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Quantum catalysts
Jose Gracia

There is a non-local energy wave reality that rules our local observable experiences, which is non-observable
directly using quantum mechanics based on continuous functions in space-time. Thus, wavefunctions start
the transition from a classical deterministic realm to a probabilistic and discrete one. The principles of
quantum mechanics fundamentally diverge from classical intuitions; thus, quantum materials have emerged as
materials that cannot be described in terms of semiclassical particles and low-level approximations of
quantum mechanics. Quantum materials have unique properties including non-weak (strong) electronic
correlations and some type of electronic orders, such as superconducting and spin—orbital (magnetic) orders,
and multiple coexisting interdependent phases, which are associated with new perceptions such as superposi-
tion and entanglement. Examples of quantum materials include superconductors, topological materials, Moiré
superlattices, quantum dots and magnetically ordered materials. Many (solid) catalysts show distinctive quan-
tum behaviours, which are frequently associated with open-shell orbital configurations. Thus, this perspective
aims to show that the literature is already full of quantum catalysts, and it is necessary to distinguish them and
adapt/improve their theoretical models for better understanding. Part of this work is focused on clarifying the
complex language of many-body quantum physics, isolating the approximations that are not fundamentally
complete, and connecting the non-classical interactions with more familiar concepts in chemistry. This
approach is also valuable for the physics community, since it gives a more chemical view to the properties of
quantum materials, with its adapted terminology. In this case, we aim to go beyond mathematics to try to
explain the possible meaning and plausible real interpretation of quantum correlations. Only the understanding
of true quantum potentials and their interplay within the transition state theory would enable a complete
conceptual description of the most relevant electronic interactions in catalysis. Consequently, there is almost
no new science in this article; it is mainly a collection of examples of quantum catalysts and the origin of the
successful theoretical models that predicted the results. Finally, a perspective on the status of this emerging
field is presented, emphasizing the imminent significant role of quantum correlations. Currently, the advanced
incorporation of the fundamental principles of orbital physics in solid-state quantum catalysts is leading the
technological transition towards a greener and more sustainable economy. Quantum correlations unify
catalysis and embrace advanced physics, because the rivalry between quantum interactions is likewise the
reference electronic background that explains the properties of quantum materials.

Quantum potentials are present in any composition, but the properties of some structures are distinctive because significant non-classical quantum correlations
arise, quantum catalysts, which are frequently associated with open-shell orbital configurations. Consequently, it is necessary to discuss quantum correlated

catalysts (QCCs) and try to explain/incorporate concepts such as quantum-entanglement and -superposition, in relation with the meaning and symmetry of
wavefunctions and their energetic influences in the transition state theory, the understanding of which is one of the most profound challenges in catalysis.

1. Introduction

involve non-weak quantum electronic correlations. According
to the previous definition, many catalysts are quantum phases,

Quantum materials are compositions which exhibit properties Fig. 1. This perspective is about interpreting the physical
that cannot be explained by classical interactions and mostly reality, and although there is no hypothesis in this case, most

citations are experimental examples of quantum correlated

MagnetoCat SL, Calle General Polavieja 9, 3 Izq 03012 Alicante, Spain. catalysts (QCCs), where authors have identified/observed influ-
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ential non-classical interactions. Theoretically, we attribute the
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Fig. 1 Quantum materials show subtle quantum effects in controlling the
macroscopic behaviour of materials, which also provide them with unique
functionalities in catalysis. Adapted from https://www.jncasr.ac.in/faculty/
abhishekkumar/research-area/ultrafast-physics-emerging-quantum-
materials; accessed 18/05/2025.

