7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

FRONTIER

When catalysis meets spintronic: the emergence
of spintro-catalysis and the potential of
mixed-anion spinels

{ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
12118

Ulrich Aschauer*® and Houria Kabbour (2 *®

The emerging field of spintro-catalysis, at the interface of catalysis and spintronics, offers a compelling
strategy to overcome long-standing limitations in catalytic reactions involving spin-sensitive intermedi-
ates. In particular, the redox chemistry of molecular oxygen, central to the oxygen evolution and
reduction reactions (OER and ORR), is subject to spin-selection rules due to the triplet ground state of
O,. Traditional catalysts, often in singlet spin states, suffer from inefficient spin-incoherent electron trans-
fer, which hampers reaction kinetics. Recent advances demonstrate that ferromagnetic materials, through
spin-polarized charge transport and coherent spin alignment, can facilitate these challenging transform-
ations more efficiently than antiferromagnetic analogues. This frontier article examines how magnetic
ordering, superexchange interactions, and spin state alignment influence catalytic performance, with a
focus on perovskite and spinel-type oxides and their emerging chalcogenide analogues. The inclusion of
mixed-anion chemistry further enhances the tunability of electronic and magnetic structures. Looking
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ahead, ab initio simulations such as spin-polarized density functional theory (DFT) will be critical for
unveiling spin-related mechanisms and guiding the rational design of next-generation spin-active cata-
lysts. By integrating spin dynamics into catalyst design, spintro-catalysis offers a transformative approach
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Introduction

Catalysis plays a pivotal role in modern society, driving chemi-
cal processes essential for energy production, environmental
protection, and the synthesis of vital chemicals." A notable
example is the Haber-Bosch process, which enables the large-
scale synthesis of ammonia from nitrogen and hydrogen. This
process is fundamental to global agriculture, as ammonia
serves as a key precursor for fertilizers that sustain food pro-
duction for billions of people. Despite its importance, the
Haber-Bosch process remains energy-intensive, consuming
over 1% of the world’s total energy supply, highlighting the
ongoing need for more efficient catalytic solutions.” Catalysis
is also an integral part of sustainable fuel production, playing
a key role in the generation of biofuels and hydrogen.
Electrocatalysis and photocatalysis are crucial for reactions
such as CO, reduction towards products such as methane or
ethanol® or water splitting to produce green hydrogen fuel,*
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for energy conversion and sustainable chemical transformations.

which are promising alternatives to conventional fuels derived
primarily from fossil sources.

Notably, many catalysts incorporate magnetic transition-
metal elements such as iron, cobalt, and nickel.>*® Recent
studies have illuminated the significant influence of magnet-
ism on catalytic properties. For instance, research has demon-
strated that applying a magnetic field can enhance the oxygen
evolution reaction (OER) activity of CoFe,O, nanosheets by
modulating their intrinsic magnetism, reducing the overpoten-
tial required for the reaction."’ Additionally, investigations
into the hydrogen evolution reaction (HER) have revealed that
magnetic fields can alter catalytic efficiency across various
materials, including ferromagnetic and paramagnetic cata-
lysts, by affecting the binding energy between reaction inter-
mediates and the catalyst surface."* An external magnetic field
can further enhance the catalytic performance by reducing the
volume fraction of domain walls, the resulting large ferro-
magnetic (FM) domains promoting spin-facilitated pathways
for the OER."*™"°

The intrinsic magnetism and spontaneous magnetic inter-
actions, especially for room temperature ordered systems, are,
however, already consequential for catalysis without an
applied external magnetic field. Quantum-spin exchange inter-
actions that reduce the repulsion between same-spin electrons

This journal is © The Royal Society of Chemistry 2025
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were predicted to be at the origin of these effects."®"”
Ferromagnetism was identified in general to be beneficial for
high catalytic activity of reactions such as the oxygen reduction
reaction (ORR), the OER, or ammonia synthesis."”"® These
insights underscore the potential of leveraging magnetism to
design more efficient catalysts for applications in electrocataly-
sis and photocatalysis. Due to the effect of the spin on catalysis
and in analogy to the field of spintronics,'® the term spintro-
catalysis was coined®® to describe the direct effect of the mag-
netic structure on the catalytic activity.

