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ABSTRACT: The understanding of quantum correlations within catalysts is an active and 

advanced research field, absolutely necessary when attempting to describe all the relevant 

electronic factors in catalysis. In our previous research we came to the conclusion that the most 

promising electronic interactions to improve the optimization of technological applications based 

on magnetic materials are Quantum Spin Exchange Interactions (QSEI), non-classical orbital 

mechanisms that considerably reduce the Coulomb repulsion between electrons with the same 

spin. QSEI can stabilize open-shell orbital configurations with unpaired electrons in magnetic 



 2

compositions. These indirect spin-potentials significantly influence and differentiate the catalytic 

properties of magnetic materials. As a rule of thumb, reaction kinetics (thus catalytic activity) 

generally increases when inter-atomic ferromagnetic (FM) interactions are dominant, while it 

sensibly decreases when antiferromagnetic (AFM) interactions prevail. The influence of magnetic 

patterns and spin-potentials can be easily spotted in several reactions, including the most important 

bio-catalytic reactions like photosynthesis, for instance. Moreover, we introduce here the concept 

of Quantum Excitation Interactions (QEXI) as a crucial factor to establish and influence the band-

gap in materials and as a key factor to efficiently mediate electron transfer reactions. In the present 

perspective we offer a general conceptual overview, mainly based on our recent research, on the 

importance of strongly correlated electrons and their interactions during catalytic events. We 

present the physical principles and meanings behind quantum exchange in a way that facilitates a 

comprehensive understanding of the electronic interactions in catalysis from their quantum roots; 

we explore the issue via mathematical treatment as well as via intuitive visual space/time diagrams 

to expand the potential readership beyond the domain of physicists and quantum chemists. 

 

1. Introduction 
 

Strongly correlated electrons enhance the activity of certain catalysts; understanding “why” and 

“how” is strictly dependent on understanding complex quantum phenomena, like metal-insulator 

transitions and ferromagnetism.1,2 An improved fundamental view of the quantum electronic 

interactions (correlations)3 lets us uncover additional details of the most relevant quantum 

electronic factors in catalysis, their origin, nature and influence. The importance of this 

fundamental research on orbital magnetism and spin-potentials is not only confined to a pure 
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academic scientific domain, but, being deeply intertwined, as it is, with the efficiency of 

electrocatalytic processes and technologies for the production of “green” hydrogen, it bears a 

tremendous impact on the idea of a cleaner and more sustainable world. 

1.1 The bumpy motion of electrons in orbitals.  

The Coulomb potential between two particles with finite charge cannot grow infinitely as they 

approach since quantum mechanics corrects this classical singularity. The Coulomb field oscillates 

creating interference patterns as the charges move in space-time; for instance, the attraction 

between the hydrogen nucleus and its electron at distances smaller than the Bohr radius creates 

more destructive interferences. Forces are not always fixed in space-time as classical mechanics 

describes; thus, it results that the movements of electrons follow many possible paths because of 

the quantization of the electromagnetic field. “In their space-time evolution, electrons make that 

the forces, which determine their movement, waver”.4 The overall contribution of a path is 

proportional to 𝑒௜ௌ/ℏ;4 where 𝑆 is the action given by the time integral of the Lagrangian along the 

path. 

 

Collisions. Electrons in orbitals follow intricate space-time trajectories, despite our inability to 

assess exactly where and when. They may also collide in scattering events. All this information is 

implicitly contained in the integrals derived from the Schrödinger's equation, in agreement with 

the Dirac factor 𝑒௜ௌ/ℏ. Consequently, the Schrödinger (nonrelativistic) approximation, commonly 

used to understand the electronic factors in catalysis, includes all the events contained within the 

equivalent path integral description with an infinity of quantum-mechanically possible 

trajectories.3  
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1.2 Relativity, Quantum Mechanics and the Pauli exclusion principle: Origin of the Spin 

correlation.  

The momentum 𝑝௘ି of a free electron moving at velocity 𝑢 in the observer’s frame is 𝑝௘ି = 𝑚଴
௘ି ⋅

𝛾 ⋅ 𝑢 in special relativity, where 𝛾 =
ଵ

ටଵିቀ
ೠ

೎
ቁ

మ
, 𝑐 is the speed of light and 𝑚଴

௘ି its rest mass.5,6 The 

total energy of the electron is 𝐸ା
௘ି = +ඥ(𝑝௘ି ⋅ 𝑐)ଶ + (𝑚଴

௘ି ⋅ 𝑐ଶ)ଶ . In order to incorporate the 

relativistic energy of an electron, Dirac obtained a wave equation that puts together Quantum and 

Relativistic Mechanics by introducing the ൣ𝛼௫,௬,௭൧
௘ି

 and [𝛽]௘ି  matrices in the wave function 

൫ൣ𝛼௫,௬,௭൧
௘ି

⋅ 𝑐 ⋅ 𝑝̂ + [𝛽]௘ି ⋅ 𝑚଴
௘ି ⋅ 𝑐ଶ൯ ⋅ Ψ௘ି = 𝐸෠Ψ௘ି. The evaluation of Ψ௘ି for the free electron 

gives two solutions with the same positive energy, interpreted as spin degrees of freedom. It 

follows that a free electron has two states with different spin and the same energy, Ψାఈ
௘ି = ቎

1
0
0
0

቏ ⋅

𝑒ି௜ ℏ⁄ ⋅|ா೐ష|⋅௧  and Ψାఉ
௘ି = ቎

0
1
0
0

቏ ⋅ 𝑒ି௜ ℏ⁄ ⋅|ா೐ష|⋅௧,  even for the simplest solutions. Thus, Dirac spinors 

provide a complete and orthogonal set of solutions. As a consequence, of the combination of 
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special relativity and quantum mechanics, chemistry, thus catalysis, developed the notion of the 

spin degree of freedom.   

 

 

 

 

 

 

 

Figure 1. Left) Space-time diagram representing the Quantum Spin Exchange Interaction 

between two electrons with the same spin in the molecular orbitals 𝜑௔
ఈ and 𝜑௕

ఈ. Electrons are 

described by an anti-symmetric wavefunction, resulting in either a Fermi hole in ferromagnetic 

(FM) bonds with orthogonal electrons having a lower probability of being found close to each 

other (bottom right) or a Fermi heap, in overlapping antiferromagnetic (AFM) couplings having 

a higher probability of being localized close to each other (top right).   
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Orbital magnetism in principles emerges as a quantum phenomenon, because of the requisite of 

forming antisymmetric wavefunctions (
ୣି
ୟ୬୲୧ୱ୷୫.) versus the permutation of the indistinguishable 

electrons (fermions).3 Two electrons with the same spin cannot occupy simultaneously the same 

orbital (hence they result spin-correlate), otherwise the wavefunction probability amplitude is zero.   

