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Twenty years after: scaling relations in oxygen
electrocatalysis and beyond

C
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Since the 2000s, so-called scaling relations have been recognised as a limiting factor in electrocatalysis.
Overcoming these constraints is essential to advance energy conversion technologies such as

electrolysers, fuel cells, and metal—air batteries. This review presents key concepts, tools, and manipula-

tion strategies required to deal with the scaling relations in oxygen electrocatalysis, chosen as a repre-
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sentative case. Special attention is given to the catalyst's geometry as an emerging central variable in
electrocatalysis — one whose influence is only beginning to be systematically understood. Building on

geometric and chemical grounds, this review offers a structured tutorial for the theory-driven design of
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Key learning points

electrocatalysts the deliberate manipulation of scaling relations.

1. Definition of scaling relations. The review explains scaling relations in three complementary ways: (1) by expressing them through adsorption energies;
(2) by formulating them as chemical and physical equations; and (3) by illustrating them as straight path lines on the theoretical volcano plot, which connects

adsorption energy with catalytic activity. 2. Origin of scaling relations. The commonly accepted thermodynamic explanation of scaling relations is presented,
together with additional geometrical and chemical perspectives that give the reader a broader understanding of how these relations arise. 3. Classification of

strategies to manipulate scaling relations. The review identifies five general strategies for manipulating scaling relations. Each strategy is: (1) explained using
examples from the literature; (2) supported by original numerical estimates; (3) ordered chronologically to reflect how the field has developed; and (4) discussed

in the context of future directions. 4. Two governing principles in electrocatalysis. Two main principles are discussed: the well-established Sabatier principle,
which states that optimal activity is achieved when binding is “neither too strong nor too weak”, and the emerging principle that both activity and selectivity

depend on two adsorption sites being neither ‘“too far nor too close”. 5. Verification of the principles and strategies. The review explains why it is important,
and also feasible, to use these principles and strategies in both experiments and simulations.

1 Introduction

This review focuses on the scaling relations - correlations
between adsorption energies of reaction intermediates."™ This
concept emerged twenty years ago, in 2005, when Rossmeisl
et al. discovered linear relations between the adsorption ener-
gies for OH and OOH vs. O on a set of metal surfaces.’ The term
“scaling relations” was first introduced in 2007 by Abild-
Pedersen et al., who reported that the adsorption energy of
OH, CH,, and NH, is proportional to the adsorption energy of
corresponding atoms: O, C, and N."? Thus, scaling relations
proved essential in mainstream multi-step electrocatalytic
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reactions, such as O,, CO,, and N, reduction.®” Further

research on the scaling relations provided an understanding
of the chemical limitations in electrocatalytic reactions.'®™*
Furthermore, it laid the foundation for more efficient catalyst
design.'>'®

In 2024, Calle-Vallejo concluded that scaling relations are
regarded by many as a top priority in electrocatalysis and raised
questions: “whether we know of any materials that unmistak-
ably break scaling relations and, more importantly, if the
breaking of a problematic scaling relation is the end of all
troubles in electrocatalysis.”’” Calle-Vallejo has expressed his
views on the scaling relations in electrocatalysis of CO,
reduction reaction and showed a concrete example of Cu(100)
breaking the scaling relation in CO reduction to ethylene. Most
interestingly, the title of the article “What we talk about when
we talk about breaking scaling relations” highlights the ambi-
guity existing in the field where experimentalists and theoreti-
cians refer to breaking the scaling relations with a variety
of meaning. Even the use of the term “breaking” is slightly

This journal is © The Royal Society of Chemistry 2025
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different in Calle-Vallejo’s and our review. To resolve such
ambiguity, this review addresses the same, above stated, questions
by focusing on examples from oxygen electrocatalysis: starting
with definitions, providing classification, and then generalising
the conclusions to other multi-step reactions.