The O, redox chemistry and its
relation to spintro-catalysis

This spin-dependent activity seems especially pronounced for
the O, redox chemistry, which stems from O,’s particular elec-
tronic structure. In its ground state, the O, molecule exists in a
triplet (°Z,") state due to the preferential occupation of its two-
degenerate antibonding wn* molecular orbitals by electrons
with parallel spins, as shown in Fig. 1. These antibonding n*
orbitals play a crucial role in the electrochemistry of O,, par-
ticularly in the oxygen reduction reaction (ORR) and the
(OER).

During the ORR, electrons are first transferred into these 7*
antibonding orbitals, progressively weakening the O=O
bond.*' As reduction continues, the occupation of the higher-
energy o* antibonding orbital further destabilizes the bond,
leading to O, dissociation and the formation of either water in
acidic conditions or hydroxide (OH") in alkaline conditions.>?
Conversely, during the OER, the process is reversed: electrons
are successively removed from oxygen-containing intermedi-
ates such as *OH, *O, and *OOH until the O=0 bond
becomes stable, allowing molecular oxygen to form and be
released.

A key challenge in both reactions arises from this intrinsic
triplet spin state of molecular oxygen, which imposes spin-
selection constraints on electron transfer.'”2° In the ORR, for
example, the first two electrons transferred must be of oppo-
site spin to those already occupying the =* orbitals. In the

Fig. 1 Simplified O, molecular orbital diagram considering only the O
2p states.
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Fig. 2 Reproduced with permission from ref. 20, Gracia et al., J. Catal.,
2018, 361, 331-338. © 2018 Elsevier. Illustration of the spin-selection
constraints on electron transfer for the ORR. The schematic representa-
tion showing the density of states (left) of FM La;_,Sr,MnOz oxides and
(right) preferential antiparallel spin orientation of an adsorbed O, mole-
cule. Half-metals are materials that conduct electrons of one spin orien-
tation while blocking the other, making them highly interesting for spin-
polarized charge transfer in catalysis.

OER, on the other hand, the last two electrons removed from
the molecule must have the same spin. However, if the cata-
Iytic metal site is in a singlet state, as is common for most
elemental transition metals, there is no intrinsic preference
for spin orientation. As a result, approximately half of the elec-
tron transfer events to or from these n* orbitals will be spin-
forbidden, leading to slow reaction kinetics via incoherent
transport mechanisms such as hopping."”*° This spin restric-
tion necessitates catalytic strategies that promote spin-polar-
ized electron transfer (Fig. 2).

Magnetic materials to promote the O,
redox chemistry

The magnetic order of the catalyst is one route to promote
spin-polarized electron transfer.>’ While ferromagnetically
(FM) ordered catalysts have high-lying transition-metal d-elec-
trons of one preferred spin-polarization in each ferromagnetic
domain, the local spin order of a ferrimagnetic (FiM) or anti-
ferromagnetic (AFM) material can also promote spin-polarized
charge transfer if the reactant adsorbs to two same-spin tran-
sition-metals sites. It was also stated that the FM order must
persist along the electron transfer pathway and that a covalent
bond of intermediate strength between the active site and the
reactant simultaneously optimizes the charge transfer and the
desorption rate according to the Sabatier principle.

Gracia et al.'” propose an extension of the Kanamori-
Goodenough rules**** to (electro)catalytic interfaces and in
particular the OER and ORR reactions. In the case of spintro-
catalysis, FM interactions are expected to enhance electronic
conduction to/from the O, triplet state in the OER and ORR as
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they provide enhanced spin conductivity while AFM provides
localization leading to higher energy barriers, limited charge con-
ductivity, and weak chemisorption for electron donors. Based on
the above, Gracia et al. have analyzed transition metal oxidation
states in some catalysts active for the OER and ORR. They found
that higher oxidation states are performing better for the OER,
because they provide electrophile FM surfaces capable of forming
spin-polarized O,* easily. For the ORR, low-intermediate oxi-
dation states are preferred because they provide nucleophile FM
surfaces that can supply electrons to actively adsorb O, — O~
(such as Mn*', Co*", Ni**, and Ru*" for instance). This leads to
the trend that good catalysts for the ORR are less performant for
OER and vice versa."”