The ୣି
ୟ୬୲୧ୱ୷୫. solutions mathematically introduce Quantum Spin Exchange Interactions (QSEI) as 

integral energy terms that may be understood in the path formulation as scattering events occurring 

inside electronic configurations. We developed particular Feynman´s type diagrams for the 

dynamic behavior of electrons in atoms. Figures 1 left and 2a show QSEI as space-time scattering 

events only accessible among electrons with the same spin.3 The figures explain that two electrons, 

one in the orbital 𝜑௔
ఈ  and the other in the φୠ

஑ (y-axis), initially distant at time 0 (x-axis, left), start 

approaching each other at time t (x-axis, center). At this time their repulsive Coulomb potential 

increases, yet, the repulsion cannot grow indefinitely since the electrons are in a quantized field at 

any point and instant. Thus, the system allows that the electrons interchange their orbitals (again, 

time t, center) and energy-momentum, avoiding each other in order to decrease the repulsion 

between them. The net result of this mechanism at time final (x-axis, right) is that the electrons 

exchanged their orbitals. What we are describing here is the same mechanism that allows electrons 

with the same spin to actually be indistinguishable particles. Thus, under this perspective, it turns 

out that QSEI are quantum mechanisms that electrons with the same spin use to avoid proximity 

(i.e., a spin correlated movement in their multifaceted orbital movements). At this moment, we 

would like also to clarify that QSEI is not the mechanism that determines directly the electric 

conductivity,7 since electrons in the Highest Occupied Bands (HOBAs) can still feel a strongly 

localizing potential and an energy gap may exist towards the Lowest Unoccupied Bands (LUBAs).  

We will argument more about the conduction band in section 1.3. 
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QSEI are ubiquitous and significant in both closed-shell and open-shell catalysts. They are 

however especially relevant for configurations with unpaired electrons.8 Their understanding is 

essential for the full comprehension of the specific properties of magnetic structures (with Fermi 

heaps and holes, Figure 1 right). QSEI are a spin-dependent part and the most important among 

the correlation mechanisms in orbital physics, a significant contribution that can reshape the 

energy, orbital and catalytic structure; thus, a relevant factor that affects bond breaking and 

formation,9,10 as well as ionic and electron transport.11 

We are mentioning the existence of two other magnetic potentials that are very relevant in 

catalysis for completeness of treatment, even though we will not analyze them in details here: 

direct spin-spin interactions (DSSI, bottom left of Figure 2),12 and strong spin-orbit couplings 

specially in chiral structures (CISS, bottom right of Figure 2).13,14,15 These three spin-dependent 

potentials, QSEI, DSSI and CISS, share a common acting principle: increasing stabilization via 

decreasing electronic repulsions. This spin-induced magnetic stabilization bears a great impact in 

catalytic events, especially those associated with delocalized Charge, Spin and Fermi holes.1 These 

magnetic interactions are also inevitably entangled: once DSSI or CISS potentials stabilize a 

magnetic structure, the repulsions among spin-oriented electrons in the structure decrease due to 

internal QSEI. To be extremely pragmatic, we could infer that this DSSI(external)-QSEI(internal)  

“entanglement” is exactly what happens when catalytic reactions based on magnetic structures are 

forced to run in presence of external magnets.8,12 

Theory predicted that indirect QSEI are typically stronger than the direct spin-spin potentials.8,16 

There are already plenty of experimental evidences in literature corroborating the success of 

theoretical analyses that include spin-potentials as the most significant part of the electronic 

correlations in catalysis.17,18,19,20,21,22,23,24,25,26,27,28 This analysis, embedding a full quantum 
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mechanic treatment, corrects and complements other non-correlated approximations, like the d-

band model, only sufficiently accurate for systems with weakly correlated electrons.29  
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 Figure 2. Representation of three kinds of relevant spin-dependent potentials in catalysis. 
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1.3 Quantum Excitation Interactions (QEXI).  

A slater determinant is an antisymmetric wavefunction representing the occupation of a single 

electronic configuration, the most stable being |Φ଴ ൿ. If we introduce |Φ଴ ൿ as solution to the 

Schrodinger equation, 𝐻෡ ⋅ |Φ଴ ൿ = 𝐸଴
ு௔௥௧௥௘௘ିி௢௖௞ · |Φ଴ ൿ, we will get the Kinetic and Coulomb 

energy of the electron and QSEI. This solution, however, neglects the Quantum Excitations 

Interactions (QEXI).7 The previous physical description conveys the idea that 𝐸଴
ு௔௥௧௥௘௘ିி௢௖௞ is the 

energy for |Φ଴ ൿ (a single Slater determinant) if the electrons will always be confined in space-

time exclusively in a single electronic structure, for instance 1𝑆ଶ = |1ఈ1ఉൿ for the He atom.  

In reality the ground state (G.S.) is a combination of more than a single electronic configuration, 

since  the electrons undergo temporary excitations to reduce their mutual Coulomb repulsions.3 If 

we improve the G.S. function via a linear expansion of the most stable electronic configurations, 

including all the possible excitations, then we have that: |Ψ଴ ൿ = 𝑐଴ · |Φ଴ ൿ + 𝑐ଵ · |𝑆⟩ + 𝑐ଶ · |𝐷⟩ +

𝑐ଷ · |𝑇⟩ and so on, where |𝑆⟩, |𝐷⟩ and  |𝑇⟩ represent terms involving single, double and triple 

excitations (and so on). Using this expansion, we can get the exact energy ( 𝐸ீ.ௌ. =

𝐸଴
ு௔௥௧௥௘௘ିி௢௖௞ + 𝐸ொா௑ூ ). Thus, the Quantum Excitations Interactions represent the Correlation 

Energy.  

Electrons in the G.S. of a certain system can be excited into excited electronic configurations 

(essentially orbitals with higher energies) and thus reduce their total energy. In order to understand 

the subtilities of this issue, let us start with a small mathematical description of the most basic 

model for He. We include only the 1𝑆ଶ = |1ఈ1ఉൿ and the 2𝑆ଶ = |2ఈ2ఉൿ configurations in the 

G.S. in order to have the spin-adapted singlet state expansion |Ψ଴
ு௘⟩ = 𝑐ଵ௦ଶ · |1ఈ1ఉൿ  +
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 𝑐ଶ௦ଶ · |2ఈ2ఉൿ. Only these two configurations are available. Since electrons are confined in space-

time in them, then we can normalize the wave-function as (𝑐ଵ௦ଶ)ଶ + (𝑐ଶ௦ଶ)ଶ =1. The energy 

is 𝐸ீ.ௌ.
ு௘ = ൻΨ଴

ு௘ห𝐻෡หΨ଴
ு௘ൿ: 

𝐸ீ.ௌ.
ு௘ = (𝑐ଵ௦ଶ)ଶ · ൻ1ఈ1ఉห𝐻෡ห1ఈ1ఉൿ + (𝑐ଶ௦ଶ)ଶ · ൻ2ఈ2ఉห𝐻෡ห2ఈ2ఉൿ + 2 · 𝑐ଵ௦ଶ · 𝑐ଶ௦ଶ · ൻ1ఈ1ఉห𝐻෡ห2ఈ2ఉൿ 