Oxygen electrocatalysis involves O,, H,0,, and H,O mole-
cules (Fig. 1). In particular, the four-electron transformations
from oxygen to water and vice versa are known as the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER).
For these reactions, the overpotential - the additional potential
(beyond the thermodynamic requirement) needed to drive a
reaction at a certain rate - can be expressed in terms of
adsorption energies that are determined by a specific scaling
relation (Section 3). For clarity, we focus on the ORR, which
plays a key role in electrochemical energy conversion and is
especially significant in applications like fuel cells and metal-
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Fig. 1 Schematic representation of reactants and products (outside the
slab: O,, H,0, H,0O,) and surface intermediates (over the slab, from left to
right: O,, OOH, OH, O) in oxygen electrocatalysis. The associative path is
highlighted in magenta; the dissociative path — in green. Metal surface
atoms are gray, oxygens are red, and hydrogens are white.

air batteries. In these devices, catalysts enhance the ORR by
adsorbing intermediates, such as OH, OOH, and O, and
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facilitating their transformation through various ORR mechan-
isms, summarised in Fig. 1.

In the 2000s, it became clear that adsorption energies of OH,
OOH, and O intermediates are correlated by the scaling
relations, which can be used to predict trends in the catalytic
activity.> Further research on the scaling relations caused a
paradigm shift in ORR catalysis.'® In particular, in 2011,
Stephens et al. introduced the concept of tuning.'® They
experimentally varied catalytic activity within the theoretical
limits of the OOH-OH scaling relation: by adjusting the OH
adsorption energy, they predictably increased the catalytic
activity of Pt-based catalysts. They also showed that tuning
leads to the ‘“volcano top” - the point of optimal catalytic
activity for ORR - thus revealing a strategy for the theory-driven
design of ORR catalysts. Shortly after, Koper suggested that the
OOH-OH scaling relation is the most problematic step, and,
therefore, the experimental challenge for oxygen electrocataly-
sis is to avoid or minimise the difference in intermediate
energies.”°

With the identification of the problematic scaling relation in
oxygen electrocatalysis, came suggestions for a new strategy
alternative to tuning - breaking the OOH-OH scaling
relation.>*> Montemore and Medlin noted that although
“the OH vs. OOH scaling relation appears to be particularly
hard to break,” it could be altered by stabilising interactions.?
For example, provided by spectator groups that form a hydro-
gen bond with the OOH intermediate.>® Interestingly, earlier
experiments attempting to verify breaking strategy found no
significant improvement in electrocatalytic ORR and OER
performance, at the same time observing, that in principle it
is possible to decrease the problematic intermediate adsorp-
tion energy differences.**

The recognition of scaling relations as the fundamental
limitation in ORR catalysis is evident from the growing number
of articles on ORR research in Fig. 2. In 2015, Vojvodic and
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Fig. 2 Timeline of publications discussing oxygen reduction reaction
(ORR) and related theoretical concepts: volcano, Sabatier principle, and
scaling relations. The plotted data is obtained from the Scopus database
using search terms “catalysis and ORR", “catalysis and volcano”, “catalysis
and Sabatier principle”, and “catalysis and scaling relation”. To smoothen
the graph, the data is plotted as a sum over a two-year period.
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Norskov even suggested a special term, “circumventing” for
any strategy that moves beyond the OOH-OH scaling relation.>®
Consequently, the challenge of ‘“circumventing the scaling
relations” has become central to the advancement of ORR
catalysis.??¢ 28

In 2016, Busch et al. posed an important question: “How is
it possible to go beyond the top of the volcano?” - which refers
to the limit established by the OOH-OH scaling relation.>® They
suggested overcoming this limit by avoiding the problematic
OOH intermediate. This simple idea of ‘“switching” to an
alternative mechanism is referred as the switching strategy in
recent literature.?**!

In this review, we define the fourth strategy — pushing, which
is simultaneously switching to an alternative mechanism and
using stabilising interactions, similar to the breaking strategy.
In 2024, we introduced the term “bypassing” for the fifth
strategy, which employs two states to decouple the adsorption
energies and thus completely eliminate all scaling relations.?
Here, we also suggest “manipulating” as the most general term
for overcoming as well as working within the limits set by all of
scaling relations. This additional term means controlling any
form of scaling relations to your advantage, thus, it should be
better suited when discussing scaling relations than the com-
monly used circumventing.