orbital physics from the wavefunction approach to many-body
physics. The only hypothetical parts are the interpretation of the
most counterintuitive phenomena such as entanglement, super-
position, nonlocality, and the possibility of non-imaginary wave-
functions. Actually, several competing and intervened quantum
potentials are involved in catalysis, the relevance of depends on
composition, oxidation state, and structure;* thus, they must be
recognized individually to advance and provide a complete
independent evaluation in the future. Specifically, to highlight
the quantum origin and spin dependence, we clarify the
“exchange interaction” commonly referred to in orbital physics
as quantum spin exchange interaction (QSEI). This also helps to
distinguish this interaction from the double-“exchange” or
super-“exchange” mechanism or ion-“exchange” in chemistry.
QSEI is part of the non-classical quantum electronic correlations;
accordingly, we use the term quantum excitation interactions
(QEXI) to refer to the more undefined term “correlation energy”.
In chemistry, QEXI gives a clearer definition for its multiconfi-
gurational physical meaning. QSEI and QEXI are both different
parts of the quantum correlation interactions between electrons,
and thus we should distinguish them properly. The corrections to
electronic repulsions from QSEI (or “spin exchange” if preferred)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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due to the quantum entanglement between electrons with the
same spin or from QEXI (or “correlation energy” if you prefer)
due to the quantum superposition of configurations is essential
in any case. Not all quantum materials are/have strongly corre-
lated systems/electrons, but they all have non-weakly correlated/
electrons, e.g. ferromagnets are at the border of the class of
strongly correlated materials, but they are not inside.” Thus if we
want to use a general term that covers all the electronic interac-
tions in quantum catalysts, a good way is the complementary
name (non-weakly) quantum correlated compositions (QCC),
which obviously includes strongly correlated. QCC frequently
arise from open-shell (OS) orbital configurations with unpaired
electrons, and although in the literature not all magnetic materi-
als are strongly correlated materials, they are all QCC and
frequently QCC-OS. There is no clear borderline, for instance,
graphene is not typically classified as a strongly correlated
material, but under certain conditions, it can exhibit strong
electronic correlations. Thus, overall, non-classical graphene-
derived catalysts appear as QCC-0S.*” We try to maintain a clear
nomenclature, as close as possible to the literature, but that
covers all the chemistry richness in catalysis including open-shell
structures, spin-orbital orderings, and spin-orbital couplings.
Researchers familiar with many-body physics should expect
different adapted terminologies, but complementary explana-
tions. Actually, the peculiar improved activity of many catalysts
is due to their stronger non-classical quantum interactions,
which are more relevant than in the classical weakly correlated
materials; thus, we must understand their additional quantum
behaviours. This long introduction will now continue with refer-
ences to the many quantum catalyst examples where, in most
cases, the authors identified the non-classical catalytic enhance-
ment. Regarding the details about the numerical method-data-
results, we refer to the citations; our aim here is to provide the
simplest figures, the overall view/link that unifies all the exam-
ples, and outline the most challenging plausible viewpoints.

The same electronic interactions, including non-classical quan-
tum potentials, that determine surface chemistry, condensed-matter
physics, enzymatic reactions, electron transfer, and homogenous-,
electro- and photo-catalysis are valid for solid (heterogeneous)
catalysts, together with the same physical principles as in quantum
biology.® The conceptual basis is common, independently of the
composition, size and conditions; thus, to have this unified funda-
mental view in catalysis, we must fully incorporate quantum
chemistry and avoid incomplete approximations. Chiefly, the activ-
ity of catalysts can only be fully understood by the individual and
direct analysis of their true quantum potentials.™ Specifically, we
cannot have a general conceptual basis in catalysis from approx-
imations that try to describe all real electrons as non-interacting
particles in an effective potential or local non-wavefunction mean
field approximation, or with incomplete approximations only valid
for certain transition metals.

