opposite spin must be transferred. The outer electrons of
oxygen within reactant H,O are paired with hydrogen, and
H,0 as well as OH™ are spin-singlets. Through the removal of
one spin-down electron from H,O, the *OH is formed and
adsorbed on the active sites of catalysts, in step 1. Afterward,
the unpaired spin-up electron of *OH will be further removed to
form *O in step 2. Therefore, it can be seen that the removal of
electrons with either spin-up or spin-down orientation in step 1
does not affect the electron spin configuration of the products
(i.e.,, *O) in step 2. The spin-sensitive electron transfer is
attributed to the O-O coupling in steps 3 and 4 because a
spin-state transition is needed owing to the different spin-state
of *O (spin-singlet) and O, (spin-triplet). Specifically, in the case
of spin alignment, the spin direction of electrons transferred
from *O in step 3 is parallel to the ones removed from *OOH,
which benefits the formation of triplet oxygen. In contrast, if
the two removal electrons in steps 3 and 4 are spin-unaligned,
additional energy consumption will be needed to form the
excited singlet dioxygen molecule. Thus materials with spin-
selective functionality will be more efficient than other
materials.>"® This reasoning holds whether the specific mecha-
nism resembles the simple Adsorbate Evolution Mechanism
(AEM) or the Lattice Oxygen Evolution Mechanism (LOM).°

Gracia et al. in 2017 identified magnetic entropy as another
factor in the kinetics of these oxygen reactions. The effect may
be non-rigorously explained as follows: reactions that result in a
spin change must accept or donate electrons of parallel spin.

This journal is © The Royal Society of Chemistry 2026
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Table 1 Recent OER catalysts

OER

Overpotential Durability
Catalyst (mV@mA cm?)  Electrolyte (h@mA cm™?)  Ref.
Mn, ,Ruy 60, 196@10 0.5 M H,S0, 120@10 22
Mn-RuO, 143@10 0.5 M H,S0, 480@10 23
Ni1-MoS, 437@100 1.0 M KOH NA 24
CF-FeSO 192@10 1.0 M KOH 150@100 25
Ce-CoP 240@10 1.0 M KOH 25@10 26
MgFeNsC 224@10 1.0 M KOH 15@10 27
Niz;Fe-CW 266@10 1.0 M KOH 50@10 28
CrMnFeCoNi 315@10 1.0 M KOH 300@10 29
CoFe,0, 522@100 1.0 MKOH  20@10 30
Table 2 Recent ORR catalysts
ORR

Eonset Durability

Catalyst (V)/E1j» (V) Electrolyte  (h@mA cm™>) Ref.
High-spin Fe(m)-N-C 1.0/0.86 0.1 M KOH 70@20 31
FeCoNi@NC NA/0.918 0.1 M KOH 8®@6.5 32
FeCo-MHs 1.05/0.95 0.1 M KOH 550@20 33
CoFe-NG NA/0.95 0.1 M KOH 250@5 34
CoNi@NC 0.98/0.86 0.1 M KOH 18@NA 35

If they interact with a catalyst surface with equal populations of
spin-up and spin-down electrons, this interaction will cause a
spin imbalance and hence a decrease in entropy, making the
process less thermodynamically favourable. In contrast, if the
surface already has an excess of correctly oriented electrons,
there is no change in entropy during the electron transfer.’

Most research in this field focuses on common materials
with intrinsic ferromagnetism, such as Fe-, Co-, and Ni-based
alloys and compounds. However, their intrinsic activity lags
behind that of noble metal catalysts. Some recent oxygen
catalysts are arranged in Tables 1 and 2

Therefore, to accelerate OER and ORR kinetics from the
perspective of spin-selective electron transfer, the primary task
is to develop spin-polarized materials with considerable con-
ductivity and intrinsic activity.”* Advances in computation and
characterisation open the door to rational design of such
materials.

Computation

Density functional theory (DFT) is a computational quantum
mechanical method that allows us to study the electronic
structure of materials and catalysts at the atomic level. In
electrocatalysis, DFT provides detailed insights into how elec-
trons are distributed in a catalyst, how molecules adsorb, and
how chemical reactions proceed. By solving the quantum
mechanical equations for electrons in a system, DFT predicts
the total energy, spin states, and magnetic properties of cata-
lysts and intermediates.>®

One of the key advantages of DFT is its ability to capture spin
polarisation in materials, which is essential for understanding

This journal is © The Royal Society of Chemistry 2026
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permission.” Copyright 2025, Wiley-VCH.
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spin-dependent reactions in ORR and OER. DFT calculations
can reveal which spin channels are favoured for electron
transfer, how magnetic ordering in catalysts (ferromagnetic or
antiferromagnetic) influences reactivity, and which reaction
pathways are spin-allowed or spin-forbidden.

As illustrated in Fig. 1 from van der Minne et al.,” the oxygen
evolution reaction (OER) often proceeds slowly and requires a
high overpotential partly because the spin states of the reac-
tants and product do not match. The reactants, such as hydro-
xide (OH ") or water (H,O) depending on the pH, have paired
electrons and are therefore diamagnetic, while the product,
molecular oxygen (O,), has two unpaired electrons in its triplet
ground state, making it paramagnetic. This difference means
that the overall spin is not conserved during the reaction, so the
process is considered spin-forbidden under the spin
selection rule.

In their comprehensive study, Li et al.* employed DFT to
systematically investigate how spin-selective catalysts can
enhance the kinetics of oxygen-involved electrocatalytic reac-
tions specifically the OER and ORR by promoting spin-
polarized electron transfer, stabilizing spin-compatible reac-
tion intermediates such as O,, OOH, and OH, and modulating
the magnetic interactions at active sites, thereby offering a
novel, non-compositional strategy to improve catalytic perfor-
mance through the deliberate control of spin alignment and
magnetic ordering.*

DFT also allows us to explore the effects of magnetic
materials, heterostructures, and spin-orbit interactions. For
example, spin-polarized DFT can show how Fe, Co, Ni, or Mn
centres in catalysts create spin-dependent adsorption sites for
oxygen species, explaining why certain spin-active metals
enhance ORR or OER activity. Including spin-orbit coupling
in DFT further enables predictions of subtle spin effects, such
as those observed in chiral-induced spin selectivity (CISS),
which can influence reaction selectivity.

Additionally, DFT provides quantitative data such as adsorp-
tion energies, reaction barriers, density of states (DOS), and
charge transfer, which can guide the design of new catalysts. By
combining DFT results with experimental observations,
researchers can identify the electronic and spin features that
make a catalyst efficient, selective, and robust.

Overall, DFT is an indispensable tool for understanding the
electronic and spin-level mechanisms of electrocatalysis and
for rationally designing catalysts with optimized performance,
supporting and being supported by advanced characterisation
techniques.

Chem. Commun.
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Characterising spin-dependent pathways

The characterisation of spin polarised electrocatalysts for OER
and ORR presents unique challenges that require a multiscale
approach to fully elucidate the interplay between structural
chirality, spin effects, and catalytic performance. Emerging and
operando techniques represent the frontier of state-of-the-art
characterisation, allowing real-time observation of dynamic
processes. These methods integrate spectroscopy, diffraction
and scattering, microscopy, and electrochemistry to capture
transient chiral and spin changes during OER/ORR, bridging
static structural data with operational performance.

Emphasis has been placed on in situ/operando insights into
OER mechanisms across acidic/alkaline media, incorporating
synchrotron techniques like X-ray Magnetic Circular Dichroism
(XMCD) to probe magnetic/spin effects in chiral electrocata-
lysts. These methods are increasingly integrated with magnetic
fields to amplify CISS signals, as noted in roadmaps for spin-
enhanced OER.”

Recent years have seen noticeable progress in operando
synchrotron methods applied to electrocatalysts, including
those with chiral and spin-related features for OER/ORR. These
advances focus on high spatial and temporal resolution probes
that capture dynamic spin polarisation, structural chirality, and
intermediate species under operating electrochemical condi-
tions. For instance, high-energy resolution fluorescence-
detected X-ray absorption spectroscopy (HERFD-XAS) has been
highlighted for its ability to resolve fine electronic and spin
state changes in OER catalysts, such as Mn and Cr-based
oxides. This technique has been used to track operando changes
in oxidation states and spin configurations, revealing how
chiral environments reduce overpotentials by favouring triplet
0, formation.*®

Operando X-ray absorption spectroscopy (XAS), including
X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) experiments, track
changes in metal oxidation states and local geometry, while
X-ray Emission Spectroscopy (XES) probes the electronic struc-
ture via fluorescence. Specifically, when applied to OER/ORR,
these methods monitor shifts in metal d-orbitals, revealing
spin state transitions (e.g., low-to-high spin) that facilitate
0O-O coupling in OER.

Overall, synchrotron advances are shifting toward multi-
modal setups where multiple techniques are combined in
unison for comprehensive structure-spin-activity correlations.

Numerous recent examples abound, such as the application
of operando spectroscopy in chiral metal-organic frameworks
(MOFs),>® and operando electrochemical/spectroscopic evi-
dence of CISS in chiral Fe-Ni oxides for OER.*® A particularly
relevant advancement is the use of operando electrochemical
and spectroscopic tools to directly link chirality to enhanced
OER Kkinetics, as demonstrated in studies on chiral-modified
catalysts."” Here, synchrotron-based X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) under bias confirmed spin-polarised pathways in
chiral systems, showing faster electron transfer and reduced
peroxide intermediates in ORR. Similarly, operando XAS has
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revealed preferential structural evolution in non-noble metal
heteroatom compounds for OER, where spin-dependent
mechanisms were probed in real-time. For acidic OER on
RuO,, operando synchrotron methods identified oxide path
mechanisms with varying oxygen species, potentially extend-
able to chiral variants to study spin filtering.>

Spin control in the mainstream

The main consideration of electron spin in catalysis has been
the spin state of active metal ions’ valence d orbitals. The five d
orbitals have different orientations in space and so are split in
energy when in a ligand field that is not perfectly spherically
symmetrical. For example, in an octahedral field there are 6
ligands surrounding the metal at the vertices of an octahedron.
Electrons in orbitals that point directly towards the ligands
would create additional electromagnetic repulsion, and so the
d» and d,>_,. orbitals are raised in energy to form the doubly
degenerate e, orbitals, while the lower energy d,,, d;, and d,,
form the triply degenerate t,, orbitals. The gap in energy
between the orbitals depends on the magnitude of the ligand
field, essentially how strong the interaction between the ligands
and the metal ion is. When this field is strong, electrons will
fully populate the t,, orbitals first: an ion with 5 d electrons,
such as Mn**, will have an electron configuration with all 5
electrons in the t,, orbitals: a low-spin configuration. Energy is
required to pair electrons in an orbital, and unpaired electrons
with parallel spins are stabilised in energy and have greater
entropy. When these effects outweigh the field splitting, the
state with 3 t,; and 2 e, electrons may be favoured. This is the
high-spin state, so called because more electrons are unpaired
and parallel. For our Mn>" ion, this is the difference between a
doublet in the low-spin state, and a sextet in the high-spin state.