Altogether, this review provides a set of terms and defini-
tions for five general strategies for manipulating scaling
relations in electrocatalysis. These strategies are: tuning,
breaking, switching, pushing, and bypassing. They are
defined with the thermodynamic approximation, i.e., simpli-
fying the full complexity of the processes happening at inter-
faces to an assumption that there is one rate limiting step
described by its free-energy ‘“height”. More realistic appro-
aches are reviewed in ref. 20, 33 and 34. Still, below, we show
how the experimental, computational, and theoretical insights
fit into the proposed classification, without the need to over-
complicate things. Thus, we suggest to use that knowledge to
direct future research.

2 Mechanisms

To begin discussing strategies, we first remind what happens
during oxygen electrocatalysis. Let us assume that the four-
electron ORR in an acidic aqueous electrolyte proceeds via one
of the two mechanisms with OH, OOH, and O intermediates on
an adsorption site (*):
Associative mechanism:
*+0,+(H +e7) = *OOH
*OOH + (H" +e7) = *O + H,0
or *H,0+*OOH + (H" + e”) = *OH + *OH + H,0

*O+ (H +e7) = *OH + *

*OH + (H" +e”) = * + H,0

This journal is © The Royal Society of Chemistry 2025
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Dissociative mechanism:

2*+0,+ (H +e7) = *O + *OH
*O+*OH + (H +e7) = *O + * + H,0
or *O+*OH + (H"+e”) = *OH + *OH

*O+*+ (H +e7) = *OH + *

*OH +*+ (H +e7) = 2*+ H,0

The form and coordination of the intermediates depend on
many factors, such as pH, coverage, and catalyst geometry. For
example, in alkaline media, the OOH intermediate can be
present as O, .>> Without going deeper into such peculiarities,
we focus on the simplified mechanisms as presented above,
from two perspectives: geometrical and chemical.

2.1 Geometrical perspective

Experimental evidence shows that the associative mechanism
dominates most known catalysts.*®*” The reason is geometric:
the associative mechanism requires only a single atom in
the active site, while the dissociative mechanism needs at least
two neighbouring atoms to accommodate both dissociation
products. Even if all surface atoms are nearby and active, as on
metal surfaces, the mechanism does not switch from associa-
tive to dissociative. Norskov et al, in their classic 2004 paper
“On the origin of the overpotential for oxygen reduction in fuel
cells,” rationalized the dominance of the associative mecha-
nism specifically on the Pt(111) surface.*® Twenty years later,
their explanation was generalized as follows: metal surfaces
preferentially adsorb O on hollow sites and OH on top sites,
which introduces a spatial mismatch that prevents the disso-
ciative mechanism on pure metals.*”

Unlike metal surfaces, single-atom site catalysts (SACs) allow
for on-top adsorption only. Furthermore, dual-atom site cata-
lysts (DACs) allow for the adsorption of dissociation products
on two neighbouring atoms as illustrated in Fig. 3.

associative @@ dissociative
mechanism

mechanism

Fig. 3 Illustration of associative and dissociative mechanisms on SACs
and DACs. The associative path is highlighted in light magenta; the
dissociative path — light green.

This journal is © The Royal Society of Chemistry 2025
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In addition, according to the Brgnsted-Evans-Polanyi
principle, the dissociation barrier scales linearly with the
adsorption energy.***° That can be perceived as “kinetic”
scaling relations.'® One of the key parameters controlling the
barrier is the inter-atomic distance.* To balance thermody-
namics with kinetics, the two acting atoms must be positioned
at an optimal distance - neither too close (to avoid the repul-
sion effect on the adsorption energy) nor too far (to avoid the
range effect on the dissociation energy barrier). For details, see
Section 5.3.

At this point, let us briefly discuss the distinction between
electronic and geometric effects in electrocatalysis. The number
of atoms within the same active site constitutes the material’s
composition, which is directly related to its electronic structure.
Herewith, two catalysts of the same composition can differ in
geometry, like in the case of curved DACs.*! The distance
between atoms within an active site has a geometric meaning;
however, it is still directly related to the electronic structure,
like in the case of strained Pt-skin.*’*?> In these cases, the
electronic structure of the active site dominates the catalysis.
Thus, we suggest classifying the causing curvature and strain
effects as electronic (or mixed). On transition metals, general-
ised coordination number has been suggested as an interesting
descriptor, incorporating aspects of both composition by
considering first and second nearest neighbouring atoms
and geometry by including parameter for strain to account
for ref. 43.