If (𝑐ଵ௦ଶ)ଶ = 1 , then 𝐸ீ.ௌ.
ு௘ = 𝐸

ଵௌమ
௦௜௡௚௟௘ି௖௢௡௙௜௚௨௥௔௧௜௢௡ ; conversely, if (𝑐ଶ௦ଶ)ଶ = 1 , then 𝐸ு௘ =

𝐸
ଶௌమ
௦௜௡௚௟௘ି௖௢௡௙௜௚௨௥௔௧௜௢௡ . Since 𝐸

ଵௌమ
௦௜௡௚௟௘ି௖௢௡௙௜௚௨௥௔௧௜௢௡

<  𝐸
ଶௌమ
௦௜௡௚௟௘ି௖௢௡௙௜௚ , these two isolated 

configurations will give a G.S. with (𝑐ଵ௦ଶ)ଶ = 1  and (𝑐ଶ௦ଶ)ଶ = 0 . 𝐸ொா௑ூ
ு௘ = 2 · 𝑐ଵ௦ଶ · 𝑐ଶ௦ଶ ·

ൻ1ఈ1ఉห𝐻෡ห2ఈ2ఉൿ is an additional stabilizing term, since both configurations participate together in 

the space-time movement of electrons.  

𝐸ொா௑ூ
ு௘ = −2 · 𝑐ଵ௦ଶ · 𝑐ଶ௦ଶ · 𝐾ଵଶ = −2 · 𝑐ଵ௦ଶ · 𝑐ଶ௦ଶ · ർ𝜓ଵ௦𝜓ଶ௦ቚ

1
𝑟ଵଶ

ቚ𝜓ଶ௦𝜓ଵ௦඀ 

𝐾ଵଶ  is the quantum exchange integral and 𝜓ଵ௦  and 𝜓ଶ௦  are the spatial orbitals in He. The 

dependence of the 𝐸ொா௑ூ
ு௘  versus the occupation of the two configurations, coefficients  𝑐ଵ௦ଶ and 

𝑐ଶ௦ଶ, is not linear. If 𝑐ଵ௦ଶ is slightly smaller than 1 and 𝑐ଶ௦ଶ is slightly bigger than 0, then the term 

𝐸ொா௑ூ
ு௘  decreases the total energy. The coefficient 𝑐ଵ௦ଶ must still be very close to 1, otherwise the 

contribution (𝑐ଵ௦ଶ)ଶ · ൻ1ఈ1ఉห𝐻෡ห1ఈ1ఉൿ + (𝑐ଶ௦ଶ)ଶ · ൻ2ఈ2ఉห𝐻෡ห2ఈ2ఉൿ increases the total energy (for 

its quadratic dependency). In other words, the minimum energy of the system is found for 𝑐ଵ௦ଶ <

~1  and 𝑐ଶ௦ଶ > ~0 . In such situation both orbital configurations participate in the G.S. and 

electrons use excited configurations to reduce their total energy in the space-time movement.        

Figure 3 shows a space-time view of this simplest excitation mechanisms that contribute to 

Quantum Excitation Interactions (QEXI) in He. We should remember that, according to Brilluoin’s 
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theorem,7 the Configuration Interaction matrix elements from singly excited configurations will 

be very weak), so, according to this, the simplest and more relevant QEXI in this example is a 

double excitation (Figure 3). We proceed to describe Figure 3 as we described Figure 1. Two 

electrons occupy two spatial orbitals, 𝜑௔  (y-axis), at time 0 (x-axis, left). At time t (x-axix, center), 

they get in close proximity so that their mutual Coulomb repulsion temporally increases to the 

point that both jump into excited and more diffused orbitals, 𝜑௥ . This way the growing Coulomb 

repulsion diminishes. Once the electrons separate further in space-time, the electrons relax back to 

the most stable configuration, at time final (x-axis, right). All these mechanisms are contemplated 

in the electronic ground state. QEXI are simply linked with the transient occupation of empty 

diffuse orbitals by excited electrons. As in the case of QSEI, QEXI are scattering mechanisms 

associated with electron dynamics mainly represented with exchange integrals (further details in 

section 2).       
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Figure 3. Space-time diagram that represents a Quantum Excited Interaction between two 

electrons initially in the molecular orbital 𝜑௔
⬚. When the electrons get in close proximity, both 

jump temporarily into an excited and more diffused orbital 𝜑௥
⬚.       
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The “empty” orbitals (i.e., excited electronic configurations) constitute the conduction band in 

materials. Thus, we can draw a very important conclusion in the context of electrocatalysis: QEXI 

help in the electronic mobility. Unfortunately, obtaining a full description of the QEXI in catalysis 

is nowadays still a big challenge, because computation should rely on multi-configurational 

approaches.3 Nonetheless, we can already outline two factors where QEXI play a role in 

electrocatalysis. Electron transfer reactions use the empty orbitals of the conduction band1,2 for 

enhanced electron transport, as described in previous studies.30,31 This is non-trivial, however, 

because an underestimation (or even neglection) of QEXI term in calculations, will lead to an 

Figure 4. a) QEXI help to place electrons from semi-occupied valence band of the catalyst 

(3/4) into empty orbitals of the reactant or, vice-versa, from occupied orbitals of the reactant 

into empty valence band of the catalyst(1/4). b) Schematic representation of the QSEI still 

present above the Curie temperature.       
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inevitable overestimation of the 𝐸௚௔௣
௕௔௡ௗ  and to an exponential overestimation of the activation 

energy (𝑒ିா೒ೌ೛
್ೌ೙೏ ௞ಳ்ൗ ). 

Another factor, where we anticipate that QEXI play an important role in electrocatalysis, is the 

selectivity. Valence bands that are partially occupied, but almost filled (3/4 occupancy), are more 

prone to reduction of the reactant (Figure 4a). On the other hand, if the valence bands are poorly 

occupied (1/4 occupancy), the catalyst is more prone to oxidation of the reactant (Figure 4a). In 

both cases, there is an electronic entropic factor, associated with a preference in the sense of the 

current.  

Given their nature, QEXI play a role in facilitating the excitation of electrons, carrying, as we saw, 

a certain degree of implicit selectivity. As of yet, the quantification of such mechanisms is outside 

of the scope of our perspective, whose goal is uniquely to provide a space-time picture of QEXI 

for a better fundamental understanding. Let us finish this section mentioning that the manipulation 

of QEXI for the rational design of improved catalysts is but, in its infancy, to our knowledge. 

 

1.4 Outline of QSEI in catalysis.  

The relative relevance of the energy terms derived from QSEI varies between non-magnetic and 

magnetic systems. Particularly, the on-site (intra-atomic) electronic Coulomb repulsions are strong 

within the compact 3d and 4f frontier orbitals of metals and this can lead to configurations with 

unpaired electrons (QSEI௦௛௘௟௟௦
௢௣௘௡ ). In addition, if we acknowledge the presence of several magnetic 

centers connected by covalent bonds, as it is inmagnetic materials, cooperative inter-atomic 

QSEI௦௛௘௟௟௦
௢௣௘௡  shape the overall complex magnetic, electric32 and catalytic properties.  
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Predominant inter-atomic antiferromagnetic (AFM) orbital orderings lead to electronic 

localization in the space (strongly localized Fermi heaps), occurring between magnetic metal 

centers (as previously shown in Figure 1 right (top) and Figure 8 center): the spins of neighboring 

magnetic centers point in opposite directions. Instead, as shown in Figure 1 right (bottom) and 

Figure 8 right, predominant inter-atomic ferromagnetism (FM), also present in ferrimagnetic and 

layered AFM type-A couplings) needs an excess of empty orthonormal 3d-orbitals close in energy. 