The generally superior performance of intermediate to high-
spin transition metal catalysts have historically been ascribed
to optimised binding energy: empty e, orbitals would accept
donor electrons from reactants too readily, and the products
would remain strongly chemisorbed to the catalyst surface,
while partially filled orbitals could allow optimisation of the
binding energy.*" Hence, on that old staple of catalysis, the
volcano plot, high-spin metal ions should be seen closer to the
peak of the volcano. Spin control also has a deeper influence
than well-tuned binding energies. Work on perovskites in the
2010’s showed that the ordering of catalyst spins was vital in
facilitating the spin changes needed for OER.**™** As is seen in
radical chemistry, the alignment of electron spin states serves
to avoid high energy intermediates such as singlet oxygen.*>*®
It should be noted that considerations of spin do not end at
metal d orbitals: the filling of other atomic or molecular
orbitals in composite catalysts have also been found to affect
electrochemical performance.*”

Several strategies have been formulated to control the spin
state of a given system. Where ligands can be exchanged,
weakening the ligand field is an obvious route to stabilise the
high-spin state. This involves replacing strong field ligands,

This journal is © The Royal Society of Chemistry 2026
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where electron orbitals that overlap strongly with metal d
orbitals, with weaker field ligands, including harder anions.*®
The degree of interaction between the ligand and metal may
also be tuned by ‘“strain engineering” where stress in the
catalyst nanoparticle can force the ligand physically closer or
further from the metal, increasing or decreasing the field
splitting, respectively.’ This approach can be expanded by
including other metal species that may modify the field
strength and electron density, through metal doping®® or
synthesis of heterostructures.’®

Lattice straining

The adaptation of stress to the lattice structure and orientation
of the electrocatalyst has an overwhelming impact on the
coordination and structure of the metal centre, distorting the
symmetry of the actual crystal lattice. When the lattice structure
changes, the coordination environment around the metal site
will also be modified, possibly leading to a change in its spin
state. This shift can influence electrocatalytic activity and
selectivity, as the spin state of the active site is associated
with its electrocatalytic activity. Therefore, understanding
catalyst crystallization and stress, including lattice orientation
at the active centre, is vital for electrocatalyst design and
optimization.**

A model system for tensile strain can be seen in the ultrathin
nanosheets of a metal-organic framework (DD-Ni-NDA). The
impact of tensile strain and unsaturated coordination flaws on
overall spin state were explained by He et al>* The results
obtained from zero-field cooling or ZFC temperature-
dependent magnetic susceptibility showed that more unpaired
electrons occupied the e, orbital in pristine Ni-NDA; however,
few unpaired electrons were present in the e, orbital in DD-Ni-
NDA nanosheets. Therefore, Ni** in pristine Ni-NDA is a high-
spin state (d,» = 1) and Ni** in DD-Ni-NDA nanosheets is a low-
spin state (d.» = 0). The transformation in the spin state of Ni**
is due to the induction of tensile strain and unsaturated
coordination defect. This is because active sites generally
adsorb oxygen intermediates by hybridizing Ni 3d and O 2p
orbitals. Hence, evaluating the orbital hybridization of Ni** in
different spin states and of O* gives a good understanding of
how this process is favourable. In the high-spin state of Ni**
(d,2 = 1), an unpaired electron occupying the d,. orbitals were
present compared to the low-spin state (d,- = 0). Accordingly,
due to spin-orbit interactions, the O* intermediates displayed
energy level densities of 1.5 and 2 in the high-spin and low-spin
states of Ni*, respectively. In particular, higher bond-order
values and a lower-spin state of Ni** indicate enhanced inter-
action between active sites and oxygen intermediates, which
favour OER activity.>>

Shifts in lattice orientation can also modify the local
environment of the active centre, which incorporates the posi-
tions and interactions of the coordination atoms. These adjust-
ments can affect the distribution of electron spins and the
organization of energy levels. Therefore, the spin state of
electrons within the metal centre can be adjusted. Tong
et al.>® fabricated a LaCoOj; thin film with multiple lattice
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coordination. Diverse crystallographic orientations of the elec-
trocatalyst ensued in varying degrees of distortion in the CoOg
octahedra, leading to a transition of the Co** spin state from a
low-spin (t,,’e,’) to an intermediate-spin (IS) state (t,ge,').
LaCoOj thin film acquiring (100) crystallographic coordination
demonstrated the optimal Co®" e, orbital occupancy and the
superior OER capability.>>>?

DFT - lattice straining. Thse energy level changes induced by
such strain can be modelled, and the resulting changes in spin
state elucidated. For example, the decrease in ligand field
splitting, as caused by tensile strain, stabilises higher spin
states.

Li et al.>* investigate how mechanical strain enhances the
OER performance of two-dimensional cobalt oxyhydroxide
(CoOOH). Through DFT simulations, they reveal that tensile
strain induces a spin state transition in cobalt ions from low-
spin to intermediate-spin and to high-spin which improves
electron transfer and increases the number of active sites as
seen in Fig. 2. This transition significantly lowers the over-
potential required for OER, making the catalytic process more
energy-efficient.

The study provides a mechanistic understanding of how
strain affects the adsorption energies of key OER intermediates
(OH, O, and OOH*), offering a new design strategy for electro-
catalysts. They demonstrate that strain engineering is a scalable
and effective method for tuning the electronic and magnetic
properties of 2D materials, with broad implications for devel-
oping high-performance catalysts in energy conversion
technologies.

Similarly, Wang et al.>® used DFT to study how lattice strain
affects the spin states of cobalt ions in LaCoO; (Fig. 3) and how
this influences its catalytic activity. They found that when the
material is stretched, the normal low-spin state becomes
unstable and changes to an intermediate-spin state. In con-
trast, when the material is compressed, the low-spin state
becomes more stable. Under tensile strain, the intermediate-
spin state shows nearly full occupancy of the e, orbital, which is
known to be ideal for boosting oxygen redox reactions. This
study clearly connects strain-driven spin changes to improved
ORR/OER performance and shows that strain engineering is an
effective way to control spin states and enhance oxygen electro-
catalysis in perovskite oxides.

Defects and doping

The coordination structure of the active centres has a signifi-
cant impact on the spin state. Both the coordination environ-
ment and the local electronic structure of the active centres are
altered by the introduction of defects or doping atoms, a well-
known strategy for reducing free energy barriers and creating
new active sites.”’

Doping can influence spin-orbit coupling, modifying the
interaction between electron spin and orbital angular momen-
tum. Based on the properties of doping species, doping can
improve or hinder the magnetic properties of a material, and
even absolutely alter the magnetic properties of the material.”®

Chem. Commun.
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Magnetic moment localized at Co atom (MagCo), d-band centre (+d), and d-band filling (Nfin3. ) versus strain y. (g) DOS of LaCoQOs under various strain:
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and (h) high-spin. Reproduced with permission.>® Copyright 2020, Frontiers in Materials.

Spin state alterations can result from a variety of material
defects. First, changes in spin-orbit coupling or local spin
perturbations may arise from the introduction of new local
electronic states or the modification of preexisting ones by
defects. Likewise, the interaction amongst the defect and

Chem. Commun.

neighbouring electrons may lead to the spin localizations, or
changes in spin coupling with other degrees of freedom, for
instance charge.® Moreover, defects can induce local crystal
structure transformations or distortions, which in turn can
change the spin states of the electrons. For instance, reducing
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catalyst size causes a multitude of defects, thus modifying the
spin state of the active centre. The fabrication of y-CoOOH
nanosheet with a considerably large number of defects by
reducing the y-CoOOH thickness to 1.4 nm was a great achieve-
ment by Luo and Wu.”” The manifestation of these flaws led to
a transition in the spin state of the Co ion, transforming it from
a low-spin state to a higher spin state. This transformation
triggered a rearrangement of the Co 3d electrons, ensuing in
the creation of t,,°e,'* arrangement.”’

The y-CoOOH nanosheet demonstrated outstanding OER
activity due to the hypothetically optimal e, orbital electron
occupancy. At 10 mA cm > current density value, the over-
potential of y-CoOOH nanosheet was meaningfully lowered
with 74 mV compared to the y-CoOOH bulk, achieving 0.30 V.
Furthermore, Pan et al.’® prepared TiO, with special titanium
defect concentrations controllably. The intrinsic relationship
between electron spin polarisation and photocatalytic function-
ing was fully investigated. After the induction of titanium flaws,
the spin-down polarisation of TiO,-5 to TiO,-10 near the Fermi
level intensified. Though, too many titanium defects in TiO,-20
and TiO,-30 diminished the degree of spin polarisation. Novel
findings exhibited that defect type Tip.9360, (TiO,-10) with
maximum spatial spin polarisation could successfully improve
the charge separation efficiency and uphold the surface reac-
tion process, demonstrating the best photocatalytic perfor-
mance. In addition, the photocatalytic activity of spin-
polarized Tip 9360, could be further enhanced by external
magnetic field.

DFT - defects. The enhancement of ferromagnetic character
can also be seen through computation. A spin-polarisation-
mediated approach to improve OER activity in acidic electro-
lytes through doping dilute manganese (Mn**) (S = 5/2) in
antiferromagnetic RuO, to produce a net ferromagnetic
moment was reported by Li et al.?®> When Mn was put into
RuO, lattice, its magnetic form transformed. The doped Mn
atom had a large magnetic moment (~3.69) and induced a
ferromagnetic arrangement of the magnetic moments of clo-
sest Ru atoms. Mn-RuO, nanosheets presented OER activity
improved by a strong magnetic field, showing a minimum
overpotential of 143 mV and preserving higher activity for
480 hour without any substantial reduction.®?*

Likewise, the introduction of heteroatoms not only changes
the magnetic properties of the catalyst but also directly influ-
ences the spintronic arrangement of the metal centre. A bime-
tallic atom-dispersed electrocatalyst (Fe, Mn/N-C) was
demonstrated by Yang et al.>® that Mn-N distributed by neigh-
bouring atoms could successfully activate the Fe** site, allowing
Fe’' to attain a single e, electron filling (t,,'e,") in the FeN,
spot, which was extra conducive to electrons entering the anti-
bonding orbital of O then realizing the activation of O,.
According to magnetic susceptibility measurements, it was
observed that Fe/N-C encompassed nearly 1.3 unpaired d
electrons. This implies that the Fe®* ions in Fe/N-C show a
low-spin state with no e, filling. On the contrary, the amount of
unpaired d electrons of Fe, Mn/N-C was about 3, revealing
single e, filling. Hence, the adjacent Mn*" moieties in a low-
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spin state allow Fe®" in FeN, to accomplish the anticipated ey
filling, ensuing the most favourable electronic configuration.
This arrangement leads to remarkable ORR activity and stabi-
lity of Fe, Mn/N-C in both acidic and alkaline media.>®

Fang et al.®® developed a new method to improve the OER by
adjusting the secondary coordination sphere (SCS) in Fe-doped
LaCo,_,Fe,O; perovskites. This adjustment helped stabilize the
intermediate-spin state of cobalt ions. Controlling the spin
state enhanced orbital interactions and charge transfer during
the OER process.

DFT calculations supported these results by showing how
changes in the SCS affected the electronic structure. The DFT
results revealed that the IS state reduces the energy barrier for
0O-0 bond formation, speeding up the reaction. As shown in
Fig. 4, the schematic of spin-state control and the DFT-based
energy profiles clearly demonstrate how SCS engineering
affects spin energetics and reaction pathways.

These findings highlight the power of DFT in explaining and
predicting spin-related catalytic behaviour. Building on this
idea, our review discusses how DFT-guided spin control strate-
gies can be applied to both the ORR and the OER, providing a
unified understanding of the relationship between spin states
and electronic structures in electrocatalysis.

Contrasting results were found when Zheng-Da He et al.®
used DFT and thermodynamic modelling to study the spin state
of Fe in Fe-doped NiOOH electrocatalysts. They found that at
low doping levels, Fe prefers a low-spin configuration with a
magnetic moment of about 0.2up, compared to around 3.7ug
for the high-spin state. This low-spin state is more stable by
about 0.5 eV per Fe atom and allows high Fe solubility, up to
25% substitution, without causing structural distortion. The
calculated Fe-O and Ni-O bond lengths are both close to 1.90 A,
matching experimental results. The presence of low-spin Fe
improves the electronic conductivity of NiOOH and promotes
faster charge transfer during the OER. In addition, Fe doping
lowers the OER overpotential by stabilizing key intermediates
such as *O and *OOH, reducing the reaction energy barriers. It
should be noted here that the iron does not serve as an active
site, but to enhance conductivity. The lesson is clear: high spin
state in the overall material should not be a goal in itself.
Unpaired electrons are most useful at the reaction site, and may
in fact be detrimental in the bulk material.