While FM order can exist in metallic alloys,> we focus here
on this magnetic order in oxides and mixed-anion materials
that are emerging in various fields. In oxides, the stable mag-
netic order is primarily driven by superexchange, that is the
alignment of spins is determined by their interaction through
an oxygen ligand.**** As such AFM order is favored when two
empty or two filled d orbitals are connected by a 180° bond via
an oxygen 2p orbital. FM can emerge when the bond angle
approaches 90° or when a filled d orbital is connected to an
empty one via the O 2p orbital. Since most ABO; perovskites
have bond angles close to 180° and oxygen connects the same
(empty or filled) B-site d orbitals, most of them display an
AFM order. Notable exceptions are doped i.e. (La,Sr)MnOs3, or
defective perovskite oxides in which the altered bond geometry
or the orbital occupations can favor FM.>*?%*” In
La,_,Sr,MnO;, the dominant magnetic interaction is double
exchange, involving electron hopping between Mn*" and Mn**
ions through e, orbitals. This interaction leads to FM align-
ment and differs from superexchange, which occurs between
same-valence cations and typically favors AFM coupling. FM
can also occur in mixed B-site double perovskites,”® where
transition metal d-orbitals of different occupations are linked

by oxygen.

Extension of the mechanistic
principles of the O, triplet state from
perovskites to other magnetic
catalysts

As shown above, a huge literature (both experimental and
theoretical) is now available for perovskite-type catalysts. On
the other hand (thio)spinels are emerging with great promise
and we focus here on the prospect of their magnetic properties
in (photo)electrocatalytic applications. They have the general
formula AB,X, (X = O®~ or §*7), featuring A cations in tetra-
hedral sites and B cations in octahedral sites within a cubic
close-packed anion lattice as shown in Fig. 3. In inverse
spinels, half of the B cations swap with A cations, forming
B(AB)X,, as in magnetite (Fe;0,).

The diverse magnetic behavior of spinels is due to the intri-
cate cation distribution within their face-centered cubic

12120 | Dalton Trans., 2025, 54, 12118-12124
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Fig. 3 Spinel crystal structure shown for the example of NiC0,0,.

oxygen lattice. The magnetic properties of spinels also arise
primarily from superexchange interactions between metal
cations occupying tetrahedral (A) and octahedral (B) sites.
Depending on the nature of these interactions, spinels can
exhibit FM, FiM, or AFM. FM spinels arise when direct
exchange (overlap of neighboring metal cation orbitals) or
double exchange (electron hopping between mixed-valence
cations, favoring parallel spin alignment) dominates. FiM
spinels result from unequal antiparallel spin sublattices,
leading to a net magnetization, while AFM spinels typically
occur when one of the two metal elements is non-magnetic,
leading to strong superexchange coupling. Like in perovskites,
defects such as cation or oxygen vacancies can alter orbital
occupations, or alter the exchange pathways, leading to
different magnetic behavior.

Spinel materials are crucial for catalytic applications, mag-
netic storage, spintronics for low-energy computing,”®>! and
so on. These applications highlight their significance in
advancing sustainable energy and materials science. For
instance, lithium manganese oxide (LiMn,0,) is a key cathode
material in lithium-ion batteries.>® Spinel-based catalysts like
Co30, and NiCo,0, drive oxygen evolution and reduction reac-
tions in fuel cells and water splitting.>*** On the other hand,
thiospinels, with sulfur replacing oxygen, exhibit unique elec-
tronic and magnetic properties® due to sulfur’s larger size
and polarizability. For instance, CuCo,S,, is promising for
supercapacitors and batteries due to its high conductivity and
redox activity.>® While oxide spinels have been extensively
explored for their catalytic properties,®” their conductivity and
the number of active sites can be improved in their thiospinel
counterparts, the redox activity of which is better than that of
the corresponding oxides.*® Therefore, thiospinels are promis-
ing emergent counterparts to spinels in the catalysis field to
promote efficient electron transfer and to stabilize reaction
intermediates for highly effective energy conversion techno-
logies. Room-temperature FM exists in spinels such as magne-
tite (Fe;0,), which exhibits a Verwey transition at ~120 K but
remains ferrimagnetic up to 860 K,* and Lig sFe, 504, which

This journal is © The Royal Society of Chemistry 2025
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shows ferrimagnetism above room  temperature.
Ferromagnetic spinels, such as Co;0, and NiFe,0,4, are par-
ticularly notable for their catalytic properties in OER and ORR.
For thiospinels, CuCr,S, and CuCr,Se, are also ferromagnetic
near room temperature, with Curie temperatures (7¢) of 376 K
and 430 K.*! On the other hand, FeCr,S, exhibits ferrimagnet-
ism (magnetic LRO) but below 170 K and is subject to orbital
ordering.*?