While both compositional and geometric effects often inter-
play in the catalysis and can affect the scaling relations,”* only
when the geometry variation affects the mechanism and inter-
mediates, such as switching between mechanisms (from
associative to dissociative),'*** and promoting additional inter-
action (like H-bonding),*>*® we suggest classifying underlying
effects as geometric.

2.2 Chemical perspective

In chemistry, the mechanism defines how the bonds are
transformed. Chemistry laws set limitations on bonds and their
strengths, which in turn determine the adsorption energies and
the scaling relations. The adsorption energy is used as the key
descriptor in ORR catalysis, and its values are routinely pre-
dicted with density functional theory (DFT) calculations.'®*”*8
The challenge is to relate this microscopic descriptor to macro-
scopic activity. For that, the adsorption energy (E) is turned into
free energy (G) by adding the relevant thermodynamic terms:
zero point energy (ZPE), enthalpy ([/CpdT), entropy TS, and
various corrections:

G = FE +Z7ZPE + |CpdT — TS + corrections (1)

The corrections are given by approximations made in metho-
dology, model, theory, and other aspects. They can be theore-
tical or empirical, self- and non-self-consistent, specific and
general. They can be assigned to atoms, bonds, fragments,
intermediates, molecules, or even material classes. For exam-
ple, the most common correction accounts for solvation of

Chem. Soc. Rev, 2025, 54,10956-10976 | 10959
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adsorbed intermediates. It dependents on the density func-
tional, solvation model - explicit or implicit, type of adsorbate,
material class, to name just the few factors. Appreciating the
complexity of aligning computational and experimental results
using corrections and their impact on scaling relations, we
choose to focus on conceptual part, referring the reader to
specialised literature.*"*°~>"

In practice, free energy values for only three intermediates -
OOH, OH, O - are relevant for ORR. The common framework
for relating these values to electrode potential is by utilising
the computational hydrogen electrode (CHE).*®* In brief,
the electrochemical energy of proton-electron transfer steps
at potential U (vs. reversible hydrogen electrode, RHE) is
referenced as:

1
GH++e* = EGHZ +eU (2)

The free energies of the relevant adsorption intermediates
are then calculated as:

3
AGoon = Goon — G« = 2Gim,0 +5Gm, +3eU (3)

AGO =Go — Gx — GHZO + GH2 + 2eU (4)
1
AGon = Gon — G = Gino +3Gn, +eU (5)

Note that all quantities (besides eU) can be calculated using
theoretical formulas, quantum chemical approaches like DFT,
as well as machine learning (ML).>*** Regardless of the method
used - with DFT or ML and using CHE or some superior frame-
34756 _ the scaling relations remain an empirical observa-
tion consistently emerging in ORR catalysis.?”®

work

3 Scaling relations
3.1 General form

Advancement of ORR catalysis is deeply rooted in understand-
ing and manipulating the scaling relations. These relations can
be generalized for any two intermediates on the same catalyst:

AGA = aA‘BAGB + BA,B‘ (6)

where « is the slope and f is the intercept in a given scaling
relation.>® The slope « reflects electron-counting rules and is
related to the valence electrons of active site-adsorbate bond-
ing. The intercept f is more complex and generally depends on
two parameters:*°

Par =canfit+ B (7)

where f, is associated with the surface coordination number
and the bond strengths,”® while f, is determined by the
reference state, which for ORR are H, and H,O as in eqn (3).
Two characteristic correlations between AGoon, AGon, and
AGo are shown in Fig. 4. These scaling relations constrain
oxygen electrocatalysis across different classes of catalysts.***"

10960 | Chem. Soc. Rev., 2025, 54,10956-10976
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Fig. 4 OOH-OH and O-OH scaling relations as obtained at the DFT level
in ref. 62 and 63. The shaded region indicates the uncertainty in the scaling
relations, as evaluated for the first time in this review. The lines are given by
eqgn (8) and (10).