This is well demonstrated by Wan et al.®* using a series of
single-atom catalysts (SACs), including Ni-CNG, Co-CNG, and
Fe-CNG, along with a dual-atom NiFe-CNG system, all sup-
ported on graphitic carbon nitride (g-C;N,). To probe the
electronic structure and catalytic behaviour of these materials,
they employed spin-polarized DFT calculations. As shown in
Fig. 5, the spin density analysis (Fig. 5b) revealed that Ni atoms
consistently exhibited a low-spin configuration, while Fe atoms
adopted a high-spin state, characterized by unpaired electrons
in both the t,, and e, orbitals. This spin asymmetry was
especially pronounced in the dual-atom NiFe-CNG system,
where the in situ formation of Ni-O-Fe bridges created a unique
electronic environment. The spin disparity between Ni and Fe
facilitated directional electron transfer during the OER,

Chem. Commun.
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establishing effective spin-polarized channels that enhanced
catalytic performance.

DFT simulations further revealed that the local electronic
structure of NiFe-CNG was optimized to support cooperative
interactions at the Ni-O-Fe interface. The DOS plots (Fig. 5¢)
showed enhanced orbital overlap and charge delocalization
compared to single-atom counterparts, while the free energy
diagrams (Fig. 5a and d and e) demonstrated reduced energy
barriers for OH™ adsorption, O, release, and the RLS of the
OER. These findings culminated in a proposed OER pathway
(Fig. 5f), where unobstructed spin channels within the Ni-O-Fe
bonds significantly augmented the adsorption energies of key
intermediates and facilitated efficient multi-electron transfer.
Collectively, these DFT insights underscore the importance
of spin state modulation, electronic structure tuning, and
dual-site synergy in designing high-performance oxygen
electrocatalysts.

Table 3 shows a comparison of analogous systems’ electro-
catalysis in different spin states. Through the following sec-
tions we will show the next generation spin control, where both

Chem. Commun.

spin state and spin-direction correlations are parameters open
to electrochemists.

Magnetism
Historical context

In the 19th century, Maxwell proposed that electricity and
magnetism were manifestations of the same “electromagnetic”
force, mediated by electromagnetic waves called photons, and
the two were unified by the famous Maxwell equations. Mag-
netism on macroscopic scales can generally be described either
as a relativistic phenomenon emerging from the movement of
charge, such as electricity through a wire, or due to the
alignment of electron spins as in a permanent magnet. In
either case, a magnetic dipole is produced, with a north and
south pole. Historically, the most important magnetic phenom-
ena on earth arose from the planet’s own vast magnetic field,
due to the movement of molten material in the core. This
magnetic field deflects charge particles emitted from the sun,
protecting life from this deadly radiation. The planetary

This journal is © The Royal Society of Chemistry 2026
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magnetic field also interacts with permanent magnets, as
discovered by ancient Greeks and Chinese philosophers. The
“lodestone” typically iron oxide as magnetite ore, tended to
align with the planetary magnetic field. This phenomenon was
used for ceremonial purposes, and eventually for navigation:
magnetic north could be found even when conditions did not
permit navigation by the sun or stars.®® Perhaps, like those

This journal is © The Royal Society of Chemistry 2026

historical navigators, we may use the tendency of small mag-
netic dipoles to align with a magnetic field to chart a course
towards rapid and efficient electrocatalysis.

Magnetic enhancement mechanism

The use of magnetic fields in catalysis is itself a growing field of
study, with three main contributing effects: (i) modulation of
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Table 3 Activities of changing spin systems for OER and ORR
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Active metal Material Spin state E;;,/V vs. RHE Ej-10/V vs. RHE Ref.

Iron Fe-N, Low-spin Fe*" 0.80 — 63
Fe-N, Intermediate spin Fe** and Fe** 0.89 —
Fe-N, + Cu-N, Intermediate spin 0.85 1.56 31
Fe-N, + Cu-N, High-spin 0.86 1.54

Cobalt Co030, Lower (XAS estimate) — 1.57 64
C030,-50 (defect rich) Higher (XAS estimate) — 1.51
Co;0, 2.8515 0.77 — 49
Ni doped Co30, 2.99up 0.84 —

Nickel NiOOH 0.310ug — 1.53 50
NiOOH heterojunction 0.613p OCV of 1.56 in zinc-air battery 1.50

electron spin and atomic spin states, improving the electron
transfer kinetics (ii) magnetohydrodynamic (MHD) effects
which boost mass transfer processes in the electrolyte (iii)
magnetothermal effects, whereby localised heating speeds con-
version in an energy efficient way and without placing the rest
of the system under thermal stresses.®®

The spin effect may be studied in isolation as it is the only
magnetic influence on charge transfer in a static field - magne-
tothermal effects require an alternating magnetic field (AMF),
while Lorentz and Kelvin forces impact mass transport.®” The
high-spin state is stabilised by application of an external
magnetic field. The unpaired electrons then align parallel with
the field, lowering the energy of the system.>"%%®

Hysteresis loops are frequently used to confirm ferromag-
netic character, but the shape of the loop—specifically coerciv-
ity and remanence—represents an underutilised design
parameter. Materials with high remanent magnetisation could
theoretically sustain spin-polarisation without external fields,
simplifying device architecture by removing the need for per-
manent magnets in the electrolyser stack. Conversely, tuning
the area of the hysteresis loop is critical for AMF-assisted
catalysis; minimising the loop area is necessary to decouple
pure spin-polarisation effects from magnetothermal heating.
Future design strategies should therefore focus on ’hysteresis
engineering’ alongside simple composition tuning.

In transition metal catalysts, fundamentally, the spin state
of the active metal centre is a descriptor for catalytic perfor-
mance in OER/ORR electrocatalysis® as explored earlier in this
review: the active centre magnetic moment ranges from higher
magnetic moment which correlates to a high-spin state, to low
magnetic moment which correlates to low-spin state.”® There-
fore, except for the induced mass transfer effects associated
with Kelvin and Lorentz forces, the spin state changes induced
by magnetic fields and other spintronic effects can be linked to
activity enhancements on these materials. Studies have shown
that in the ORR process, applying a magnetic field significantly
impacts paramagnetic oxygen molecules leading to an
increased electron transfer process. Similarly, in the OER
process, external magnetic field enhances the parallel align-
ment of oxygen radicals resulting in improved activity.

Magnetic enhancement in catalysis

Such magnetic field treatment technique can be used to inspect
and understand the underlying mechanisms of spin-related

Chem. Commun.

incidents. The magnetic field has an important role in spin
control, with considerably improving spintronics. Zhang et al.®
used carbon nanofiber/cobalt sulphide (CNF/CoS,) via the
electrospinning of polyacrylonitrile/cobalt (PAN/Co) fibres, fol-
lowing carbonization and lower-temperature vulcanization.®”"*
The external magnetic field caused Co to transition from low-
spin to high-spin state conditions, resulting in extra unpaired
electrons in Co 3d orbital. The spin polarisation controls the
chemical adsorption, band gap, and charge transport proper-
ties of the catalysts. The spin density of Co atom in the CoS,
was evenly allocated in the absence of an external magnetic
field. The occurrence of an external magnetic field caused the
alignment of electron spins. From the estimated state density,
after spin polarisation, the overlap of Co 3d orbitals with S 2p
orbitals improved, developing a powerful 3d-2p hybrid orbit.
The development of 3d-2p hybridization, driven by formation
of ligand holes, assisted the dynamics of charge transfer at the
interface. By the principle of spin angular momentum conser-
vation, there is a likelihood of electron-electron repulsion
among the catalyst and sulphur-adsorbing species. So, this
interaction can improve conductivity, lower the energy barrier
of the electrochemical reaction, and improve the kinetics of the
Li-S reaction process.””

The implementation of ferromagnetic ordered catalysts for
spin polarisation with a magnetic field to promote the OER was
reported by Ren et al.>* Primarily they examined the magnetic
properties of CoFe,04, Co3;04, then IrO,. The hysteresis loop
results proved that CoFe,O, revealed ferromagnetic character-
istics at room temperature, but Co;O, and IrO, showed anti-
ferromagnetic or paramagnetic characteristics at room
temperature, correspondingly. The OER performances of elec-
trocatalysts with various magnetic properties were examined
with and without application of a constant magnetic field of
10000 Oe. The OER properties of ferromagnetic CoFe,O, were
shown to be improved, but the changes in nonferromagnetic
Co03;0, and IrO, were not significant. Ferromagnetic CoFe,0,
could accelerate the OER via spin polarisation and fast spin-
electron exchange with adsorbed oxygen. The outcomes
demonstrated that the Tafel slope of CoFe,O, transformed
from ~120 mV dec ' to ~90 mV dec ™" after the magnetic field
application.?! This showed that the rate-determining step (RDS)
of the OER process under the external magnetic field had
altered from the first electron transfer step to a mixed RDS
including the first electron transfer step and second steps;

This journal is © The Royal Society of Chemistry 2026
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revealing, the first electron transfer step was no longer the RDS.
By the principle of spin angular momentum conservation, the
exchange of spin-polarized electrons between CoFe,O, and the
adsorbed oxygen or the reactant resembled ferromagnetic
exchange, leading to improved reaction kinetics for the first
electron transfer. But this phenomenon was not shown on
nonferromagnetic electrocatalysts.”

For electrochemical settings, surface treatment of the elec-
trocatalyst often done to produce the active constituent. And so,
the control of the magnetic substrate and active surface area by
renovation is also a vital approach to develop efficient spin-
tronic electrocatalysts. In ZnFe, ,Ni,O,, the number of Ni**
ions were used to control the specific coordination environ-
ment, thus enabling the in situ construction of highly active
electrocatalytic species through surface reconstruction and
construction of a ferromagnetic core to favour spin-selective
electron transfer as demonstrated by He et al.”* Integrating 20
percent of Ni** results in the in situ formation of a paramag-
netic FeNi(oxy)hydroxide catalytic layer on the ferromagnetic
ZnFe; ¢Niy 40, core during OER process analysis. The formed
catalytic active layer sped up the OER kinetics, revealing a lower
overpotential of 360 mV at a current density of 0.5 mA cm ™2,
showing superior activity over the benchmark IrO, at 420 mV.
The activity can also further be increased by nearly 2.9 times by
employing an external magnetic field, surpassing ZnFe,O, by a
factor of 39 at an overpotential of 350 mV. This boost is
attributed to the promoted spin-selective electron transfer

©
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aided by ferromagnetic exchange interaction, that penetrates
through the paramagnetic reconstruction layers. This research
work by He et al. offers a novel method to develop highly
efficient catalysts via the coupling of ferromagnetic ordering
channels and highly active catalytic species.