The wavefunction is the heart of quantum mechanics, connect-
ing abstract mathematics to measurable physical phenomena; and
Schrodinger famously described quantum entanglement as the
essential feature of quantum mechanics.” Many catalysts are
effectively quantum materials, and we need to achieve a complete
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perspective from appropriate wavefunctions. Nonetheless, it is still
true that although we understand a lot about the mathematical
behaviour of a wavefunction, its precise meaning remains an open
question. Is the wavefunction a real physical entity, or is it just a
tool for predicting outcomes? According to some, it represents an
objective reality; others argue it is simply a way to encode our
knowledge or information about a quantum system. We will
explain how the construction of a wavefunction is related with
quantum superposition and entanglement, and how all these
interactions represent a tangible energetic reality that influences
catalysis. We attempt to give a real interpretation to these still
enigmatic interactions. The community must also distinguish
appropriate numerical methods and acknowledge more clearly
their limitations, such as local density functional theory approx-
imations (DFT-A), which are only valid in certain cases.
Quantum electronic correlations refer to the non-classical
interactions between electrons, which influence their energy
states. Spin exchange interactions (QSEI) are the most relevant
part of the electronic quantum correlations. Before 2016, QSEI
were specifically not part of most reports on the design/analysis
of solid catalysts; at that time, “standard simplifications” treated
all structures as if they were weakly correlated closed shell
(WCCS) metals (which we will define later). Part of the unaccep-
table errors for quantum catalysts of low level computational and
theoretical approaches, for false metals, can be inferred from the
outstanding descriptions by Zunger,'® Fig. 3. The higher level to
cover all possible cases to tackle the huge need for revision in
sold catalysis is to relate these sources with the fundamental
origin in the QSEI (magnetic order), QEXI and spin-orbit cou-
pling (S.0.C.). In a historical context, the 13th European Congress
on Catalysis (EuropaCat) was held on August 2017 in Florence,
where I was the only speaker talking about the spin potentials in
solid catalysts, specifically, spin selection through ferromagnetic
bonds in oxygen electrocatalysis,"* ™ and the contribution of the
position of the conduction band to overpotentials,'* as shown in
Fig. 7. Later, in EuropaCat 2023 in Prague, about half of the
catalysts in the presentations/posters had open-shell orbital
configurations mainly due to the presence of V, Cr, Mn, Fe, Co,
Ni, Cu and Ru in different oxidation states stabilised by QSEI;
nevertheless, there were only two talks directly addressing the
spin potentials in solid catalysts. This field was/is used to simpler
views and additional non-general simplifications, models of non-
correlated electrons, parametrizations and linearizations. How-
ever, in reality, a complete theoretical description must be based
on the direct recognition of the differentiating role of quantum
correlations, ie., quantum materials/catalysts with their unique
properties. Prior to 2016, the number of papers focusing on spin-
enhanced solid catalysts were only a few (nearly unknown)
dozens. As far as we could find, the early works were reported by
Buchachenko,'”'® a few computational indications,"” ™ specially
by M. Escafio,'® > and some concepts by Minaev can be extended
to heterogeneous catalysis.’*>° Of course, they include the works
by Naaman using chiral-induced spin selectivity (CISS),>**" and
some other examples.*>** These early observations on the spin
effects in heterogeneous catalysis were still unclear, discon-
nected, and did not have a consistent and complete theoretical
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base. Perusing the literature in solid catalysis, most of the
community thought that if any type of spin-potential had an
effect, it would be weak and irrelevant in practical observations or
to describe solid catalysts; most likely, considering the usually
weak direct spin-spin or hyperfine interactions. There were also
no experimental works observing that spin-orbital orderings,
intra- and inter-atomic QSEI are key for the activity of solid
catalysts. In mid-2015, when we started putting the pieces
together, no one seemed to expect that in 2025 the number of
publications on spin catalysis would reach thousands and on
some of the most important reactions. What has changed since
then? More complete quantum chemistry explanations, ranging
from kinetics to thermodynamics, have inspired theoretical pre-
dictions that are now proven in numerous successful experi-
ments. We must recognize that the majority of catalysts are spin
polarized with open-shells, and then non-classical quantum
correlations,”” mainly intra- and inter-atomic QSEI coupled
with quantum excitation interactions (QEXI) are particular key
factors in their activity and stability. The activity enhancements
from quantum correlations can sometimes be improved,
ordered, and even induced by an external magnetic field**>*
or CISS effect. Spin-dependent potentials are not only relevant
but sometimes the essential part in the catalytic activity and
stability, e.g.,****™*! and thus it is not news that many catalysts
are quantum materials.