The partial orbital filling of the frontier FM covalent bonds allows the spins of the magnetic metals 

to point in the same direction.33,34 Previous description prevails even above Curie temperature; fast 

electronic transitions, in fact, will still use the locally available FM spin delocalization even in 

presence of oscillations due to vibrations and/or disordered magnetic domains (Figure 4b).   

In AFM couplings there are significant inter-atomic electronic repulsions among magnetic 

centers, compensated by stronger nuclei-electron attractions (Fermi heaps). In FM couplings  

electronic repulsions decrease in FM bonds due to the exchange delocalization in presence of an 

excess of QSEI௦௛௘௟௟௦
௢௣௘௡  at the valence band (Fermi holes).35,36,37  

After providing this previous general and basic analysis in sections 1.1, 1.2, 1.3 and 1.4, this 

perspective will focus on describing the impact of spin-dependent catalysis in “real life” 

experimental cases, in sections 1.5 and 1.6., and finally explaining the actual orbital physics and 

how this affects (electro-)catalysis, in section 2. We excluded from this perspective an extensive 

description of the cases where spin-dependent catalysis is very relevant in natural occurring 

biochemistry, even though the most important reactions for life depend on magnetic catalysts (i.e., 

photosynthesis). Natural selection exploits “spintro-biocatalysis” by making extensive use of 

QSEI௦௛௘௟௟
௢௣௘௡  in metals like Mn, Fe, Co and Cu, that are native in magnetic molecules devoted to 
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catalyze redox reactions38,21 and/or via chiral structures for spin-selection (Figure 2 - 

right).39,40,41,42,43The specific term spintro-biocatalysis was suggested to us in a private 

communication by a past reviewer to explicitly distinguish the peculiarities of spin-dependent 

potentials in biocatalytic processes. We are using the term as it is here, an archetype that implies a 

combination of QSEI from open shell active centers and chirality in bioactive molecules.44,45      
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1.5 Pure Transition Metals.  

 

The simple hydrogen evolution reaction (HER) on transition metals is quite revealing (Figure 5a); 

the experimental activity of closed-shell catalysts can be well encased into a single-volcano or 

Figure 5. a) Current-activity versus the number of sd-electrons during hydrogen evolution 

reaction (HER) on transition metals.46,47 The data refer to similar acid conditions at room 

temperature. b) Qualitative representation of the activity trend versus the number of 3d-electrons 

adapted from experimental results on oxides.48,49,50 c) Calculated adsorption energies for 

hydrogen, 𝛥𝐻௔ௗ௦
ு∗  and d) oxygen atoms, 𝛥𝐻௔ௗ௦

ு∗ . The adsorptions are calculated versus gaseous H2

and O2 on equivalent close-pack surfaces of V, Cr, Mn, Fe (BCC (1 1 0) surface), α-Mn (100), Co 

(HCP (1 1 1) surface), Ni and Cu (FCC (1 1 1) surface) at 0.5 ML. Hollow markers correspond to 

non-physical closed-shells configurations. 
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parabola plot versus the number of sd-electrons in the transition metals.46,47 However, under same 

conditions (e.g. oxidation state, structure), multi-peak drifts appear in catalysts based on 3d-

magnetic metals. Similar deviations due to magnetism are ubiquitously observed in pure 3d 

metals,46,47 intermetallic alloys,51 carbides,52 oxides,53,54 sulphides55 and nitrides56 involved in 

different chemical transformations. The spin of the electron is a crucial factor to be considered in 

catalysis.57,58,59,60,61 The alternation of the spin structure of the transition-metals changes the 

adsorption/desorption energy of the active sites, Figure 5a, dramatically affecting the reaction 

thermodynamics.58,23,61  

The Oxygen Reduction Reaction (ORR) by the optimal FM Pt3M alloys is another striking 

example62,63 where QSEI have a central role in the stabilization of the entire atomic structure. The 

best catalysts for cathodes in hydrogen fuel cells are Pt3Co1-XNiX nanostructures. The superior 

activity of these magnetic Pt-alloys, compared to metallic platinum, correlates with the milder 

chemisorption of the oxygenated intermediates on the surfaces of the alloy. QSEI, including 

interlayer exchange coupling due to magnetic inner layers, are determinant to make the active sites 

prone to bind adsorbed oxygen atoms in an optimal fashion for catalytic activity. These research 

advances62,63 predicted that a preferential multilayered structural organization for Pt3Co (and 

related) is the reason for enhanced catalytic properties. Such structural features are already known 

for exhibiting specific magnetic properties, useful for exploitation in spintronics.62 This structure-

magnetism-activity relationship represent an excellent trait d’union between heterogeneous 

catalysis and spintronics.62 

 

1.6 Transition Metal Oxides.  
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Early examples of spin effects in catalysis were mainly found on magnetic oxides and sulfides, 

where a close correlation was established between the spin state of the transition metals and their 

catalytic efficiency for OER.64,65,66,67 For example, Co3+ (d6) exhibits both high spin state (t2g
4 eg

2) 

and low spin state (t2g
6 eg

0) under octahedra field, yet high spin Co3+ in a FM conductor shows 

higher OER activity than low spin Co3+,66 confirming earlier predictions.68,69,2,1  

The spin polarization can also be created by vacancy engineering as demonstrated in TiO2 with Ti 

defects at 0 ~ 30%.70 It has been found that the spin polarization reaches the highest level in TiO2 

with Ti defects at 10%. This value provides the highest cell performance in photocatalysis. Spinel 

LiCoVO4 with magnetically polarized lattice planes, that can provide spin channels for polarized 

spin transfer, reaches high OER efficiency.71  

Our present comprehensive model can likewise explain the reduction in the overall cell energy 

consumption by using a NiFe-based (spin-polarized) catalyst by applying a magnetic field for CO2 

electrolysis.72 As we mentioned before, the main effect of the addition of an external magnetic 

field to a catalytic structure is to align the internal magnetic domains, macroscopically unifying 

internal QSEI (the stronger spin-potentials, as we previously mentioned) to reach optimal spin-

catalytic conditions.  

 

2. Theoretical Revision 

2.1 Trends in non-magnetic catalysts.  

Covalent solids with closed-shell configurations have all the electrons pairing their spins in 

orbitals. These configurations take full advantage of the Coulomb attractions, with valence 
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electron pairs (↑↓) sharing the space at inter-nuclear regions. Systems based on 4d and 5d orbitals 

are typically non-magnetic, because they have a larger radial extension than 3d and 4f orbitals and 

then the on-site electronic repulsions are nor strong nor confined.73,74 In such cases, increasing 

Coulomb attractions is thus more favorable than reducing electronic repulsions via QSEI.  