Similarly, Jiang et al.,’® taking advantage of the spin polar-
isation of ferromagnetic materials in the presence of a mag-
netic field, studied the effect on the OER catalytic activity of
amorphous FeNiCo-based catalyst tailored by Cr, Nb, and Mo.
The study revealed modulation of the local atomic structure of
the strongest ferromagnet, FN-Nb material, with a higher
coordination number of Fe clusters compared to FN-Mo and
FN-Cr with low coordination number of Fe clusters, in the
presence of an external magnet causes spin polarisation of the
electrons and resultant enhancement of the OER kinetics which
leads to a decrease in overpotential and Tafel slope. The FN-Nb
revealed a decrease exceeding 20 mV with a current loading of
100 mA cm 2 and a 65.2% increase in the turnover frequency
(TOF). A novel “mixed-valent cobalt modulation” strategy was
employed to enhance oxygen electrocatalysis in perovskite
LaCoO; (LCO) oxide by Wang and co-workers.”> Modulation
of the oxidation state of cobalt ions to induce magnetic proper-
ties in the LCO was achieved through an ethylenediamine
(EDA) post reduction procedure at ambient temperature. The
crystal structure and phase information of the as-synthesized
LCO catalyst was done using PXRD technique (Fig. 6a) while
SEM, TEM, HRTEM and High Angle Annular Dark Field STEM
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(a) Crystallinity and morphology of LCO and LCO-X were determined by XRD, SEM, TEM, HRTEM and HAADF-STEM; (b) Survey spectra and

chemical states of the elements by XPS spectra, OER linear sweep voltammetry, and Tafel plots; (c) Schematic of the experimental set-up for the
magnetic field enhanced electrocatalysis. Reproduced with permission.”> Copyright Wiley 2022.
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(HAADF-STEM) analysis was done to determine their morphol-
ogy. The optimized LCO-X with Co*>*/Co®" ratios increased by
about 1.98% compared to the pristine LCO as seen in the XPS
analysis (Fig. 6b). This unique property endowed enhanced
OER activity with benchmark potential at 10 mA cm™>
decreased by 170 mV compared to the pristine. Furthermore,
the ferromagnetic LCO catalyst under an external magnetic
field revealed a further decrease in the overpotential at 10 mA
cm 2 by 20 mv compared to the analysis under zero magnetic
field (Fig. 6¢c and d). The enhanced electrocatalytic performance
can be ascribed to increased energy states of electrons of the
LCO induced by the external magnetic field.

Reporting in a review article, Fang et al*' summarized
recent progress and advances on the effects of spin-
modulation on oxygen electrocatalysis of magnetic transition
metal catalysts (TMCs). Owing to the spin state interconversion
between the singlet OH /H,0 and triplet O, which is forbidden
due to the need for spin flipping, hence, the spin of TMCs
affects significantly the kinetics of OER/ORR and therefore the
overall performance. The review emphasized the importance of
spin states (e, filling) as an important descriptor to explain and
improve OER kinetics because e,~'? represents optimal inter-
action (i.e. modulates adsorption/desorption energies) between
oxygen intermediates and catalytic active surface areas in the
TMCs. The e, filling can be modulated in two ways (i) on the
atomic/electronic scale: whereby the crystal field and oxidation
states of active-site ions is altered, (ii) on the microscale by
tailoring desired morphology and nanostructure of TMCs. The
authors revealed that besides the spin-states regulation, the
transfer of 4e” during the OER/ORR process can be optimized
through construction of spin selective channels that allow only
electrons with the same spin to cross. In this regard, the
intricate interplay between spin and magnetism plays a vital
role in facilitating the spin polarisation, enhancing the filtra-
tion and transfer of spins with the same direction for the
generation/conversion of triplet 1O=—071. An integrated mag-
netic field was employed to manipulate the spin of heteroge-
nous nitrogen-coordinated single metal atom (M-N-C) for the

Directed Carrier Transfer

View Article Online

ChemComm

oxygen reduction and oxygen evolution reactions (OER and
ORR) by Yu et al.®® This study revealed that the spin states of
the catalytic active sites can be manipulated without altering
their atomic structure. Using experimental controls, the study
revealed the catalytic performance improvements did not ema-
nate from magnetic Lorentz and Kelvin forces but solely to the
built-in magnetic field with potential to promote low-spin to
high-spin transition in the Co active site of the CoPc. Using
molecular orbital interaction and density functional theory
(DFT) calculations, the authors revealed the stabilization of
the *OOH intermediate and facilitation of H,0, formation by
the high-spin-Co site. The built-in magnetic field can also
facilitate the alignment of electron spins to enhance favourable
spin transitions during OER, leading to overcoming the kinetic
barrier associated with doublet *OH to triplet O, transitions.

The responsiveness of electrocatalysts to optical-magnetic
coupling technology is vital for effective and comprehensive
enhancement of overall catalytic performance. In this regard,
Wang et al.”’ reported on the synthesis of crystalline iron
hydroxides anchored on a nickel foam the Fe(OH),/NF (M,
0 °C) through a facile low-temperature magnetic field-assisted
electro-deposition method. X-ray photoelectron spectroscopy
was used to determine the chemical nature of the catalyst
materials, the M** and M>" states were predominant with the
presence of oxygen vacancies associated with defects. The effect
of the external magnetic field enabled hole and electron
transfer during the electrocatalytic process (Fig. 7), improving
the OER performance as exemplified by reduction of the over-
potential at 10 mA cm™~> which were previously around 285 and
222 mV to about 63 mV, as well as improved stability. The
superior performance of the Fe(OH),/NF(M, 0 °C) to those
synthesized via conventional electrodeposition methods is
ascribable to the directed carrier (hole and electron) transfer
effect enabled by the highly crystalized Fe(OH), and ferromag-
netic nickel foam.

The surface reconstruction of electrocatalysts to achieve
efficient water oxidation is quite challenging due to the
complex reaction conditions. Herein, Ma et al.”® designed and
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Fig. 7 Schematic illustration of the effects of directed carrier transfer in the presence of magnetic and optical field during the OER electrocatalysis using

Fe(OH),/NF(M,0 °C). Reproduced with permission.”” Copyright ACS 2024.
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synthesized a core-shell CFO@CoBDC ferromagnetic/paramag-
netic composite following a two-step procedure: (i) CoFe,O,
(CFO) core was synthesized via sol-gel method and (ii) mod-
ification of the CFO to CFO@CoBDC was achieved via a
solvothermal method. The surface reconstructed catalyst
CFO®@CoBDC was investigated for oxygen electrocatalysis in
alkaline electrolyte medium under the influence of gradient
magnetic field. The study revealed that Kelvin force from the
core’s local gradient magnetic field influences the electroche-
mical surface reconstruction of the shell, leading to a higher
proportion of Co> on the catalytic active sites. The prevalence
of Co sites with optimized electronic configuration which was
observed though DFT calculations results in favourable adsorp-
tion energy for oxygen-containing intermediates, hence lowered
activation energy for the electrocatalysis. Therefore, improved
OER performance was observed with the overpotential reduced
to 28 mV at benchmark current density of 10 mA cm™> and
larger current density at 1.63 V. The overall OER performance
recorded in this study is ascribable to spin modulation of the
surface electrons of the surface reconstructed CFO@CoBDC in
the presence of a gradient magnetic field. The intrinsic correla-
tion between magnetic nanocatalysts and external magnetic
fields boosts electrochemical performance; this was explored by
Chen et al.”® in the rational design of magnetic nanocatalysts
Mn-Co-Fe oxide which was obtained by doping Mn and Co into
the spinel structured F;0, following a hydrothermal route and
the products are named MCF1, MCF2 and MCF3. The as-
synthesized nanocatalysts with adjustable magnetic properties
in the presence of an external magnetic field showed the
paramagnetic oxygen molecules experience a Kelvin force,
while the Li** ions experienced a Lorentz force. The influence
of these two magnetic forces accelerates diffusion, hence an
improved OER/ORR kinetics and reduced overpotential. There-
fore, an increase in specific capacity of up to 52.9% was
recorded and a notable 108 mV reduction in overpotential.
The changes in the performance of lithium-ion batteries were
studied by Comsol Multiphysics simulation and DFT calcula-
tions, results point to lowering of the energy barrier for the
formation and decomposition of Li,O, under the influence of a
magnetic field. The generation of a high energy N atmosphere
was achieved by plasma to enable bonding of Fe cations onto
CoO through the N-channel to form N-Fe-CoO nanoarrays.
Huang and co-workers,?® observed that the coupling of N and
Fe co-doping causes a decrease in electron density around the
Co”" centres, a phenomenon which not only increases the
unpaired electrons for electron acceptors but also amplifies
the magnetic enhancement effect. The conditions lead to
improved OER performance under a parallel magnetic field
with 420 mT intensity, hence, the lowering of the overpotential
and Tafel slopes to 217 mV and 25.1 mV dec™ " respectively. The
improved OER electrocatalysis can be ascribed to magnetohy-
drodynamic effect which causes both increased mass and
charge transfer phenomena, hence, lowering the escape energy
barrier reduction of the paramagnetic triplet state O,. The
findings in this study highlight a scalable pathway for coupling
heteroatoms with magnetic field which provides solutions to
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some of the bottlenecks causing poor performance of non-
noble metal electrocatalysts.

Vensaus et al.®! report a similar finding for ORR, where the
closer a silver surface was to a permanent magnet, the greater
the enhancement in ORR current and onset potential. There
was a significant decrease in current response when the silver
layer was thicker than 100 nm, which the authors attributed to
loss of spin polarisation due to interaction with the non-
magnetic silver lattice. Their experimental setup was interest-
ing, having electrons first be conducted through the magnet
before reaching the catalyst layer. This was done to separate
spin polarisation from magnetohydrodynamic effects, but also
shows a possible path to incorporating magnetic materials as
structural parts of an electrochemical reactor, such as current
collectors in this case.

In a study by Zhu et al.,*” the controversy around the source
of magnetic-induced heating (MIH) effects was explored to
ascertain if the source is from the catalysts or from the current
collectors. This is also to ascertain the source of catalytic
performance associated with MIH effects. Herein, Zhu and
co-workers designed a revised three-electrode system that is
free from interferences from magnetothermal effect, ensuring
the MIH effects originates from the composite electrocatalysts
Ni@Ni(OH), and Ni@Ni,P with core-shell morphology. The
core-shell structured heterojunction ensures rapid response to
the heat generated from the ferromagnetic Ni cores, therefore
in an alternating magnetic field (AMF) activity enhancement is
guaranteed. Hence, in the presence of a 60 mT AMF, the as-
synthesized catalysts Ni@Ni(OH), and Ni@Ni,P showed iden-
tical performance improvements in OER and HER, an indica-
tion that the MIH effect is uniform in its enhancement of the
rate of catalysis. With the more representative Ni@Ni(OH),
showing good stability of over 10 h and an OER overpotential
of 384 mV at 50 mA cm 2 in the presence of 60 mT AMF,
superior to traditional industrial operating temperature of
80 °C. Though not a spin polarisation effect, the innovative
findings by the authors pave the way for the application of AMF
to non-magnetothermal catalysts, broadening the horizon for
the development of AMF-assisted new catalysts.

A static external magnetic field was employed to enhance the
oxygen electrocatalysis of high-entropy spinel oxide (CuCo-
FeMnNi);0, (HESOx) by Hechter et al® The (CuCoFeMn-
Ni);0,/C synthesized by the Pechini method was
characterized by synchrotron powder X-ray diffractograms
(PXRD) to show the possible 5 cation substitution in the
octahedral and tetrahedral sites and the resultant or total
inversion of the structure as well as two different spinel-type
structures, as illustrated in Fig. 8.

The spinel structure of the HESOx showed distorted O°~
lattice indicating defects with majority of the metals existing in
the M>" and M>" states as well as ferromagnetic characteristics.
These properties bode well for improved electrocatalytic per-
formance and as recorded by the authors, the composite
exhibited OER/ORR catalytic activity comparable to state-of-
the-art bifunctional catalysts with AE = 0.65 V (bifunctionality
index) and superior to commercial IrO, in OER recording a
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Fig. 8 Crystallinity and phases of the HESOx was determined by synchrotron powdered X-ray diffraction (a); TEM and HRTEM micrograph of HESOx and
HESOx/C crystal with lattice planes and lattice parameters (b); Analysis of the chemical states and composition of the elements by XPS (c) and (d) results
of the RZAB tests with/without an external magnetic field. Reproduced with permission.83

potential at the benchmark current density of 10 mA cm >

(Ej10 = 1.534 V). The improved performance can be ascribed to
increased surface area, surface oxygen defects with associated
reaction electrons associated with material morphology while
the enhanced conductivity and reaction kinetics is due to spin
electron modulations by an external magnetic field. The effect
of the external magnetic field was also recorded by the
authors in the RZAB tests with the peak power increasing from
101 mW cm > without an external magnetic to 169 mW cm ™ > in
the presence of an external magnet. The effect of the magnetic
field was also recorded in the RZAB stability test with the
composite HESOx achieving discharge/charge cycles of over

Chem. Commun.