Ferromagnetic thio(spinels) and their
catalytic behavior

If we consider first FM spinel oxides, a notable comparative
mechanistic study of the OER reaction pathways for NiFe,O,
and CoFe,0, (inverse spinels) concluded that CoFe,0, exhibits
lower barriers compared to NiFe,O,, especially in the Co-site-
assisted OER mechanism.** This study provides also a valuable
methodology (see Fig. 4) based on O, formation transition-
state structures to determine barriers, which may enhance the
comprehension of such catalytic reactions. As seen for numer-
ous spinel-type materials, the later Co-Fe based system
demonstrates a great anionic flexibility with the existence of
the oxide CoFe,O, for which theoretical investigations showed
lower barriers and increased TOF compared to other spinel
oxides, of the fluorine doped CoFe,O,:F** and of the thiospi-
nel counterpart CoFe,S, which exhibit water oxidation
activity.*®

CuCr,0, oxide spinel is among the most efficient catalyst
for many reactions such as CO oxidation.’® Many synthesis
methods (e.g. solvothermal, co-precipitation, sol-gel) showed a
versatile system with controllable nanostructures that impact
several catalytic or photocatalytic reactions (e.g. depollution,
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photodegradation of organic dyes, H, evolution). Theoretical
investigations have been carried out on various MCr,0,
materials including CuCr,0,: stable surface terminations were
established, and CO oxidation activity could be related to the
oxygen vacancy formation energy, with a dependence related
to the M transition metal electronic structure.?” Considering
advances on this particular Cu-Cr system with the existence of
the pure oxide and the pure chalcogenides (S and Se), it is
interesting to mention that recently sulfur doped CuCr,0,:S
with different doping levels was reported, therefore showing
the possibility of mixing anions. Without doping, CuCr,0, is a
visible light photocatalyst with a 2.4 eV band gap.*® When O, S
and Se occupy the anionic sites, this system should be a rich
playground for mixed-anion tuning of the catalytic properties.
In the S-doped sample, a certain level of sulfur incorporation
induces a morphological change of the particles toward well-
defined nanosheets with improved catalytic performance,
showing a dual effect of anionic doping that impacts both the
electronic structure and the nanostructure.*® Other recent
studies on spinel catalysts suggest that nanostructuring®® and
defect engineering®! can be applied to thiospinels to enhance
their catalytic potential. Further research into these materials
and the relationship between their magnetic and catalytic pro-
perties could open new avenues for sustainable energy
technologies.

Further prospects of mixed-anion
spinels as spintro-catalysis materials

The above lays out that the intrinsic magnetism of a catalyst
can have a marked effect on the catalytic activity, FM generally
leading to higher activities than AFM. While perovskite
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Fig. 4 Reproduced from ref. 43 under CC-BY 4.0 (https://creativecommons.org/licences/by/4.0). DFT modeling of the mechanism and energetics
of OER on the (001) facets of NiFe,O4 and of CoFe,O,4 spinels. The mechanistic pathways investigated include the lattice oxygen mechanism (LOM)
and the adsorbate evolution mechanism (AEM). In the case of NiFe,O4, a Fe-site-assisted LOM pathway is found to be preferred. In the case of
CoFe,0,4, the authors found possible coexistence of active sites: with a Fe-site-assisted LOM pathway and a Co-site-assisted AEM pathway. The turn-

over frequencies (TOF) suggest higher efficiency for CoFe,O,.
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complex oxides have been intensively studied as catalysts, the
spinel family of compounds is advantageous compared to per-
ovskites as they offer a richer tunability of their magnetic
order in addition to being composed primarily of earth-abun-
dant elements and being accessible via various synthetic
routes. While the role of the transition metal on the catalytic
activity was previously investigated for spinels, the role of the
intrinsic magnetism was not systematically studied. Moreover,
the versatile anion chemistry of spinels (i.e. the formation of
thiospinels) and their potential to form mixed-anion phases
such as oxysulfides, oxynitrides and oxyfluorides, offers
additional tunability of the transition-metal d orbital occu-
pation (fluorine will reduce transition metals, which is ben-
eficial for the ORR, nitrogen will oxidize, which favors the OER
and sulfur enhances the covalency) and hence the magnetic
structure and catalytic activity.