Table 1 shows the orbital electronic integrals, that determine the energy for any catalytic event on 

non-magnetic closed-shell surfaces, necessarily obtained from an anti-symmetric wavefunction.3 

The electronic features of catalysis for non-magnetic materials, like covalent bonding and 

activation energies, do not show dependence upon spin-polarization. Approximations to catalysis 

based on the electronic contributions in Table 1 assume the energetics (thermodynamics) of the 

interactions between the active sites and the reaction intermediates as independent of the spin.75,76 

Thus, spin-independent models should be only limited to this case and not universally applied. 

The electronic energic terms presented in Table 1 can be summarized as: the kinetic energy of 

every electron, 𝑻𝒆ି
𝒌𝒊𝒏𝒆𝒕𝒊𝒄 > 0 , the Coulomb attraction between every electron and nuclei, 

𝑽𝑵ା𝒆ି
𝑪𝒐𝒖𝒍𝒐𝒎𝒃 < 0, the Coulomb repulsion within all electron pairs, 𝑽𝒆ି𝒆ି

𝑪𝒐𝒖𝒍𝒐𝒎𝒃 > 0, the stabilizing 

QSEI between electrons with the same spin, 𝑸𝑺𝑬𝑰௦௛௘௟
௖௟௢௦௘ௗ < 0  and the excitation correlation, 

𝑸𝑬𝑿𝑰 < 𝟎.  

 

Table 1. Most relevant quantum energy contributions related with energic changes on non-

magnetic catalysts. The wavefunction is based on Slater determinants, constructed from mono-

electronic spin-orbitals (whose spatial part is ψa) as solution to the non-relativistic Schrödinger 

Hamiltonian for the valence electrons. 

∆𝑯𝒄𝒂𝒕.𝒆𝒗𝒆𝒏𝒕
𝒏𝒐𝒏ି𝒎𝒂𝒈.

= ∆𝑻𝒆ି
𝒌𝒊𝒏𝒆𝒕𝒊𝒄 + ∆𝑽𝑵ା𝒆ି

𝑪𝒐𝒖𝒍𝒐𝒎𝒃 + ∆𝑽𝒆ି𝒆ି
𝑪𝒐𝒖𝒍𝒐𝒎𝒃 + ∆𝑸𝑺𝑬𝑰௦௛௘௟௟௦

௖௟௢௦௘ௗ + ∆𝑬௘ି
௘௫௖.௖௢௥௥. 
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Energy Factor Integral Expression 

Kinetic energy  𝐓𝐞ି
𝐤𝐢𝐧𝐞𝐭𝐢𝐜 = ∑ ർ𝜓௔ቚ−

ଵ

ଶ
∇ଶ ቚ𝜓௔඀௡

௔  

Coulomb nucleus-electron attractions 𝐕𝐍ା𝐞ି
𝐂𝐨𝐮𝐥𝐨𝐦𝐛 = − ෍ ෍ ർ𝜓௔ቚ

𝑍஺

𝑟ଵ஺
ቚ𝜓௔඀

ே

஺

௡

௔

 

Coulomb electron-electron repulsions 𝐕𝐞ି𝐞ି
𝐂𝐨𝐮𝐥𝐨𝐦𝐛 =  ෍ ෍ ർ𝜓௔𝜓௔ቚ

1
𝑟ଵଶ

ቚ𝜓௕𝜓௕඀
௡

௕வ௔

௡

௔

 

Quantum Spin Exchange Interaction 𝐐𝐒𝐄𝐈ୱ୦ୣ୪୪ୱ
ୡ୪୭ୱୣୢ = − ෍ ෍ ർ𝜓௔𝜓௕ቚ

1
𝑟ଵଶ

ቚ𝜓௕𝜓௔඀
௡/ଶ

௕வ௔

௡/ଶ

௔

 

Quantum Excitation Correlation 𝐐𝐄𝐗𝐈 =  𝐄ୣି
௘௫௖.௖୭୰୰.  

 

Closed-shells maximize the number of electron pairs, thus the electronic properties are not affected 

by the spin: the contribution of the QSEI௦௛௘௟௟௦
௖௟௢௦௘ௗ stabilization terms is the minimum possible and do 

not accumulate at specific regions in position and momentum space. Figure 6 shows a simplified 

representation of the QSEI௦௛௘௟௟௦
௖௟௢௦௘ௗ  as dotted arrows between three closed-shells. We use a basic 

model limited to an orbital ψI mainly localized in a reaction intermediate and the two highest 

energy levels of the catalyst, ψa and ψb. The Coulomb repulsions, not explicitly indicated in Figure 

6, are roughly providing twice the energetic contribution than the QSEI௦௛௘௟௟௦
௖௟௢௦௘ௗ for non-magnetic 

materials, see the summations in Table 1.  
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Plotting the energy of chemisorption for active metals along the same period versus the atomic 

number (Z) for closed-shell active sites leads to Volcano plots in catalysis as demonstrated by 

Balandin.77 This is due to the consistent increase of the Coulomb repulsions ∆𝑽𝒆ି𝒆ି
𝑪𝒐𝒖𝒍𝒐𝒎𝒃(𝒁) versus 

the stabilizations ∆𝑽𝑵ା𝒆ି
𝑪𝒐𝒖𝒍𝒐𝒎𝒃(𝒁) + ∆𝑸𝑺𝑬𝑰௦௛௘௟

௖௟௢௦௘ௗ(𝒁) as the energy shells fill up. Quasi-parabolic 

trends are typically observed in the HER activity for non-magnetic metals.78 The 

hydrodesulphurization shows simple parabolic dependence versus the orbital-filling on transition 

metal sulphides.55 Overall, non-magnetic metallic catalysts (weekly correlated systems) 

reasonably follow the band-theory and related models. Thus, the adsorption of substrates and 

activation energies are well-described by the d-band model of chemical bonding.79 The reaction 

rates versus the occupation of the d-orbitals fd (or Z) show a single volcano-peak that can be 

reasonably fitted by a parabola79,80 (introduced in Eq. 1). 

Figure 6. Left) Simplified energy/space plot for closed-shells catalysts and intermediates: blue 

and orange dotted arrows indicate the quantum spin exchange interactions (QSEI). Right) 

Volcano plot introduced by Balandin et al.77   
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In non-magnetic catalysts with increasing Z, or fd, the higher relative stability of the electrons 

leads to an almost constant decrease of the adsorption energies, due to increasing electronic 

repulsions. Maximum catalytic activity appears for low-to-intermediate chemisorption energies, 

corresponding to a medium-high value of fd. The same reason explains why the cohesive energy 

of 4d-5d metals grows until the d-shell is about half-occupied (~d5) and then decays.78  

Eq. 1 is the simplest way to express the activation energy of a catalytic step as a function of the 

orbital occupation (fd or Z). Eq. 1 is an ideal expression (never fully accurate), where catalysts 

based on metals of the same period, with equal oxidation state and coordination, have equivalent 

“constant” electronic paraments 𝒂, 𝒉 and 𝒌 for the activation energy of a chemical reaction. Once 

we know the physical meaning of these parameters, we can fit the experimental activities at the 

actual reaction conditions. 