Considering that this perspective targets the catalysis com-
munity in general, our efforts should explain the meaning of
the quantum concepts and refine and sometimes adapt the
language in physics. It would have been a mistake to just refer to
the physics literature because it is not directly related to catalysis
and some concepts still need clarification. Non-classical quan-
tum interactions are counterintuitive, e.g. in a possible Feynman
space-time representation, QSEI implies the nonlocal teleporta-
tion or space-time entanglement of the energy of electrons with
the same spin between orbitals; and QXEI implies the energetic
superposition of all possible electronic configurations. Interpre-
tations help to understand the stabilizing QSEI and QEXI as a
reduction of the Coulomb repulsions.” It is indeed odd in
catalysis to observe that a reduction in temperature results in
an increase in activity, which is small, in this case about 5-6%,
but noticeable for the triplet-state oxygen evolution reaction
(OER) in the paramagnetic to ferromagnetic transition with a
decrease in temperature, as shown in Fig. 4. In contrast to the
transition-state theory (T.S.T.), experimental evidence proved the
reduction in activation energies caused by an increase in the
extended inter-atomic QSEI and QXEI, as shown in Fig. 2.** In the
literature, huge variations in activity can be observed, increasing
from few % to several times, as shown in Fig. 9 for OER or in
ferromagnetic ordered PtFe-alloys for ORR.** Alternatively, on
antiferromagnetic (AFM) insulators, where the electron-spins are
trapped, decreasing the electrocatalytic activity, which is typical
of AFM type-G orderings,'>** then thermal-stimulated spin dis-
ordering accelerates water electrolysis.***> The massive success
of this modern evolution of theoretical solid catalysis is the
understanding of previous advanced experiments."”> Quantum
correlations are stabilising non-classical potentials, which also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy position of the transition states (AH™S) versus the reaction enthalpy
(AHP) in QCC-0S is different from WCCS.! Typically, QCC-OS with
conductive FM bonds optimize inter-atomic (non-local) QSEl and QEXI
in quantum catalysts, showing positive BEP deviations. Although the
opposite typically occurs, the worst catalytic activity is observed for the
most insulating AFM phases (AFMI), specifically type-G, unless the surface
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Fig. 3 False metals and set of symmetry-breaking energy lowering
mechanisms resulting in band gap opening with illustrative examples.'®
Copyright © 2021, the American Chemical Society, reproduced with
permission from the reference.

reduce the relevance of the classical potentials and promote the
reorganization of the electronic structure of catalysts, affecting
their thermodynamics and kinetics.">'* Quantum correlations
can lead to the significant reordering of the electronic structure,
and these interactions extend beyond simple mean-field approx-
imations, affecting the distribution of electronic states and their
energy levels. These effects are particularly relevant in all non-
weakly quantum correlated compositions (QCC), playing a domi-
nant role in shaping the properties of materials. In addition, the
increase in the activity and stability of intended open-shell
catalysts with several magnetic domains in the presence of
additional macroscopic magnetization from an external magnetic
field (EMF)**?%3%¢ i5 sometimes beyond our initial expectation.

There are many types of catalysts with magnetic ground
states, as shown in Fig. 5; however, thus far, mostly ordered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ferromagnetic spin conducting surfaces show enhanced cataly-
tic performances. The different spin-orbital orderings, which
are studied by doping quantum materials/catalysts, as shown in
Fig. 6, alter the conduction properties (bulk and surface), as
shown in phase diagrams.””*® The initial connection with
electrocatalysis is shown in Fig. 7 via spin-transport from
enhanced inter-atomic QSEI in quantum-correlated catalysts/
compositions (QCC). Fortunately, the literature is now full of
discussions about competing double-exchange and super-
exchange interactions, as shown in Fig. 7, or the spin in catalysis,
but still sometimes does not properly identify the interactions
that cause them. Our advice is always if a work states that the
spin is relevant in catalysis, look to see if the origin of the
quantum mechanics is explained. Accordingly, articles on spin/
magnetic-dependent catalysis with compositions with open-shell
orbital configurations that do not explain intra- and inter-atomic
QSEI are indubitably incomplete.