On the other hand, the magnetic ordering temperature of
catalysts is a key consideration for practical applications.
Catalysts which exhibit ferromagnetic order above room temp-
erature, allow spintronic effects to be exploited under ambient
conditions. For materials with lower ferromagnetic ordering
temperatures, external magnetic fields may be applied to
induce spin alignment. It is also interesting to mention the
study of NiFeN@NiFeOOH core-shell catalyst in which the
shell is antiferromagnetic until 70 °C.>* The authors could
accelerate the OER reaction by heating up to 70 °C where the
entire sample is in its paramagnetic state. This heat-induced
magnetic transition allowed to diminish the spin-related elec-
tron transfer barrier in this particular case without stability
issues reported. Furthermore, assessing environmental stabi-
lity beyond temperature (e.g. via Pourbaix diagrams) is essen-
tial to ensure sustained catalytic activity in realistic electro-
chemical environments. In particular, the stability of thiospi-
nels under aqueous conditions should be considered. For
instance, CoFe,S, mentioned above (ref. 45), undergoes
surface oxidation and forms oxohydroxide layers during OER.
In this case, the transformation is not detrimental but forms
part of the activation mechanism, resulting in a catalytically
active interface. In the later, both Fe-S component and active
oxyhydroxide (Co(Fe)O H,) suggest that mixed-anion systems
can enhance both stability and reactivity through dynamic
surface restructuring.

Conclusions and future prospects

The emerging field of spintro-catalysis highlights the impor-
tance of intrinsic magnetism and spin-polarized charge trans-
port in governing the kinetics and efficiency of catalytic reac-
tions, particularly those involving spin-sensitive species such
as molecular oxygen. Ferromagnetic materials, by enabling
coherent spin alignment and reducing spin-forbidden tran-
sitions, offer clear advantages over their antiferromagnetic
counterparts in key processes like the oxygen evolution and
reduction reactions (OER and ORR). Spinels and thiospinels,
due to their compositional flexibility and diverse magnetic

12122 | Dalton Trans., 2025, 54, 12118-12124
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behaviour, are promising candidates for realizing these effects
in practical catalytic systems.

It is also worth mentioning that beyond spinels and the
mentioned perovskites, several classes of magnetic oxides and
intermetallics have been explored for spin-influenced catalysis,
including layered double hydroxides®® and Heusler-type®* com-
pounds. These materials exhibit varied magnetic behaviors
and tunable electronic structures suitable for OER and ORR.
Besides, spin-dependent effects are also crucial in other reac-
tions such as the ones involving NOx chemistry for instance.
Here again, magnetic catalysts may influence selectivity and
efficiency in these reactions through spin polarization.>”

A major limitation in electrocatalysis is the presence of
linear scaling relationships between the adsorption energies of
intermediates (e.g., *OH, *O, *OOH), which restrict optimiz-
ation. Here, multiferroic materials, exhibiting coupled ferro-
electric and magnetic ordering that can be externally manipu-
lated, offer additional prospects. This tunability may enable
selective modification of surface reactivity and offer a pathway
to break scaling relationships.>®™>°

In addition to experimental advances, theoretical
approaches are also crucial in shaping the future of spintro-
catalyst design. Accurately modeling spintronic effects in cata-
lysis requires methods capable of treating magnetic ordering,
spin-orbit coupling, and strong electronic correlations. Spin-
polarized DFT enables access to key descriptors such as the
projected density of states and Bader charges, and can be com-
bined with reaction path methods like nudged-elastic band
(NEB) calculations. However, more advanced methods such as
Hubbard-corrected functionals (e.g¢ DFT+U or DFT+U+V, poten-
tially in a self-consistent and/or site-dependent formalism),
computationally intensive metaGGA or hybrid functionals or
other strong correlation methods such as dynamical mean-
field theory (DMFT) would be required. Furthermore, model-
ing catalysis at solid-liquid interfaces remains highly nontri-
vial, necessitating techniques such as implicit solvation
models, joint DFT, ab initio molecular dynamics, meta-
dynamics, or thermodynamic integration.

Ultimately, spintro-catalysis represents a multidisciplinary
framework integrating solid-state physics, surface science, and
theoretical chemistry, for the rational development of next-
generation catalysts that leverage spin to achieve both activity
and selectivity in sustainable energy technologies.
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