Below, we examine the parameters of these correlations, offer-
ing an original perspective alongside the consensus view.

3.2 Case of AGooy vs. AGou

3.2.1 Slope. The slope of the OOH-OH scaling relation in
eqn (6) is given by the chemical nature and coordination of the
metal-oxygen (M-O) bond in adsorbed hydroxide and peroxide.
This results in o being approximately 1, in line with the
tendency of both OH and OOH intermediates to need a single
electron valence electron. Interestingly, it has been shown that
depending on active site electron density and solvation effects,
the slope can be less than 1, suggesting that active site
engineering, that decreases the interaction of active site with
solvent can impact the scaling relations.>"

3.2.2 Intercept. The consensus scaling relation between
AGoon and AGey is:%M%*

AGoon = AGoy + 3.2 £+ 0.2 eV. (8)

In simulations the intercept value depends on approximation,
such as the choice of the density functional,®® and has been
reevaluated to be 3.3 eV.®® The standard explanation for
the intercept relates its value to the free energy difference
between HO, and OH™ in aqueous solution.””®” The latter
can be calculated to be 3.4 eV from the equilibrium potentials
and dissociation constants as f~ [4>< EQ, jy0 = 2E0, 0,

0.059 % (PKayry0, — PRagyo)] = [4 1.23 =2 0.69+0.059 x (1.6

14.0) eV = 3.4eV.%®

An alternative explanation is that the value of 3.2 eV in
eqn (8) is a consequence of the destabilization of the oxygen-
oxygen bond, transitioning from a double bond in O, to a single
bond in OOH. Specifically, from eqn (7), it follows that f = f§; +
p, if & = 1, where f3, represent the difference between the the
formation free energy values for H, and H,O (2.46 eV), and f3; is
derived from the difference in the dissociation energy values of
the bonds between half a double and a single oxygen-oxygen
bond. The estimated range for f; is from 0.40 to 0.84 eV, based

This journal is © The Royal Society of Chemistry 2025
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on the bond dissociation energies of O, and peroxides, such as
H,0,, and CH;CO,H.®*"° Consequently, when considering
these factors, f is approximately 3.1 + 0.2 eV. Although
indicative of the general trend, this value is subject to variations
because of factors contributing to the adsorption energy, such
as solvation and on-surface-mediated interactions.”*”?

3.3 Case of AGg vs. AGoy

3.3.1 Slope. When considering O and OH intermediates, o
is typically expected to be around 2, which is in accordance with
the tendency of the O and OH intermediates to lack two or one
electron to fulfil octet, respectively. Busch et al. suggested that
approximation AGo =~ 2AGeoy is valid for various catalyst
models within £0.2 eV margin for most catalysts, justifying
the use of eqn (13) and the resulting overpotential volcano
(Section 4). The slope is indeed close to 2 for the adsorption of
O on top of a metal atom.®" For vast families of materials, the
reported slope varies from 1.5 to 2, depending on catalyst
models and the theoretical level.*>”*~77

3.3.2 Intercept. Assumption of « = 2 implies:

AGo = 2AGoy + (Go + Gu,o + G+— 2Gon) 9)

The bracketed term is the energy of a reaction in which oxygen
single and double bonds are exchanged between the active site
and hydrogen, forming H,O. In terms of bond energies, the
process 2*OH — H,O + *O + * releases 0.74 eV, which is
consumed to break the site-oxygen double bond into two site-
oxygen single bonds. A very crude estimate for the latter process
gives 1.27 £ 0.74 eV based on the coupled cluster calculations
of the formation energies for linear and triangular MO, tri-
atomic molecules.”® Thus, the chemically sound scaling rela-
tion for AGgy vs. AGoy is:

AGo = 2AGoy + 0.5 + 0.7 eV (10)
It agrees with the reported OH-O scaling with intercepts
from —0.2 to 1.3 eV for distinct families of catalysts.>®”%7”°