The role of the other main electronic correlations, quantum
excitations interactions (QEXI)¥, is more subtle; however, they
are presented to settle the position of the conduction band**?
and the potential energy.! Over these years, or course, we did
not discover QSEI (spin exchange) and QEXI (post Hartree-Fock
correlation), the two main electronic correlation energies; spin
exchange and post Hartree-Fock correlation are discussed in
quantum chemistry books.”> However, we did interpret them as
space-time energy scattering events,”® which involve spin- and
space-time entanglement and superposition of different con-
figurations. We were also not the first ones with the idea that
spin plays a role in catalysis, where Minaev was already was
working on this in 1995;*”*% nonetheless, it remained unclear
and mainly described as spin-flip through spin-orbital cou-
plings, ideas extended by Buchachenko.'>'® We clarified and
generalized spin-selection''™"® to prevent spin-forbidden steps,
showing that the most relevant interactions are intra- and inter-
atomic QSEIL> which lead to cooperative magnetic phenomena,
spin-orbital orderings (Fig. 5-7). Collective inter-atomic QSEI are
also related to Kondo spin-screening or the super- and double-
exchange mechanisms of Goodenough.>*° The overall mean-
ingful role of quantum correlations in catalysis, kinetics and
thermodynamics, chemisorption and activation barriers (over-
potentials) became clear by 2021,>" 7143438425776 and shown to
be valid for any composition. Furthermore, to begin a general
discussion about quantum catalysts, eqn (1) and Fig. 19 provide a
consistent comprehensive quantification, explaining how the
quantum potentials influence each other, e.g. describing the
works of Goodenough in oxygen electrocatalysis,®””* to include
any non-weakly quantum correlated material.”*”®> Many quantum
catalysts have been reported to date; thus, complete direct and
advanced quantum theoretical unification in catalysis are needed
to guide future computational studies and explain the now

+ QEXI in orbital physics literature are simply called “correlation energy”’, but
this historical definition is not optimum, given that QSEI, “exchange interac-
tions”, are also part of the non-classical correlation energy of electrons. QEXI give
more chemical meaning given that they are directly related to several accessible
electronic configurations, only comprehensible with more complete wavefunc-
tion approximations.
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Fig. 4 Chronoamperometry measurement at a potential of 1.69 V vs. RHE for a 13 unit cell (uc) thick Lag ¢7Sr0.33MNnO3 film: (A) above T¢ > 321 K and (B)
below T¢ < 320 K. (C) Magnetic properties of Lag g7Sro33MNO= thin films with a thickness of 10 and 13 uc. (D) Ordered inter-atomic QSEI reduce the
overpotentials in the FM active sites. Adapted from the open access article distributed under the terms of the Creative Commons CC BY license.*®

Many catalysts have Spin-Orbital Orderings
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Fig. 5 Various types of catalysts versus their response (magnetization) to an external magnetic field and ground-state spin—orbital ordering. Any

theoretical study on catalysts with open-shell orbitals should specify the
magnetic orderings; here, some common examples of AFM orderings are

abundant experimental evidence, namely, theory applicable to
any branch of catalysis and integrated with the physics of
quantum materials. For researchers more acquainted with
many-body physics, our fundamental point of view is an exten-
sion of the Hartree-Fock (H.-F.) wavefunction method as the only
alternative that incorporates the true nature of non-classical
quantum interactions and explanation related to quantum entan-
glement and superposition. Our work aims to make the concepts

998 | EES Catal.,, 2025, 3, 994-1029

use of the correct spin—orbital ordering, such as ferro-, ferri- or antiferro-
presented.

more accessible for experts and non-experts in orbital physics;
also, to relate the character of the electron correlations with
chemical concepts, e.g. discussing the imaginary self-energy is not
an option in catalysis.> Generally, imaginary numbers are a con-
ceptual obstacle, and thus we attempt to provide a plausible, but
hypothetical alternative. Also, the application of chemical concepts
to quantum materials will give physics another point of view, given
that all approaches should be merged to explain the same reality.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FMI for ferromagnetic insulating and CAFMI for canted antiferromagnetic insulating state. (B) Splitting of the Mn 3d levels into e4 and t,4 orbitals using
crystal field and Jahn-Teller distortions, for instance metallic conductivity via e4 electrons is the key for electrocatalytic activity of the abundant 3d-
metals, as shown in Fig. 7. This figure is adapted using data from ref. 48, open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license. As a function of X, (C) ORR electrocatalytic activity, reproduced with permission from ref. 49, Copyright © 2014,
Elsevier B.V. (D) Temperature for 50% conversion of CH,4 to CO,; reproduced with permission from ref. 50, Copyright © 2005, Elsevier B.V.
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spin-dependent electron delocalization. Reproduced with permission from ref. 42, Copyright © 2018, Elsevier B.V.
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We should also briefly highlight that a complete direct
quantum framework in catalysis is highly relevant for the
economy and industry