140 h with an areal-discharge energy of 43.1 mWh cm™>

according to Fig. 8 d. The authors briefly note that improved
power profile persists even after the magnetic field is removed,
indicating that the catalysts themselves had been magnetised.
The result of this work reinforces the appeal of high-entropy
spinels in electrocatalysis and application of a static magnetic
field as a viable approach to enhance activity.

Some further examples of magnetically enhanced catalysts
are listed in Table 4. It is once again interesting that the use of a
“residual” magnetism by Zhang et al.®* led to improved per-
formance. If the magnetic field and spin polarisation can be
entirely supplied by the catalyst or substrate itself, magnetic

This journal is © The Royal Society of Chemistry 2026
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Table 4 OER and ORR parameters for magnetically enhanced catalysts

Magnetic

Catalyst field/mT OER E;o/V ORR E;;,/V AE/mV Ref.

Co/CNF 0 1.650 0.800 850 66
350 1.635 0.820 820

FeCo,0, nanofiber 0 1.580 — — 85
1000 1.540 — —

FeCo0,0,4 0 1.58 0.78 800 84
Residual 1.52 0.80 720

Ni; 5C04.50,4/Ni foam 0 1.520 — — 86
125 1.478 — —

(Fe + N + S)/C 0 — 0.88 — 87
140 — 0.91 —

(Ru-Ni)O,@NF 0 1.583 — — 88
400 1.516 — —

enhancement on a practical device scale becomes truly feasible.
Magnetising materials during manufacturing is far less daunt-
ing than designing devices that include a complex electro-
magnet or expensive permanent magnet.

DFT - magnetic field

Ren et al.® used spin-polarized DFT to study how magnetic
fields affect the OER on ferromagnetic catalysts. Their simula-
tions showed that magnetic ordering creates a difference
between spin-up and spin-down electrons. This helps align
the electron spins with the natural triplet state of oxygen
molecules, which lowers the energy needed for the first
electron-transfer step. Fig. 9 in their paper shows the spin-
resolved DOS and free-energy diagrams, clearly indicating that
magnetic fields stabilize spin-polarized states and reduce reac-
tion barriers compared to non-ferromagnetic systems.

They also analysed the adsorption energies of key OER
intermediates (*OH, *O, *OOH). The results showed that mag-
netic spin alignment greatly reduces the Gibbs free-energy
barrier for forming *OOH, which is often the slowest and
rate-limiting step. When they compared ferromagnetic and
non-ferromagnetic catalysts, they found that only ferromag-
netic materials benefit from magnetic spin polarisation, while
non-ferromagnetic catalysts show almost no change.

These findings from Ren et al. show that magnetic spin
alignment speeds up O-O bond formation and enhances
catalytic activity, offering useful guidance for designing future
spin-engineered catalysts for water electrolysis.

Characterisation

Magnetic ordering in materials is a well-developed field and
has been studied by a variety of methods such as magnetore-
sistance and neutron scattering. More recently, resonant inelas-
tic scattering (RIXS) and X-ray absorption experiments offer a
closer look at local magnetic ordering.””® While powerful,
such techniques are often unsuited for operando experiments
needed to truly follow the role of magnetism in the oxygen
reactions. Operando X-ray Magnetic Circular Dichroism
(XMCD), however, is a technique that enables the direct
measurement of spin polarisation and magnetic order, demon-
strating how CISS aligns spins to overcome spin-forbidden
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steps in O, evolution/reduction. For example, magnetically
tuned XMCD for spintronic interfaces reveals spin state roles in
OER.”

Chiral spin selection effect (CISS)
Historical context

The study of chirality began with the discovery of polarized
light by Etienne-Louis Malus in 1808.°° Following his work,
Arago and Biot investigated how certain crystals and organic
substances interact with polarized light. Arago observed that
quartz crystals could produce two coloured polarized images
when viewed with an Iceland spar analyser. While Biot con-
ducted the definitive experiments, finding that quartz rotated
the plane of polarized light at an angle proportional to the
crystal’s thickness, with the rotation angle differing for each
colour. Crucially, Biot also discovered that many organic sub-
stances like sugar, turpentine, and camphor solutions rotated
polarized light either to the left or right, suggesting the origin
of this property was not just crystalline but molecular.”® In
1820, John Herschel linked this optical activity to the macro-
scopic structure of crystals, linking the direction of rotation
(right or left) in quartz to the handedness of its crystal faces,
known as plagihedrals as seen in Fig. 10.%

In early 1820, dissymmetry was used in the French language
to describe the disruption or absence of symmetry, or dissim-
ilarity or difference in appearance between two objects.”® A
breakthrough from Louis Pasteur occurred in 1848, proving
that chirality was molecular, not just crystalline, while obser-
ving crystals of sodium-ammonium tartrate and paratartrate,
he noticed that the paratartrate existed as two types of crystals
whose faces were oriented either to the left or the right.”® By
manually separating the mirror-image crystals with tweezers,
Pasteur proved that the chemically identical paratartrate was
actually a racemic mixture of two enantiomers.>® This demon-
strated that molecular structures
superimposable mirror images, laying the foundation for “geo-
metrical chirality”.**%%%7

The philosophical understanding of handedness was first
addressed by Immanuel Kant in his 1768 paper, where he
introduced the term ‘“‘incongruent counterparts” to describe
objects like a right and left hand that are similar but non-
superimposable.’® The scientific concepts were formally solidi-
fied by Sir William Thomson (Lord Kelvin) in 1884, who coined
the terms “chiral” and “chirality” (Greek words yetp (cheir in
Ancient Greek) meaning hand). He defined a chiral object as
any geometrical figure whose mirror image cannot be brought
to coincide with itself.°® Later, Mislow refined the definition:
“an object is chiral and a chiroid if and only if it cannot be
superposed on its mirror image by a proper congruence,
otherwise it is achiral; two chiroids are heterochiral and
enantiomorphs if and only if they are improperly congruent;
and two chiroids are homochiral and homomorphs if and only
if they are properly congruent.”

The concept of the tetrahedral carbon was published by
van’t Hoff (September 5, 1874) and Le Bel (November 5, 1874).%°

could exist as non-
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Fig. 9 Spin-polarized OER. (a) The projected density of states (PDOS) of CoFe,O4 without and with spin alignment. (b) The spin density for CoFe,O4 with
and without spin alignment. (c) Schematic of the spin-exchange mechanism for OER. The first electron transfer step is promoted by spin polarisation
through the FM exchange (QSEI), which gives smaller electronic repulsions and makes the adsorbed O species have a fixed spin direction. (d) The
calculated Pourbaix diagram of the (111) surface of CoFe,O4. (e) The spin-polarisation mechanisms in OER starting from the step of O* + OH— —
*OOH + e— step. (f) The free energy diagram of OER at 1.23 V (vs. RHE) with and without the spin alignment on the (111) surface of CoFe,O4 toward triplet

oxygen production. Reproduced with permission.®® Copyright Nature 2021.

Van’t Hoff demonstrated that for a carbon atom bonded to four
different univalent groups (which he termed ‘“asymmetric”),
the tetrahedral arrangement could produce “two and not more
than two” spatial arrangements, which are mirror images of
each other. While Le Bel argued that if a central atom was
substituted with four different groups, creating an “asymmetric
environment,” the resulting molecule would be enantiomor-
phous with its reflection and exhibit optical activity. He

Chem. Commun.

concluded that this phenomenon compelled one to admit that
the four groups must occupy the corners of a regular
tetrahedron.

Geometric definitions

Chirality. All objects and their point groups can be classified
as either chiral or achiral.”® This classification is based on the
presence or absence of improper rotations. An object is defined

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Enantiomers of sodium ammonium tartrate showing left and
right-handedness.

as chiral if its “left-handed” and “right-handed” mirror images
are not superimposable; these non-superimposable pairs are
known as enantiomers in chemistry. A chiral object lacks
planes of symmetry and inversion centres, and its allowed
symmetry elements are restricted to rotations, reflections, and
translations. Chirality is a fundamental symmetry property that
can be observed in elementary particles, molecules, and even
macroscopic objects such as human hands.'”® Enantiomers
cannot usually be distinguished by their basic physical proper-
ties because they share the same physical properties (mass,
atomic composition, melting points, boiling points, density),
and their chirality becomes apparent only when one chiral
entity interacts with another. The interaction between chiral
molecules depends on their stereochemical orientation. This
stereochemical sensitivity is especially significant in biologi-
cally relevant applications such as drug and fragrance develop-
ment and chemical biology.'*°

An object that lacks symmetry, particularly centrosymmetry
(mirror planes or inversion centres) can be superimposed on its
mirror image and is therefore achiral. These materials can be
applied in a wide range of applications, including pyroelectri-
city, ferroelectricity, piezoelectricity, optical activity, and non-
linear optical behavior.'®*

The phenomenon of chirality generally occurs because a
central atom is bonded to four different substituents in a three-
dimensional orientation.'®” The current standard for defining
and differentiating the absolute three-dimensional configu-
ration of most chiral molecules is the Cahn-Ingold-Prelog
(CIP) known as the R(rectus, or right) and S (sinister, or left)
notation. The D/L notation is used for amino acids and sugars,
with D (dextrorotatory) and L (laevorotatory) corresponding to
the direction the molecule rotates polarized light. Today, the D/
L notation is substituted by (+), which indicates clockwise
rotation, and (—), which indicates counter-clockwise
rotation.'®>'% For molecules that possess a distinct helical
structure (like DNA or certain polymers), the R/S system is
supplemented by the P (plus) and M (minus) designation to
specify the screw sense. A screw displacement, also known as a
rotation-translation,”® is a motion of a compound that
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combines a simultaneous rotation and translation along the
same axis (like screwing a bolt into place). When reporting a
chiral compound, the sense of its optical rotation, which is
experimentally measured (usually at the sodium D-line wave-
length of 589 nm), is given separately in brackets, typically as
(+) or (—).**® The four substituent atoms attached to the chiral
centre are assigned priorities based on their atomic number.
The molecule is rotated from the atom with the highest priority
(H1) to the lower priority (H3), while the lowest priority group
(H4) is positioned behind the chiral center.'”” Priority is
considered based on the substituent with the highest atomic
number.

CISS mechanism

In the discussion around the nature of electron spin, it was
noted that spin orbit coupling will deflect electrons of opposite
spin in opposite directions, particularly for electrons bound to
heavy nuclei. An analogous deflection occurs when electrons
move through an asymmetric potential, such as where chirality
has led to symmetry breaking. This has been named the
chirality induced spin selectivity (CISS) effect. For electrons
moving through chiral carbon structures, such as a DNA helix,
the deflection suggests a spin-orbit coupling several orders of
magnitude more significant than one would expect for the light
carbon atoms in the structure.'® The strength of the effect can
be seen in the degree of electron polarisation or excess of
polarised electrons that transit through the chiral structure.
The degree of polarisation depends on the length of chiral
environment through which the electron travels, and the time
the electron spends in this environment: for a given chiral
system, electrons with very high kinetic energy are less
polarised, while those travelling through, for example, longer
DNA strands are more polarised.'%>'%

The exact mechanism of this spin filtering has not yet
become clear. Several possibilities, both classical and quantum,
have been proposed. A classical electron moving through a
chiral electric field sees a chiral magnetic field:

B’ _ 7‘_; X Echiral

2c
where v is the electron’s velocity and c is the speed of light. The
situation is similar to the Spin Hall effect discussed earlier, but
now the geometry of the magnetic field adds an additional
spatial discrimination.