Eq. 1) ∆𝐻௔௖௧௜௩௔௧௜௢௡
௡௢௡ି௠௔௚௡௘௧௜

(𝒇𝒅) = 𝑎(𝒇𝒅 − ℎ)𝟐 + 𝑘 

Sabatier´s principle remarks that the interactions must be “exactly right” for optimal reactivity. 

Thus, a low fd value in Eq. 1 equates to excessive Coulomb attractions (∆𝐕𝐍ା𝐞ି
𝐂𝐨𝐮𝐥𝐨𝐦𝐛 < 𝟎), that, in 

turn, translates into strong chemisorption of intermediates limiting the kinetics 

( ∆𝐻௔௖௧௜௩௔௧௜௢௡
௡௢௡ି௠௔௚௡௘௧௜௖

~𝑎𝒉𝟐 + 𝑘 ). Conversely, a high fd value equates to considerable electronic 

repulsions (∆𝐕𝐞ି𝐞ି
𝐂𝐨𝐮𝐥𝐨𝐦𝐛 > 𝟎), that translates into poor activation of covalent bonds and weak (or 

endothermic) chemisorption, limiting once again the activity (∆𝐻௔௖௧௜௩௔௧௜௢௡
௡௢௡ି௠௔௚௡௘௧௜௖

~𝑎𝒇𝒅
𝟐 + 𝑘). Thus, 

optimal reaction rates with low-to-medium covalent adsorption energies correspond to medium-

to-high fd values, closer to the 𝒉 of the reaction, where the terms ∆𝑽𝑵ା𝒆ି
𝑪𝒐𝒖𝒍𝒐𝒎𝒃 and ∆𝐕𝐞ି𝐞ି

𝐂𝐨𝐮𝐥𝐨𝐦𝐛 +

∆𝐐𝐒𝐄𝐈ୱ୦ୣ୪୪ୱ
ୡ୪୭ୱୣୢ terms are competing among each other.  
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The early work of Balandin and co-workers also showed another fundamental insight: a 

conspicuous number of catalytic transformations based on magnetic compositions for which single 

Volcano plots do not hold.77  

 

2.2 Multipeak volcano plots in magnetic catalysts.  

The experimental activity trend of compositions based on 3d-metals show significant oscillations 

and multiple peaks versus orbital filing (fd). The sudden deactivation of antiferromagnetic (AFM) 

Mn for HER, compared to its previous and following elements, is significant.81 A well-

characterized deactivation of AFM MnS can be seen in hydrodesulphurization;55 similar examples 

are AFM Fe3+ oxides in oxygen catalysis.48,82,83 The primary cause of this phenomenon is 

electronic, but that also includes structural changes. In a series of catalysts, abrupt changes in their 

properties occur with the magnetic ordering, from non-magnetic to dominant antiferromagnetic or 

(ferri-) ferromagnetic couplings. Predominant FM orbital orderings systematically deliver optimal 

catalysts for the oxygen evolution reaction (OER) in photosynthesis,84 water electrolysis,85 

hydrogen evolution reaction (HER),86 hydrogen fuels cells,62,63 hydrodesulphurization,87 synthesis 

of ammonia56, CO2 electro_reduction72 and Fischer–Tropsch process.52 Compositions with 

dominant AFM interactions are generally less active. 

Milder adsorption energies and delocalized covalent bonds, both associated with spin-

exchange hopping, make structures with predominant FM spin-polarized bonds consistently more 

noble-like. This is a key quantum “trick” that nature uses to evolve the most effective catalysts 

based on Earth-abundant metals (we would like to remind the reader at this point that QEXI in the 
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catalyst also play a role in the decrease of Coulomb repulsions, as seen in section 1.3. Then they 

should also intrinsically be included as an electronic factor that enhance activity).    

Table 2 is an extension of Table 1; the energy terms of Table 2 differentiate the contribution of 

each spin (α or β) in open-shell configurations. We assume that α is the major spin population and, 

since nα > nβ, the number of QSEI௦௛௘௟௟
௢௣௘௡

 versus the classical Coulomb terms is higher than in closed-

shell systems. The meaning of the energy terms shown in Table 2 remains unchanged compared 

to the integrals in Table 1, albeit the electrons interact with each other and the modification of one 

potential affects the others. The additional spin energic terms depending on  QSEI௦௛௘௟௟௦
௢௣௘௡  comprise 

two possible spatial interactions, described in Table 3 and in Figure 7: the extra on-site 

 QSEI௦௛௘௟௟௦
௢௣௘௡

 interactions, taking place within the same atomic boundary (highlighted in dark blue in 

Figure 7) and the extra inter-atomic interactions, taking place among different atoms (orange in 

Figure 7) and only present in FM couplings. 

 

Table 2. Most relevant quantum energy contributions related with energic changes on magnetic 

catalysts. 

∆𝑯𝒄𝒂𝒕.𝒆𝒗𝒆𝒏𝒕
𝒎𝒂𝒈𝒏𝒆𝒕𝒊𝒄

= ∆𝑻𝒆ି
𝒌𝒊𝒏𝒆𝒕𝒊𝒄 + ∆𝑽𝑵ା𝒆ି

𝑪𝒐𝒖𝒍𝒐𝒎𝒃 + ∆𝑽𝒆ି𝒆ି
𝑪𝒐𝒖𝒍𝒐𝒎𝒃 + ∆𝑸𝑺𝑬𝑰௦௛௘௟௟௦

௢௣௘௡
+ ∆𝑬௘ି

௘௫௖.௖௢௥௥.  

Energy Factor Integral Expression 

Kinetic energy spin-𝛼 

 

Kinetic energy spin-𝛽 

𝐓𝐞ି𝛂
𝐤𝐢𝐧𝐞𝐭𝐢𝐜 = ෍ ർψୟ

஑ቚ−
1
2

∇ଶ ቚψୟ
஑඀

୬ಉ

ୟ

 

𝐓𝐞ି𝛃
𝐤𝐢𝐧𝐞𝐭𝐢𝐜 = ෍ ർψୟ´

ஒ
ቚ−

1
2

∇ଶ ቚψୟ´
ஒ
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Coulomb nucleus-𝛼 attractions 

 

Coulomb nucleus-𝛽 attractions 

𝐕𝐍ା𝐞ି𝛂
𝐂𝐨𝐮𝐥𝐨𝐦𝐛 = − ෍ ෍ ർψୟ

஑ቚ
Z୅

rଵ୅
ቚψୟ
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୅

୬ಉ

ୟ

 

𝐕𝐍ା𝐞ି𝛃
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ஒ
ቚ
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rଵ୅
ቚψୟ´

ஒ
඀

୒

୅

୬ಊ

ୟ´

 

Coulomb 𝛼-𝛼 repulsions 

 

Coulomb 𝛽-𝛽 repulsions 

 

Coulomb 𝛼-𝛽 repulsions 
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Quantum 𝛼-𝛼 exchange interaction 

 

Quantum 𝛽-𝛽 exchange interaction 
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Quantum Excitation Correlation 𝐐𝐄𝐗𝐈 =  𝐄ୣି
௘௫௖.௖୭୰୰. 
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Table 3. On-site and inter-atomic 𝑄𝑆𝐸𝐼௦௛௘௟௟
௢௣௘௡  for the extra α(β)-spins in magnetic catalysts. 