It is needed, as shown in Fig. 8, for understanding and design-
ing lower-cost and highly efficient (electro-) catalytic technolo-
gies. Fig. 8B is neither original nor of high scientific interest, but
it helps to group the vast number of alternatives in catalysis and
show the need to squeeze quantum mechanics to cover all cases,
which is a future challenge for the next generation. Because
these catalysts are acceptably described by uncorrected mean-
field approximations to electron-electron interactions or sim-
plified descriptors, weakly correlated closed-shell (WCCS) metal-
lic structures, are in many cases, an expensive minority in
nature. The growth in articles on all branches of catalysis
reporting the active role of spin potentials has indeed consider-
able economic interest. Both in acid, as shown in Fig. 9, and
basic, as shown in Fig. 10, media, magnetic catalysts are under
techno-economical evaluation for advanced water electrolysis
and fuel cells. Considering their abundance in nature,”* our
future greener economy is dependent on the optimum use of
abundant elements in correlated electron materials, accurately
with more examples of recognised quantum catalysts in
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Fig. 8 (A) Quantum-correlated catalysts with open-shells, QCC-OS, are
the most abundant on earth. Weakly correlated solid metallic catalysts are
typically expensive and less abundant in nature. (B) Inclusive perspective
on catalysis based on all the electronic interactions.
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electrocatalysis,”>””” fuel cells (triplet-state oxygen reduction
reaction (ORR)),”*® water electrolysis,*® dual OER & ORR
catalysts,®® hydrogen evolution reaction (HER),*°° efficient
photocatalysts,®* ™%  batteries,'"* "% metalloenzymes,'°**
enzyme-mimics, chiral-catalysts,*>'*>''®  ammonia®
Fischer-Tropsch (FTS) synthesis,""” CO, and nitrate electro-
photo-">*'** reduction, novel applications in biomedicine,
and others.”?* 3! These theoretical and experimental advances are
already amazing, and the biggest unification with an impact on all
aspects of catalysis, this field can only be completely understood by
directly addressing quantum correlations,""**>>

112-114
and
118-121

124-127

Challenging the status quo, not everything depends/occurs on
the top surface atoms of catalysts