At the same time, the broken symmetry may lead to the kind
of backscattering suppression first described by Biittiker
(1988).'%” The basic argument is that backscattered electrons
must undergo a + 1w or — m phase shift, but these two possibi-
lities interfere destructively, essentially eliminating back-
scattering for electrons of appropriate spin. This destructive
interference reduces the likelihood all but the forward scatter-
ing paths. More of these electrons may propagate, leading to
some spin polarisation.'**

It is almost certain that the true mechanism requires
electrons to interact with multiple chiral centres as they
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Table 5 Comparison of chiral and achiral catalyst for electrocatalysis

Tafel slope Tafel slope
Catalyst Chirality (mV dec™ ') OER Ha1o (MV) (mV dec™ ') ORR Eipp (V) Ref.
Co@CoO-L Chiral 84.2 300 105 0.74 111
Co@Co0O-DL Achiral 92.4 350 107 0.70
D-AgNWs@ composite Chiral 115.5 — — 0.74 112
L-AgNWs@ composite Chiral 99.3 — — 0.72
AgNWs@ composite Achiral 141.8 — — 0.71
Chiral-AgNWs@ composite Chiral — — — 0.74
L-AgNWs Chiral — — — 0.69
Achiral-AgNWs Achiral — — — 0.63
L-SPNC-950-1 Chiral — — 106 0.87 119
L-Co-NiO Chiral 100 350 — — 120
DL-Co-NiO Achiral 140 400 — —
D-Co-NiO Chiral 380 — —
6%LS-CMMOFs/NF Chiral 54 137 — — 122
8%LS-CMMOFs/NF Chiral 60 149 — —
4% LS-CM MOFs/NF Chiral 79 156 — —
O-CMMOFs/NF Chiral 91 182 — —
L-CuO Chiral 93.5 308 — — 123
D-Cuo Chiral 105 308 — —
A-CuO Achiral 1171 Ca. 350 — —

propagate, as the introduction of even 1% of the opposite
enantiomer has been found to supress the polarisation."*>

An additional quantum effect that may both complement
and complicate CISS engineering is coherence of electron pairs,
particularly in ORR. The addition of classical electrons to an
intermediate increases the electrostatic repulsion to additional
electrons, raising activation energy of the multi-electron ORR
process. However, if electron wave functions are appropriately
correlated, this repulsion is significantly diminished, as found
by Gupta et al'®® Practically, this means that the various
strategies to induce spin polarisation should take care to avoid
decoherence of correlated electron pairs. For example, a chiral
polymer layer will polarise electrons moving through it, with
the spin excess increasing with layer thickness. However, a
thicker layer also increases the chance for scattering events that
will decohere electron pairs. A similar effect is seen for DNA
strands of increasing length. Spin filters must therefore be
designed to induce maximum spin excess while minimising the
spatial extent and electrical resistance of the filter layer. Gupta
et al. found that filters extending less than 7 nm in the
direction of electron transport were optimal. This optimisation
requirement may be the root cause for the variance in CISS
enhancements reported in literature (Table 5), ranging from
negligible to dramatic. Electrochemists must take care not to
smother coherence and therefore conductivity in the pursuit of
spin polarisation.

It will be in the interest of electrochemists to see which
models emerge as accurate descriptions of the effect in the
coming years: as following sections show, chiral spin selection
is a powerful tool for enhancing the oxygen reactions, and an
accurate model will aid rational catalyst design. For example,
compact chiral polymers such as oligopeptides with a strong
chiral electrical fields may be optimal, or the incorporation of
heavier elements with large electron scattering cross sections
may polarise currents more significantly.'®

Chem. Commun.

Whatever the details of the mechanism may be, the CISS
effect influences the electron spin at the catalyst surface and so
affects the reaction pathway. Activity and selectivity may be
enhanced beyond the typical limitations defined by the volcano
plot."*

Chiral functionalisation of electrocatalysts

Consequently, the last few decades have witnessed extensive
research focused on the preparation of nanostructured chiral
surfaces. Chirality can be introduced into achiral inorganic
materials through the covalent functionalization of their sur-
faces with chiral organic molecules."*® The most common
technique involves covering the material with a highly ordered
monolayer of a chiral molecule and, through covalent
functionalization,'*®"""'** which involves chemically bonding
chiral molecules to the surface. Introducing chirality into
transition metal-based oxide catalysts through functionaliza-
tion is a potent strategy for advancing ORR and OER efficien-
cies. Incorporating chirality into transition-metal oxides
improves charge-transfer efficiency between oxygen species
and the electrode by spin-polarizing the cathodic (ORR) and
anodic (OER) currents through the CISS effect. In alkaline
media, ORR can follow either a two-electron or a four-electron
pathway, and in both cases, at least two electrons are required
initially. ORR kinetics are inherently slow because oxygen can
assume four possible spin-state configurations, with only one
leading to product formation.'*?

Balo et al™'* investigated how integrating chiral silver
nanowires (AgNWs) can boost the electrocatalytic performance
of an inverse spinel CoFe,0, and reduced graphene oxide (rGO)
composite. The use of silver was considered because of its
ability to maintain its metallic state during ORR, its cost-
effectiveness, and its ability to suppress the formation of
H,0, with metal loading over 20 wt% while completely redu-
cing 0,.""*" The chiral AgNWs@composite showed

This journal is © The Royal Society of Chemistry 2026
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significantly improved ORR performance compared to the
achiral version. It exhibited a ~68 mV positive shift in
onset potential, nearly double the current density (5.3 vs.
2.7 mA cm ?), and a higher half-wave potential (~0.74 vs.
~0.71 V). It also delivered greater mass activity (~5.5
vs. ~3.8 A ¢~ ') and higher kinetic current density at 0.74 V,
confirming its enhanced catalytic efficiency. Both chiral and
achiral AgNWs@composites followed a quasi-4-electron ORR
pathway, indicating that chirality did not alter the reaction
pathway. However, chirality improved the charge-transfer
kinetics, as shown by the lower Tafel slope and reduced over-
potential for the chiral composite. Integrating Ag nanowires
with CoFe,0,-1GO enhances electronic conduction, increases
surface area, and shortens diffusion paths, leading to better
ORR activity than either pristine component alone. Similar
improvements are observed for OER, with the chiral composite
again delivering higher current density than the achiral version.
The experimental results support the proposed mechanism in
which chiral molecule-functionalized AgNWs combined with
CoFe,0,-rGO enhance electrocatalytic activity through spin-
selective charge transfer. The chiral catalyst polarizes electron
spins, enabling more efficient interaction with triplet oxygen
and accelerating ORR kinetics. Since ORR intermediates must
adopt singlet spin states, achiral surfaces generate mixed-spin
intermediates with higher activation barriers.""* In contrast,
the chiral composite provides spin-aligned electrons, lowering
the barrier for forming singlet hydroxide intermediates and
improving ORR selectivity. A similar spin-polarisation effect
enhances OER, as hydroxide ions on the chiral surface release
spin-polarized electrons that favour oxygen formation and
reduce overpotential.

The study by Balo et a also used chiral gold nano-
particles (AuNPs) to induce chirality onto a bimetallic spinel
oxide (MnCo,0,). This created a catalyst where the AuNPs acted
as electron spin filters through the CISS effect. The CISS effect,
where the electron transport through a chiral molecule
depends on the electron’s spin and the molecule’s handedness
(enantiomeric form), provides a means to control the direction
of the electron’s spin relative to the molecular axis."** Electrons
transmitted through this effect prefer a longitudinal spin
orientation. The chiral AuNPs injected electrons that are spin-
polarized. This specific spin alignment facilitates the spin-
exchange effect when oxygen interacts with it, making the
reaction pathway spin-allowed and significantly faster. This
resulted in a higher current density of the chiral functionalized
catalyst compared to that functionalized with an achiral AuNPs.
Similarly, OER proceeded more efficiently on the chiral compo-
site, shown by a significant reduction in the onset potential and
overpotential. The onset potential for the OER was reduced by
approximately 120 mV at 2.5 mA cm™ > current density when
compared to the achiral composite catalyst. This is because
hydroxide ions released electrons to the chiral electrode in a
spin-selective manner, facilitating the generation of triplet
oxygen. Molecular oxygen has a triplet ground state, and chiral
gold nanoparticles can inject spin-polarized electrons whose
spin direction is defined relative to the chiral molecular axis.

112
L
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Proper spin orientation at the chiral catalyst strengthens spin-
exchange interactions, whereas this advantage is absent in
catalysts functionalized with achiral gold nanoparticles. This
spin-polarisation mechanism offers a novel method to enhance
charge transfer by aligning the cathodic current (for ORR) and
anodic current (for OER) with the necessary spin configuration,
which is highly essential for applications in renewable energy
technology (e.g., fuel cells and metal-air batteries).

Similar findings are reported by Sang et al."*> on gold films
as well as gold and silver nanoparticles. All three systems
showed improved onset potential when the metal surfaces were
coated with a layer of chiral molecules. The CISS effect was
emphasized by thicker chiral layers, while conductivity was
reduced, proving the need for optimising layer thickness for
both conductivity and polarisation. They find that the mecha-
nism of enhancement is two-fold. The injection of electrons
with parallel spins is energetically favourable, as discussed in
all CISS-related literature. Their reasoning is unusual, however:
they calculate that oxygen undergoes Zeeman splitting as it
approaches the chiral surface, and the state where its unpaired
electrons are both antiparallel to the spin excess on the catalyst
surface is significantly stabilised. They also independently
confirm the entropic component calculated by Gracia et al.:’
ORR on a surface with a spin excess is both statistically more
likely and does not lead to a decrease in entropy, as is the case
for a surface without spin excess.

Vadakkayil et al''® demonstrated a scalable way for the
preparation of chiral cobalt oxide nanoparticle electrocatalysts
doped via iron (Cog;_y)Fe,O4). The effect of the CISS is used to
create spin polarisation reaction intermediates, in so doing
helping the effectiveness for OER. When associated with com-
parable achiral cobalt oxide nanoparticles, the chiral (Cog_)-
Fe,O, electrocatalyst enhances Faraday efficiency, -cuts
overpotential, and alters the rate-determining step for OER.
Moreover, in OER electrocatalysis course, an external magnetic
field with a ferromagnetic electrode can spin filter the electron
current, which increased the current density approximately by
100 mA cm 2.

Crystals of ZnO having graded chirality were produced by
means of chiral methionine molecules as symmetry-breaking
agents. Magnetic circular dichroism (CD) spectroscopy in addi-
tion magnetic permeability atomic force probe microscopy
(AFM) prove that the chiral structure has a spin-filtering role
in the photogenerated carrier migration then induces spin
polarisation of the carriers. The spin-polarized carrier not only
has an extended lifetime but also can intensify the creation rate
of triplet O, and hinder the development of singlet byproduct
H,0, throughout this reaction process."”