𝑸𝑺𝑬𝑰𝜶ି𝜶 = 𝑸𝑺𝑬𝑰𝒐𝒏ି𝒔𝒊𝒕𝒆
𝑨ି𝑨 + 𝑸𝑺𝑬𝑰𝒊𝒏𝒕𝒆𝒓ି𝒂𝒕𝒐𝒎𝒊𝒄

𝑭𝑴.𝑨ି𝑩  

Energy Factor Integral Expression 

A-A on-site Exchange Interaction ෍ ෍ ෍ ർ𝜓௔ି஺
ఈ 𝜓௕ି஺

ఈ ቚ
1

𝑟ଵଶ
ቚ𝜓௕ି஺

ఈ 𝜓௔ି஺
ఈ ඀

௘ିఈಲ

௕வ௔

஺ഀ

௔

ே

஺

 

FM A-B inter-atomic Exchange 
Interaction ෍ ෍ ෍ ෍ ർ𝜓௔ି஺

ఈ 𝜓௕ି஻
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Strong intra-atomic QSEI localize in space within the 3d-4f open shells in systems with dominant 

AFM couplings, Figure 7 left; 𝑸𝑺𝑬𝑰𝒐𝒏ି𝒔𝒊𝒕𝒆
𝑨ି𝑨  allow very stable high-spin orbital configurations by 

reducing exclusively the on-site electronic repulsions. There are no extra inter-atomic  QSEI௦௛௘௟௟௦
௢௣௘௡  

(orange terms in Figure 7) between AFM-coupled spin-configurations; the inter-atomic Coulomb 

repulsions are intact in the catalyst, thus typically, AFM Janh-Teller (J.-T.) elongations emerge to 

help reducing the electronic repulsions. J.-T. AFM distortions might appear along the direction of 

the highest occupied anti-bonding orbitals.85  

Two electronic factors tend to reduce the catalytic activity in materials based on 3d-metals with 

predominant AFM orderings: a) the stabilization and additional localization of the electron pairs, 

Fermi heaps, between metal centers and b) the relative destabilization of the lowest unoccupied 

orbitals. This fact is likewise related with the enhanced electronic localization in space as Figure 

8 (center) shows. In the excellent work by Landrum and Dronskowski in 2000,73 the authors report 

a reduced number of states at the Fermi level for AFM Cr and Mn; they explain that magnetic 

interactions reduce the radial extension of the 3d-orbitals. This is an understandable phenomenon 
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in quantum mechanics because exchange interactions, as we describe, reduce the electronic 

repulsions. The catalytic activity drops especially for AFM Mott insulators, with the opening of a 

band gap between the occupied Mott lower valence band and the empty upper conduction band. 

For instance, 3d3-Cr3+ (e.g., LaCrO3) and 3d5-Fe3+ (e.g., LaFeO3) AFM insulators are among the 

worst compositions in oxygen catalysis. Once a robust fully AFM configuration is assembled, 

whether including or not the ligands/intermediates, any possible alteration proves to be difficult 

because: a) the strongly correlated electrons are stabilized via on-site  QSEI௦௛௘௟௟
௢௣௘௡  and J.-T. 

distortions and b) the magnetically fully occupied high-spin 3d3 or 3d5 orbital configurations will 

repel possible incoming electron density. For HER, 𝚫𝐇𝐚𝐝𝐬.
𝐇∗  is endothermic for Cr and Mn metals 

because the term ∆𝐕𝐞ି𝐞ି
𝐂𝐨𝐮𝐥𝐨𝐦𝐛 > 𝟎 weakens the interaction between the catalyst and the reactant. 

 

 

 

 

 

 

 

Figure 7. Simplified 𝑄𝑆𝐸𝐼௦௛௘௟௟
௢௣௘௡

 energy/space plots for catalysts with predominant AFM (left) 

or FM (right) couplings. The dark-blue dotted arrows indicate the on-site 𝑄𝑆𝐸𝐼௦௛௘௟
௢௣௘௡ , while the 

orange ones show the inter-atomic QSEI. 



 30

 

In FM bonds, Figure 7 right, the total number of electrons with spin-α (nα) is different than the 

number of electrons with spin-β (nβ) and, since 𝑛ఈ
ிெ > 𝑛ఉ

ிெ, growing the amount of inter-atomic 

 QSEI௦௛௘௟௟
௢௣௘௡

  centers on the valence band creating Fermi holes that increase the exchange spin-

delocalization and decreasing the electronic repulsions. Strongly correlated itinerant electrons in 

FM domains have a profound impact in catalysis and they add spin-polarization to the 

thermodynamics. Bhattacharjee and Lee observed spin-polarized oxygen atoms adsorbed on the 

FM PdFe alloy and controlled oxygen reduction through the spin orientation.61 The same authors 

reported a non-linear trend in NH3 adsorption energy on FM metals.23 These observations lead 

Bhattacharjee and Lee to reformulate the d-band model to try to take partially into account the 

catalytic activity of spin-polarized materials.59 This proposed approach improves the electronic 

description, but the approach still lacks of a full quantum correlated theory.  

Notice that the QSEI space-time mechanism in Figure 1 left is more recurrent and crucially 

important in a material having a dominant FM ground state, Figure 7 right. Electrons with the same 

spin can exchange their orbitals more frequently, their electronic repulsions decrease inside the 

catalysts and such additional stabilizing energy together with empty valence orbitals yields to 

enhanced catalytic activity via pure quantum interactions.    
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Figure 8 shows that  QSEI௦௛௘௟௟
௢௣௘௡

 can have a profound impact on the shape and energy of the 

electronic states. The density of states (DOS) is symmetric for both non-magnetic (closed shell, 

Figure 8 left) and fully AFM materials (Figure 8 center). The difference between the former and 

the latter spin configurations lies in two essential aspects: the full delocalization of the QSEI in 

space and energy for closed-shell materials; on the other hand, the dropping in energy of the 

occupied shells (lower Hubbard band) and raising in energy of the empty levels (upper Hubbard 

band) for materials with dominant AFM interactions.59 The inter-atomic Coulomb attractions 

dominate and help in the stabilization of electron pairs in AFM bonds (Mottness). Extending the 

concepts developed by Goodenough,88 compositions with half-filled bands (at their own oxidations 

Figure 8. Sketched changes for the density of states (DOS) for non-magnetic (left), 

predominant antiferromagnetic (center) and predominant ferromagnetic compositions (right).
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states and crystal field) show predominant AFM couplings. In this case, the intra-atomic 

 QSEI௦௛௘௟௟௦
௢௣௘௡

 can make the catalyst more inert, resembling d10 configurations.  