In 2020, Pt;M magnetic alloys showed sub-surface alterations
in their spin-density with the chemisorption of reactants.®®®
Later, in 2022, similar results were observed by Cinchetti.
Specifically, ferromagnetic Pt;Co structures were observed to
have double the mass activity for ORR compared to Pt/C."*?
These intermetallic open-shell alloys are examples of structures
that are neither strongly correlated nor weakly correlated,"*
and thus a compromise definition is (non-weakly) quantum-
correlated compositions with open shells (QCC-OS). In 2024, the
results reported by the group of Prof. Chhowalla on OER again
provided evidence that the transmission of both quantum
mechanical and electrochemical information initiated by sub-
surface QSEI leads to an enhancement in catalytic
performance.”” The current densities are very low, but the
results are particularly interesting because no d-orbitals are
directly involved, e.g. the active surface is a layer of graphene
with magnetic FesGeTe, (FGT5) below. As “non-local” interac-
tions, QSEI can be mediated over longer distances, such as
through conduction electrons, which is seen in phenomena
such as the RKKY interaction (Ruderman-Kittel-Kasuya-
Yosida),"** where QSEI, mediated by conduction electrons, can
extend over several atomic distances. The technological interest
in spin spin/magnetic enhanced water electrolysis became clear
in 2021, where long-range ferromagnetic order was observed to
double the OER and ORR current densities, as shown in Fig. 9.
These results also prove that the intrinsic magnetic properties of
oxygen electrocatalysts are the main driving activity-enhancing
factor due to QSEIL There are many works in the literature about
intermetallic nanoparticles based on open-shell 3d-metals, e.g.
ptmgPershell  occ-0S used in catalytic applications; however,
they failed to identify the key role of the magnetic features in the
activity. The OER activity and stability of ferromagnetic RuO,
doped with Mn are among the best, making it of technological
interest although Ru is a platinum group metal.>® Some of the
principles of spin-enhanced catalysis extend to all reactions,
and thus can be used to develop dual (industrially competitive)
electrodes for water electrolysis, as shown in Fig. 10, with the
advantage of being resistant to reverse currents for use with
renewable energy. Overall, these works demonstrate that the
distant transmission of quantum interactions is not only impor-
tant, but can be the main factor, which are nowadays one of the
most outstanding examples of QCC. Fig. 9 also proves that
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Fig. 9 Linear sweep voltammetry curves of: (A) ferrimagnetic CoFe,O,4 at
a scan rate of 10 mV s~ in O,-saturated 1 M KOH with and without a
constant external magnetic field (M) (10 000 Oe), after M is removed (after
M), and after demagnetization.>* Image from the author's referenced
under a Creative Commons Attribution 4.0 International License. (B)
Mn-RuO, plus EMF, Mn—RuQO,, RuO,, and IrO, in 0.5 M H,SO4 at a scan
rate of 5 mV s713¢ Image adapted with permission from the author's
reference, Copyright @ 2023, John Wiley & Sons, Inc. (C) ORR polarization
curve of MgO substrate, Pt film, L10-PtFe NF, and L10-PtFe(M) NF. Image
adapted with permission from the author's ref. 41, Copyright © 2020,
Elsevier B.V.
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Fig. 10 (A) Activity and (B) stability of a dual OER and HER high-entropy
3d—4d-5d block metal spin catalyst deposited on nickel foam in basic
media, reproduction of the result in acid media.*® Developed by https://
www.magnetocat.com using the principles of quantum catalysts as
industrial solution to the degradation of electrocatalysts using reverse
currents, especially when powered with intermittent renewable energy
sources.

single-structure-sensitive catalytic activity plots and selectivity
maps are not generally true, as shown in new superior studies.*’
This is because they are an oversimplification assuming that the
electronic structure varies consistently/linearly/equally for all
compositions with hypothetical structural descriptors. Simi-
larly, descriptors based on counting the number of outer
electrons must include a proper basis of the alterations of
properties with the actual orbital fillings, depending on the
spin-orbitals orderings. Logically, the conclusion from these
imperfect works is still an unknown characteristic of active OER
electrocatalysts because in many incomplete models, the true
relevant quantum properties of catalysts were overlooked.

Endothermic electro- and photo-catalysis

Photons, as electromagnetic energy packets vibrating in space
and time, are absorbed and emitted by electrons in photocata-
lysts by altering the energy of their quantum state. Endothermic
electro- and photo-catalysis start from the initial increase in
electronic energy, and subsequently energy transfers to the lattice
surface vibrations, causing electron-phonon scattering to activate
atomic movements, and also via many-body large-hole (magnon)
polarons."® The increase in electronic energy in an environment
with preferential cooperative spin-orbital orderings via QSEI in
atoms with unpaired electrons also means that in the separation
of an entangled electron pair (1]) towards the formation of
intermediates or T.S. with net spin density, the orientation of one
of the spins will be parallel and the other perpendicular to the
resident spin polarization. This indicates that according to
momentum conservation rules, during their departure at equili-
brium, the electrons remain entangled (1---QSEI---|),% with
energetic consequences. In any electron transfer, charge and

F Entanglement refers to a quantum state where two or more particles become
linked, causing the state of one particle to almost instantly influence the other,
regardless of the distance between them. When particles are entangled, their
properties are non-locally interdependent, and measuring the state of one particle
instantly determines the state of its entangled partner.
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spin move, and given that T.S. has at least a higher radical
character than one or both of the initial and final stationary
states, non-bonding stabilizations are more relevant. In the
presence of ferri- or ferro-magnetic bonds via QSEI, EMF or
CISS, spin entanglement carries energy, which can be a crucial
component in processes where energy transfer occurs with
efficiency, reducing the activation barriers and overpotentials
in electro- and photo-catalysis.