The standard and most frequent type of self-assembled
monolayers (SAMs) used in electrochemistry is those based
on thiols. These compounds contain a sulphur-hydrogen
(-SH) group that creates a very strong, permanent bond with
metals such as gold, silver, and mercury. However, other SAM
types are available for different surfaces: alkyl silanes are used
for oxide materials like SiO,; carboxylic acids bind strongly to
specific oxides such as alumina; and amines and phosphonic
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acids are effective for surface modification of indium tin oxide
(IT0)."® Yu et al™® used 1~ and p-tartaric acid as chiral
templates, resulting in a self-assembled, ordered 3D porous
structure of spiral-like polyhedra composed of nitrogen-doped
carbon nanosheets. The resulting material has a conductive 3D
network while preserving the advantages of 2D nanosheets. The
optimized catalyst (L-SPNC-950-1) demonstrated excellent ORR
performance, with a more positive onset potential and a half-
wave potential comparable to commercial Pt/C. The material
was further applied in an Al-air battery with good performance.
Park et al."*° fabricated cobalt-doped nickel oxide (Co-NiO) with
a chiral, helically twisted nanoplate structure grown directly on
Ni foam using a one-step hydrothermal method. Chirality was
introduced by - or p-proline, yielding L- and D-Co-NiO variants
with distorted, twisted morphologies. Spin-dependent charge
transport measurements using magnetic conductive-probe
AFM showed strong spin selectivity, with L-Co-NiO exhibiting
~60% spin polarisation at 5 V. Co doping increased the
proportion of Ni** species, indicating enhanced hole concen-
tration and improved electronic properties. The chiral Co-NiO
catalysts also demonstrated good durability, retaining ~90% of
their OER current after 15 hours of continuous testing. When
used as the air-cathode catalyst in a rechargeable Zn-air
battery, the chiral Co-NiO enables a high open-circuit potential
(1.57 V), a low charge-discharge voltage gap (0.71 V), and
exceptionally stable operation for 960 h (40 days), attributed
to the suppressed formation of reactive singlet oxygen (*0,).

Metal-organic frameworks (MOFs) are a promising class of
electrocatalysts due to their large surface area, highly tuneable
design, and adjustable pore structure.’*! Despite their
potential, most conventional MOFs reported to date face sev-
eral performance issues that limit their effectiveness as electro-
catalysts: (a) poor mass permeability and electrical
conductivity. (b) Low crystallinity, and the clogging of active
metal sites by the surrounding organic ligands. Chiral Frame-
work Materials (CMMOFs) are an emerging type of MOF that
conveniently addresses these limitations, offering significant
potential in catalysis due to the enhanced structure and
porosity."*? Lattice strain was effectively and controllably intro-
duced into the CMMOFs by replacing a portion of the di-
sulfonic acid linkers with mono-sulfonic acid linkers. The
optimal strain level was found to be a 6% lattice expansion
on nickel foam (6%LS-CMMOFs\NF), showing significantly
improved performance for both the OER (1, = 137 mV) and
the hydrogen evolution reaction (HER, 1, = 100 mV) under
alkaline conditions.

Further examples of chirality applied to OER/ORR electro-
catalysis are shown in Table 5.

DFT - chirality

Li et al.'® used DFT to understand how chirality affects copper

oxide nanostructures during the OER. They created models of
CuO surfaces in two ways: a normal, achiral form and a chiral
form where nanosheets were stacked with a small helical twist
to break mirror symmetry. Using spin-polarized DFT, they
examined the electronic structure, band behaviour, and density
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of states (DOS). Their findings showed that chirality changes
how electrons are distributed, leading to stronger spin splitting
and higher spin polarisation than in normal CuO.

They also studied how key OER intermediates *OH, *O, and
*OOH interact with both achiral and chiral CuO surfaces. The
free-energy diagrams revealed that chiral CuO lowers the energy
barriers, especially for forming the *OOH intermediate, which
is usually the slowest step in OER. This reduction in energy
makes the catalytic activity better, as also observed in experi-
ments. The chirality-induced spin-polarized states couple more
easily with oxygen species, helping O-O bond formation and
speeding up the reaction.

They showed that the use of chirality is a promising way to
improve spin-dependent catalytic processes in water splitting.
Fig. 11 clearly demonstrates that chiral CuO reduces the energy
needed to form *OOH compared to achiral CuO, helping charge
transfer occur more easily and enhancing OER performance.

Characterization

At the atomic and molecular levels, chirality, manifested
through asymmetric lattices or ligands, must be linked to
macroscopic phenomena such as spin polarisation and electro-
catalytic efficiency. Operando techniques must combine real-
time data collections on the active material under real-world
operating conditions in combination with electrochemical
measurements. Often this is done using flow cells or modified
three-electrode setups to capture transient species and spin
dynamics. For chiral systems, these methods reveal how asym-
metric environments induce spin filtering during electron
transfer, enhancing OER/ORR efficiency beyond traditional
scaling relations. Key strategies include the integration of
external fields (magnetic or polarised light) to amplify CISS
signals. The use of enantiopure vs. racemic controls to isolate
chirality effects and multiscale probing: from atomic spin
states to mesoscale helical structures. Recent reviews empha-
sise the need for standardised operando protocols to validate
spin-dependent mechanisms.?”***

In chiral catalysts, XAS detects asymmetric coordination of
*OH/*O intermediates, linking to CISS-enhanced Kkinetics.
Recent examples show operando XAS applied to study enantio-
pure Fe-Ni oxides, revealing chiral intermediates participating
in OER, with faster kinetics tied to optical activity.*® Dual-
channel XAS was applied to study spin regulation in OER.
The measurements elucidated that spin polarisation enhances
the kinetics of the oxygen evolution reaction (OER), a rate-
limiting step that restricts the energy efficiency of water
splitting.'*®

Operando Raman and infrared spectroscopies probe vibra-
tional modes of surface species; surface-enhanced variants
(SERS/SEIRAS) boost sensitivity. These techniques identify
chiral ligand vibrations or asymmetric O-M bonds, linking to
spin-selective adsorption. Recently, SEIRAS was applied to
study chiral Fe-Ni oxides, confirming chiral intermediates in
OER.'?®

Operando atomic force microscopy (AFM) and scanning
tunnelling microscopy (STM) are applied for surface

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 DFT calculations. The optimized L-CuO model (a). Schematic illustration of different steps of OER over L-CuO, with optimum configurations of
the key intermediates (b). The Gibbs free energy diagram of the key intermediates during OER on L-CuO and A-CuO at zero potential (c). Charge density
difference of the L-CuQ, where the yellow (cyan) iso-surface indicates charge accumulation (depletion) regions (d). Reproduced with permission.*?*
Copyright Wiley 2024.
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topography and current mapping. Here, spin-polarised currents
are measured in real time, quantifying CISS efficiency. Recent
advances cover in-liquid magnetic conductive-AFM (mc-AFM)
for operando spin selectivity’” as well as mc-AFM for spin
blockade in chiral Au nanoparticles during OER."'*%'*”

Operando microscopy and scanning probe techniques pro-
vide spatial resolution for visualising dynamic chirality and
spin domains during reaction. Using bespoke cells, the meth-
ods enable the resolution of helical distortions or spin-
polarised domains in chiral nanoparticles during reaction.
Recently, Cryo-operando TEM was used, where chiral hydration
in OER was preserved."”® Operando STEM has been applied
to chiral PdGa crystals for ORR, directly confirming spin
polarisation.**

Morphological asymmetry

In this section we examine the synthesis and application of
catalysts with explicitly chiral morphologies, as opposed to the
more subtle chiral functionalisation or induction discussed
thus far. The relationship between catalyst morphology and
activity has long been an area of interest, as various shapes and
heterostructures allow for unique active sites and charge trans-
fer properties.”® Asymmetry on this scale is simple to track
through electron microscopy or small angle scattering experi-
ments. New challenges arise however in degradation of delicate
morphologies, and syntheses are challenging and may be
resistant to scaling up.

Synthesis approach

The synthesis of asymmetric nanoparticles (ANPs) with defined
chirality is a sophisticated art, moving away from thermody-
namic equilibrium towards kinetically controlled growth. The
methods generally used requires the application of an asym-
metric influence to impart handedness to the structures.'°
Common strategies to establish this chiral bias involve the use
of chiral directing agents, such as chiral ligands, templates or
the application of magnetic fields, circularly polarized light, or
macroscopic shear. These synthetic methods are primarily
classified into two categories: structural engineering and sur-
face engineering. The former constitutes a direct pathway,
frequently utilizing chiral templates or physical deposition
techniques. In contrast, surface engineering relies on an indir-
ect mechanism where chirality is transferred from chiral mole-
cular adsorbates to the achiral nanomaterial framework. Below
is a brief overview of these methods and their influence on
electrocatalytic performance.

Structural engineering

The chiral template-assisted methods offer a flexible and
efficient pathways for synthesizing nanomaterials with complex
hierarchical structures and enhanced functional properties.'*!
Chiral templates can be categorized as either organic soft
templates, such as chiral hydrogels,"> liquid crystals,"** and
DNA-directed assembly,"** or inorganic hard templates.'**
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Organic soft templates

Chiral hydrogels emerge as versatile soft templates for the
synthesis of asymmetric nanoparticle (ANP). The synthesis
method leverage the three-dimensional polymer networks to
encapsulate and direct the nucleation of transition metal pre-
cursors into chiral architectures."****' These hydrogels, often
derived from biocompatible polymers like chitosan or alginate
modified with chiral ligands, exhibit tuneable porosity and
mechanical compliance, enabling precise control over nano-
particle dimensions typically ranging from 5-20 nm in width
and 50-200 nm in length. Their hydrated environment fosters
enantioselective metal deposition, as demonstrated in studies
where hydrogel-confined Co and Ni clusters formed helical
ANPs with enhanced spin polarisation for ORR, where over-
potentials dropped by up to 50 mV compared to non-templated
counterparts. Varying hydrogel cross-linking density and pH
further modulates the chiral induction, yielding ANPs with
adjustable plasmonic responses and catalytic selectivity, parti-
cularly in alkaline OER conditions.

In comparison, liquid crystal (LC) templating harnesses the
self-organized anisotropic phases, such as cholesteric or smec-
tic, to impose long-range helical order on ANPs, promoting
uniform alignment and superior chiroptical properties. LCs,
including those based on rod-like calamitic molecules or dis-
cotics, guide nanoparticle assembly at critical concentrations
around 2-5 wt%, transitioning from isotropic dispersions to
birefringent chiral nematic phases observable via polarized
optical microscopy. Research demonstrated that lyotropic
liquid crystal-templated platinum alloys form ordered nanopor-
ous films with interconnected structures, enhancing electro-
catalytic active area and charge transfer, resulting in improved
ORR and OER performances. Entropic driving forces stabilize
these ordered phases, enabling precise tuning of pitch length
and surface anisotropy, which strengthen CISS effects and spin-
polarized electron transfer. While hydrogels excel in biocom-
patibility and local chirality transfer, LCs provide sharper
structural periodicity, higher-order domains, and ease of scal-
ability, although they require tighter temperature control dur-
ing synthesis.

Hard templates

Inorganic hard templates, such as helical mesoporous silica or
zeolites derived from enantiopure precursors, provide rigid
scaffolds with precise helical pores (pitch lengths 100-
500 nm) to template the deposition of transition metal ANPs
like CoFeNi or Pt alloys, ensuring high-fidelity chirality transfer
upon template etching.'® These templates enable thermal
annealing up to 800 °C for enhanced crystallinity without
chirality loss, yielding ANPs with pronounced circular dichro-
ism (CD) (g-factors > 0.01) and helical facets, as verified by TEM
and magneto chiral dichroism, outperforming soft templates in
structural durability.

The CISS effect in hard-templated ANPs amplifies ORR/OER
performance via spin-selective electron transfer, with silica-
templated Pt-Co helices achieving >80% spin polarisation to
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favour triplet O, pathways, reducing ORR E;,, by 40 mV and
OER Ny, to ~280 mV while suppressing peroxides."*> This spin
filtering lowers *OOH/*OH adsorption barriers on octahedral
sites, boosting mass activity 2-3-fold and stability (> 500 h), as
CISS-enhanced spin-orbit coupling stabilizes active configura-
tions in bifunctional metal-air catalysts.