The orbital degeneracies accumulate at the valence band for FM orderings. QSEI௦௛௘௟௟௦
௢௣௘௡

 make the 

strongly correlated itinerant unpaired electrons collectively more stable at the Fermi level causing, 

for instance, the almost similar HER activity seen for Fe, Co and Ni metals.89 FM  QSEI௦௛௘௟௟௦
௢௣௘௡

 yield 

to moderate binding energies, spin-selectivity, and enhanced redox transfers during catalytic 

reactions at the covalent active sites. For instance, FM conducting structures based on electron-

rich magnetic metals (like Mn~3.25+, Fe~3.25+ and Co~3.25+ oxides) may become excellent oxygen 

reduction catalysts,63,34 while configurations with fewer electrons (Mn~3.75+ or Co~3.75+ oxides) are 

particularly suitable to accelerate oxygen evolution.2,1  

 

2.3 Quantifying catalytic trends in strongly correlated magnetic systems.  

Eq. 2 has been deduced by the authors as a simple and quite straightforward modification of Eq. 

185 when either dominant FM or AFM orderings are present in the catalytic structure.  𝑺ሬሬ⃗ 𝒄𝒂𝒕. is the 

magnetic moment accumulated at the crucial bonds-atoms; if 𝑺ሬሬ⃗ 𝒄𝒂𝒕. = 𝟎, we are in the classical 

parabolic regime versus fd. 

 

Eq. 2) ∆𝐻௔௖௧௜௩௔௧௜௢௡
(௡௢௡ି)௠௔௚௡௘௧௜௖

= 𝑎(𝒇𝒅 − ℎ)𝟐 + 𝑘 ± ∆𝑱
𝒂𝒄𝒕𝒊𝒗𝒂𝒕𝒊𝒐𝒏

𝑸𝑺𝑬𝑰𝒔𝒉𝒆𝒍𝒍𝒔
𝒐𝒑𝒆𝒏

(𝒇𝒅) ⋅ 𝑺ሬሬ⃗ 𝒄𝒂𝒕.(𝒇𝒅) 
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When 𝑺ሬሬ⃗ 𝒄𝒂𝒕.(𝒇𝒅) > 0 , the on-site  QSEI௦௛௘௟௟௦
௢௣௘௡

 stabilize the d-orbitals reducing the adsorption 

energies, see Figure 7. For those processes limited by the desorption of the reactants (𝒉 is typically 

too high on metals exception made for d10 configurations) the activity increases because of the 

term −∆𝑱
𝒂𝒄𝒕𝒊𝒗𝒂𝒕𝒊𝒐𝒏

𝑸𝑺𝑬𝑰𝒔𝒉𝒆𝒍𝒍𝒔
𝒐𝒑𝒆𝒏

(𝒇𝒅) ⋅ 𝑺ሬሬ⃗ 𝒄𝒂𝒕.(𝒇𝒅). FM QSEI௦௛௘௟௟௦
௢௣௘௡  make the catalysts behave as more “noble” 

(compared with one of the same fd, but without ferromagnetic QSEI) and this is usually an energic 

advantage to enhance reaction rates using abundant magnetic metals. However, in presence of 

major inter-atomic AFM  QSEI௦௛௘௟௟௦
௢௣௘௡ , the additional localization of electron pairs1,2 yields usually 

to higher activation barriers (i.e., the activity decreases), because of limited ionic and electronic 

mobility and very weak adsorption of electron donors, hence +∆𝑱
𝒂𝒄𝒕𝒊𝒗𝒂𝒕𝒊𝒐𝒏

𝑸𝑺𝑬𝑰𝒔𝒉𝒆𝒍𝒍𝒔
𝒐𝒑𝒆𝒏

(𝒇𝒅) ⋅ 𝑺ሬሬ⃗ 𝒄𝒂𝒕.(𝒇𝒅). The 

terms ∆𝑱
𝒂𝒄𝒕𝒊𝒗𝒂𝒕𝒊𝒐𝒏

𝑸𝑺𝑬𝑰𝒔𝒉𝒆𝒍𝒍𝒔
𝒐𝒑𝒆𝒏

(𝒇𝒅) and 𝑺ሬሬ⃗ 𝒄𝒂𝒕.(𝒇𝒅) may be determined from experiments at the actual reaction 

conditions and provide the basic theoretical foundation to understand multi-peak trends versus 

fd,38,1,90 Figure 9. 
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3. Conclusions 

Strongly correlated electrons have drastic effects on the energy of magnetic materials in catalysis. 

Just as spintronics deals with advanced spin-based technology and devices where both the charge 

and spin of the electrons are modulated to offer a wide diversity of functionalies,91 similarly, the 

idea that the surface reactivity may be modulated by the influence of cooperative spin-potentials 

 QSEI௦௛௘௟௟௦
௢௣௘௡

 via the orbital engineering of earth-abundant magnetic systems is a tangible reality. 

Strongly correlated electrons, in fact, can affect the efficiency, cost, implementation and 

environmental footprint of any heterogeneous catalyst. Quantum spin exchange interactions, QSEI 

and QEXI, are a subtle phenomenon lying outside of the domain of classical physics, but their 

presence is effectively responsible for the unusual intrinsic properties of magnetic catalysts. The 

influence of cooperative  QSEI௦௛௘௟௟
௢௣௘௡

  in materials with unpaired-electrons can be seen in their 

Figure 9. Schematic multi-peak activity trend for catalysts based on 3d-metals for similar 

coordination and oxidation states. The activity is plotted versus the oscillation of their magnetic 

properties due to changes in the orbital filling. 
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characteristic structure, electronic conductivity, chemical bonding, catalytic activity and 

selectivity.  

We have mainly presented the physics that describe and rationalize the quantomechanic origin of 

 QSEI௦௛௘௟௟
௢௣௘௡ , showing how diverse cooperative QSEI௦௛௘௟௟

௢௣௘௡  alter electronic transfer steps between 

adsorbates and magnetic catalysts. This improved theoretical description is the only path to 

understand strongly correlated catalysts. A complete treatment of orbital physics, synergistically 

integrated into classical catalytic concepts like the Sabatier’s principle, d-band theory or volcano 

plots promises to improve predictions in the design of future catalysts and technologies.  

The general take-home message for experimentalists attempting to gain knowledge on how to 

design catalysts with improved activity is: ferro- or ferri- magnetic catalysts are always preferred 

over non-magnetic or antiferromagnetic catalysts (the most useful antiferromagnetism is the 

layered one, as in AFM type-A), control as accurately as possible the size and the layering of your 

particles (e.g., magnetic catalysts in thin films are preferable, in our opinion, for the ability to tune 

more appropriately the magnetization inside those films), induce the presence of defects studying 

their impact on the catalysis, including magnetic supports (as in the case of nitrogen-doped 

graphene.     
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