Quantum non-locality

The observed influence/response of the open-shell sub-surface
atoms on the chemisorption on the surface-active sites
indicates the possibility of quantum non-locality in catalysis.
Postulated in most cases via quantum entanglement, virtual
orbital teleportation is implied as the phenomenon of a group
of electrons interacting in such a way that the quantum state of
each electron of the group cannot be described independently
of the state of the others, including when the electrons are in
atoms separated by a large distance. Quantum energy telepor-
tation has the paradox to be described as a virtual process
where the quantum state of an electron is transferred from one
location to another, but without having a way to check if the
particle itself has physically moved. Thus, in some cases, we
wonder if the catalytic activities in multiparticle entangled and
superimposed quantum systems carrying energy need an inter-
pretation with non-local realism, e.g. do the results in Fig. 9 and
some others imply non-locality? This speculation is part of our
perspective for future investigations, as it is in physics.® Here, a
more educated postulate is presented, given that is has been
known since 2016 that the double-exchange mechanism allows
spin selection in *0, electrocatalysis.”® The double-exchange
mechanism implies cooperative inter-atomic QSEI interactions,
where electrons transfer between neighbouring ions, aligning
their spins to minimize energy. Also, this coherent transport
regime occurs when electrons move in a collective and wave-
like fashion, maintaining phase coherence over long distances,
where spin transport is mediated by distant metals. This
introduces a layer of complexity because this scenario can
involve quantum coherence and entanglement, which are hall-
marks of quantum non-locality. Quantum non-locality arises
when entangled particles exhibit correlations that defy classical
explanations, even across distances. If the spin transport in the
catalytic scenario maintains coherence over long distances and
involves entanglement, lowering the activation energies, it
essentially implies quantum non-locality.

Non-locality in catalysis in the quantum sense is an uncer-
tain but interesting conjecture§ because there is a medium
surrounding the active sites, i.e., a coordination sphere, which
effectively influences the activity. The coordination sphere is
fundamental to adjust the electronic and steric characteristics

§ Non-locality describes the phenomenon where these entangled particles seem
to influence each other instantaneously over large distances. Although entangle-
ment often implies non-locality, they are not strictly the same concept. Entangle-
ment is a broader phenomenon, and non-locality is one of its intriguing
implications.
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of catalysts,"*” or needed in the cooperation between the active
sites and supports.'*® Accordingly, many examples of a coordi-
nation environment that produces a distinctive optimum elec-
tronic structure regulation via quantum correlations, EMF and
CISS, are being identified, e.g. in batteries,'**™**!
enhancement by aligned magnetic domains.
related observation is that most high-entropy catalysts exploit
QSEI and QEXI in a complex coordination environment.'** It is
difficult to find high-entropy catalysts that do not include open-
shell metals, given that based on their precise definition, most of
them are QCC-OS. Unfortunately, the obvious role of intra- and
inter-QSEI, coupled with QEXI in spin-polarized metallic ground
states and partially occupied d-orbital shells are frequently not
yet identified/discussed. In contrast, the clear importance of
quantum correlations is now emerging, indicating that on-site
static properties and local interactions do not reveal everything; a
statement that will not probably be a surprise for the developers
of the CISS effect.***471°1 A valid question is if in some cases,
can the energy carried by the quantum correlations, especially in
electro- and photo-catalysis, stabilize the transition states (T.S.)
entangled-superimposed with the spin-orbital of the transferred
electron? The key stabilization may be due to any non-classical
potentials (QSEIL, QEXI, CISS, and EMF) outside the atomic
structure of the active sites, a possibility represented in
Fig. 11. Local, semi-local or non-local, the peculiarities in the
electronic structure of T.S. is a key topic for the future, which
has barely been studied in detail for most solid catalysts, in
particular QCC-OS.

Nowadays, they are starting to be common, but in 2017, not
even in the most cited theoretical/computational articles on 0,
electrocatalysis, the words “spin”, “triplet”, “‘excha