Challenges and future perspectives

Despite the significant and growing interest in spin polarised
catalysts, their scale up and mass use is yet to be demonstrated,
and practical considerations will remain even as the theory
becomes more robust. Very challenging syntheses, for example
when enantiomeric purity greater than 99% is required, must
be made cost effective. As always with catalysts, the stability of
these systems will be an integral factor when it comes to their
viability in technology. Spin polarisation is a low entropy state,
and while this makes the oxygen reactions more thermodyna-
mically favourable it also inevitably means that catalyst degra-
dation will also be thermodynamically favourable. Degradation
will take many forms, depending on the approach: magnetic
order may decay, chirality may invert, and macroscopic asym-
metry may be lost as morphology changes over time and use.
These will be particularly evident in bifunctional applications,
such as metal air battery cathodes, as different operating
potentials lead to restructuring or complete phase changes.'*?

DFT

Despite significant progress in understanding spin effects in
electrocatalysis, several challenges and opportunities remain.
Future research should focus on coupling spin dynamics with
reaction kinetics through advanced computational approaches
such as time-dependent DFT and non-collinear magnetism.
These methods can provide deeper insight into how spin states
evolve during catalytic reactions and how they influence reac-
tion rates and selectivity.

Another promising direction is the integration of magnetic
field control into operando electrochemical cells, which would
allow real-time observation and manipulation of spin-
dependent processes under realistic reaction conditions.
Such experiments could directly correlate spin polarisation
with catalytic activity, providing valuable feedback for catalyst
design.

In addition, combining machine learning with spin-
polarized DFT offers a powerful strategy for accelerating
catalyst discovery. By learning from existing datasets, machine
learning models can predict spin-related properties and iden-
tify promising materials with optimal spin configurations for
specific electrochemical reactions.

Finally, the emerging concept of “spintronic electrocata-
lysts”” where magnetic and catalytic functionalities are coupled,
opens new avenues for developing next-generation materials
for sustainable energy conversion and storage devices. These
systems could enable more efficient and selective reactions by
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controlling electron spin as an additional degree of freedom in
catalysis.

Characterisation

While operando synchrotron methods like XAS and XMCD
dominate, several novel techniques could be adapted for chiral
electrocatalysts in OER/ORR to probe spin polarisation more
directly or at higher resolutions; however, these techniques
remain mostly underexplored or unapplied. A brief overview of
these methods follows.

1. Operando neutron scattering (e.g., neutron reflectometry
or inelastic neutron scattering): neutrons are sensitive to mag-
netic moments and light elements (e.g., H, O), making them
ideal for studying spin dynamics and hydration layers in chiral
interfaces during OER/ORR. This could reveal how chiral
lattices induce spin alignment in water-splitting intermediates
without the radiation damage issues of X-rays. Although
applied to battery electrocatalysis, neutron scattering has not
yet been used to study chiral spin effects. Operando neutron
scattering enables time-resolved studies of structural and
dynamic changes in electrochemical systems, including elec-
trocatalysis for hydrogen production. The ability to conduct
real-time, non-destructive probing of working devices under
realistic conditions, linking atomic-scale reactions to mesos-
cale performance, makes neutron scattering an attractive tech-
nique. Neutrons’ high sensitivity to light elements (H, O) allows
for studying hydrogen/oxygen-involved dynamics in OER/ORR
without interference from heavy metals. Enhancements to the
second target station at ORNL’s spallation source provide
~100x increase in brightness, allowing time-resolved mea-
surements (seconds or better), small-sample analysis, and
broad spatiotemporal scales, improving kinetics resolution
for irreversible electrochemical processes.'** Multimodal inte-
gration is also possible, where neutrons are combined with
X-ray, Raman, and conductivity measurements to provide quanti-
tative mechanistic insights into interfacial evolution and degrada-
tion. However, some challenges need to be addressed, such as the
need for standardised, neutron-compatible sample environments
(e.g:, electrolysers with gas/D,O feeds, optical access for photo-
excitation, auto-sample changers) to enable operando multi-modal
studies. Current setups require improvements in reliability, tem-
perature stability, and alignment. Software bottlenecks for rapid
data analysis in operando settings;'* existing tools lag behind
high-rate data collection at STS, requiring Al-assisted real-time
steering and digital twins.

2. Ultrafast pump-probe spectroscopy, such as femtosecond
X-ray or optical pump-probe: these techniques would allow the
capture of transient spin states and electron dynamics in chiral
catalysts on ps-fs timescales, elucidating CISS during fast OER/
ORR steps like O-O bond formation.*® Synchrotron or free-
electron laser sources (e.g., XFEL) enable this, but applications
to spin-polarised electrocatalysis are still in their infancy; they
could be extended to chiral systems to probe non-equilibrium
spin flips under bias.

3. Operando muon spin spectroscopy (LSR): SR probes local
magnetic fields and spin relaxation with high sensitivity,
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potentially detecting CISS-induced spin polarisation in chiral
metal centres during ORR/OER.’ The application of this
technique remains underexplored in electrocatalysis but could
complement XMCD by offering bulk penetration without
requiring strong external fields.

4. Operando nuclear magnetic resonance (NMR) spectro-
scopy: another largely underexplored method for electrocataly-
sis, operando NMR could track chiral ligand dynamics and spin
interactions in OER/ORR intermediates, especially in solution-
phase chiral systems.'®” It provides chemical specificity for
light nuclei, filling gaps in synchrotron methods for non-
crystalline materials.

5. Spin-polarised scanning electron microscopy (spin-SEM)
or Operando spin-polarised STM: these methods could visualise
surface spin domains at the nanoscale during reaction, but
operando versions for electrocatalysis are rare.'*® The applica-
tion of these methods may provide insights into how chirality
directs spin-selective electron pathways in OER/ORR, extending
ex situ probes.

Roadmap

Looking ahead (Fig. 12), advancing spin-engineered OER and
ORR electrocatalysis will require a coordinated research effort
that integrates materials design, operando characterisation,
theoretical development, and device-level validation. On the

Next-generation Operando Characterization
Spin-resolved XAS / XMCD

.

Neutron-based probes

Spin-polarised scanning probe microscopies

Ultrafast magneto-optical spectroscopy

Adaptation of these techniques to liquid electrochemical environments

Device-Level Validation
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materials side, the field must move beyond empirical discovery
toward predictive synthesis of catalysts with stable, well-
defined spin polarisation under realistic operating conditions.
In parallel, next-generation operando techniques-such as spin-
resolved XAS/XMCD, neutron-based probes, spin-polarised
scanning microscopies, and ultrafast magneto-optical
spectroscopy-must be adapted to liquid electrochemical envir-
onments to directly track spin states and their evolution.
Theoretical progress is equally crucial: non-collinear DFT,
open-shell multireference methods, and spin-transport models
need to be refined to capture dynamic spin transitions, elec-
tron-phonon coupling, and CISS-mediated charge transfer with
greater accuracy. Machine learning and high-throughput com-
putational screening will help identify new classes of spin-
active materials, but only if coupled with experimentally vali-
dated spin descriptors and realistic reaction environments.
Finally, translating spin-based catalytic enhancements into
practical technologies will require systematic evaluation of
field-assisted devices, chiral-inorganic hybrid electrodes, and
magnetically ordered catalysts in full-cell configurations like
zinc-air and electrolyser system to quantify durability, scalabil-
ity, and energy efficiency gains.

On the journey to practical applications, there are opportu-
nities to study longevity, scalability, and cost optimisation of
such systems. In addition, the challenge of incorporating

Materials Design

« Spin-engineered electrocatalyst

« Control of magnetic ordering, spin alignment, and chirality

« Stability of spin states under realistic electrochemical conditions

« Rational synthesis routes informed by theory rather than trial-and-error

Theory and Computation

« Non-collinear DFT

+ Open-shell multireference methods
« Spin-transport and CISS models

v Dynamic spin transitions

Challenges and Opportunities

« Longevity and operational stability

+ Scalability and cost optimisation

« Integration of strong magnetic fields
into energy systems
v Magnetic field shaping
v Shielding

v Projection technologies

Fig. 12 Roadmap to practical spin-controlled electrocatalysts.
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« Magnetically ordered catalysts
Full-cell testing in:

v’ Zinc—air batteries
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v Electron—phonon coupling
v' Spin-selective charge transfer
Data-driven discovery:
* Machine learning and high-throughput
screening
« Experimentally validated spin descriptors
« Realistic electrochemical environments in
datasets
« Feedback loop between computation and

experiment
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powerful magnetic fields into energy systems may be an oppor-
tunity for innovation in the realm of magnetic field shielding,
shaping and projection.***>°

By aligning advances across these domains, the field can
progress from compelling proof-of-concept demonstrations to a
robust, mechanistically grounded framework for designing
next-generation spintronic electrocatalysts.

Conclusion

The past decade has witnessed the emergence of spin as a
powerful, previously underappreciated dimension in the design
of oxygen electrocatalysts. While the conventional descriptors
of occupancy, d-band centre, charge-transfer energy, and p-d
hybridisation continue to guide rational catalyst optimisation,
they are fundamentally limited by well-established scaling
relationships. The incorporation of spin control introduces an
additional quantum degree of freedom. Because water is singlet
and key intermediates (*OH, *O, and *OOH) exist in distinct
spin states, and because O, itself is a triplet species, the
alignment between catalyst spin configuration and intermedi-
ate spin multiplicity governs both thermodynamics and
electron-transfer kinetics. This review has shown that control-
ling catalyst spin states offers a path to modulate reaction
barriers in ways inaccessible to classical catalyst design.

It is clear that catalysts that maintain well-defined, spin-
polarised electronic structures during operation facilitate more
efficient coupling between the spin states of electrons, surface
intermediates, and products. High-spin transition metal cen-
tres in oxides and (oxy)hydroxides often show improved OER/
ORR activity due to enhanced exchange interactions, while
strained lattices or heteroatom dopants can stabilise favourable
spin configurations. Magnetic-field-assisted catalysis adds
further tunability, coupling ferromagnetic exchange with
mass-transfer benefits under certain conditions. Meanwhile,
the CISS effect has opened an entirely new class of spintronic
electrocatalysts, where electron transmission through asym-
metric organic or inorganic motifs produces spin-filtered cur-
rents that break traditional volcano-type limitations. The
synergy between structural asymmetry, spin filtering, and sur-
face chemistry is becoming increasingly clear, while the need
for efficient electron conduction through these surface features
demands careful optimisation.

Despite this progress, significant challenges remain. Spin-
polarised states are inherently low-entropy and can decay
rapidly under electrochemical conditions, particularly in mate-
rials prone to reconstruction or ligand loss. Chiral or asymme-
trically structured catalysts may suffer from morphological
degradation, while catalysts relying on external magnetic fields
may face scalability concerns. The mechanistic underpinnings
of CISS remain contested, necessitating deeper theoretical and
experimental scrutiny. Furthermore, the field currently lacks
standardised operando protocols capable of quantifying spin
polarisation, distinguishing between electronic and mass-
transport contributions, and linking transient spin dynamics
to catalytic turnover.
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Opportunities for future development are abundant.
Advanced computational methods including non-collinear
DFT, time-dependent magnetisation dynamics, and machine-
learning-accelerated spin screening will be essential for identi-
fying materials with optimal spin characteristics. On the experi-
mental side, integration of magnetic-field control into operando
cells, operando neutron scattering, spin-resolved STM/AFM, and
emerging spin-sensitive spectroscopy techniques promises to
unravel the complex interplay between spin, structure, and
reactivity.

Ultimately, the convergence of materials science, chiral
chemistry, and electrocatalysis suggests a future in which
spintronic electrocatalysts form a foundational pillar of renew-
able energy technologies, enabling water electrolysers, fuel
cells, and metal-air batteries that surpass the efficiency ceilings
imposed by conventional catalyst design.
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