3.4 Case of AGo/on VS AGoy

3.4.1 Slope. For dissociative mechanism, the associative
OOH intermediate is replaced with dissociative O/OH (where
one adsorption side holds O, while the second one holds OH).
Accordingly, the change in the intermediate results in a new
scaling relation. The resulting O/OH-OH scaling relation is
expected to be scattered due to the interaction of O and OH
intermediates that adsorb on a DAC as a result of O, dissocia-
tion and subsequent reduction. Assuming the interaction
energy is 0 eV, the scaling relation should be:

AGO/OH = AGO + AGOH = SAGOH + 0.5+ 0.7 eV
(11)

where o = 3 is equivalent to three single bonds between OH and
an active site.

3.4.2 Intercept. § = 0.5 eV comes from eqn (10). However,
in contrast to the case of O adsorption on a SAC, simultaneous
adsorption of O and OH at a DAC can cause a significant

This journal is © The Royal Society of Chemistry 2025
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repulsion between intermediates. Thus, the value of 0.5 eV is
probably a lower bound. For example, Lv et al. obtained a = 2.34
and f = 1.51 eV.%° Cepitis et al. obtained o = 2.93 and
B =0.7 ev.> Wan et al. set o = 3 and obtained f within 0.7-
1.0 depending on the distance between active sites.**®' We
suggest using o = 2.5-3 and ff = 0.9 £ 0.5 eV as a reference point
for future computational estimates of the ORR dissociative
mechanism.

4 Volcano

Eqn (8), (10) and (11) form a theoretical framework, known as
volcano. The volcano is a central tool for understanding elec-
trocatalysis. It can be constructed to represent overpotential or
activity as “altitude” based on thermodynamics and kinetics,
respectively.”>®! In this review, we focus on the ORR volcano
that correlates adsorption energies with the deviation from the
ORR thermodynamic equilibrium potential of 1.23 V. Fig. 5
presents a 3D view of this overpotential volcano, as first
reported in 2016.>°

4.1 Constructing the volcano

The ORR overpotential (nogrg) is expressed in terms of the
adsorption energies as

NORR = 1.23 V- m1n(492 — AGOO]-[7 AGOOH — AGO7

(12)
AGo — AGoyn, AGon)/e

This equation is often simplified from three to two variables to
enhance understanding and visualization. That is commonly
achieved through the approximation AGo & 2AGoy. Thus, the
overpotential equation is refined to

NORR = 1.23 V— mm(492 — AGO()H7 AGOOH — 2AGOH7 AGOH)/&
(13)

In Fig. 5, each of the planes in the resulting volcano
corresponds to the overpotential arising due to a different
limiting step in eqn (13). Accounting for other limiting steps
and intermediates introduces kinks to these planes.?*”®°
Accounting for the ORR kinetics smooths and shifts the
volcano apex.®” These details are omitted below to narrow

= 0.0 .
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t 04
g
§ 0.8
o
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Fig. 5 Three-dimensional overpotential volcano for ORR. The star
indicates the apex of the volcano — an ideal catalyst with zero overpotential.
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the focus to the apex of the volcano, representing the ideal
ORR catalyst. In ORR research, discovering the ideal catalyst
is the ultimate target, which remains elusive because of the
scaling relations - fixed climbing routes on the volcano plot.

4.2 Climbing the volcano

The scaling relations define the paths on the volcano planes
that are accessible for climbing to the apex. In the graphical
representation of the overpotential volcano, the OOH-OH scal-
ing relation appears as a plane (Fig. 6). The intersection of the
overpotential volcano surface and that plane determines the
theoretically achievable overpotential values. All catalysts fol-
lowing the OOH-OH scaling relation appear on that line,
forming the theoretically accessible path on the volcano’s sur-
face. Thus, while the volcano is three-dimensional, in practice,
the search for optimal catalysts occurs in two dimensions.
Therefore, it is common to reduce the problem’s dimension-
ality by considering the volcano’s projections.

The most commonly used projection is norr vs. AGon
(Fig. 7). This side view adheres to the Sabatier principle,®®
suggesting that optimal catalyst activity is achieved when
the adsorbate binds neither too strongly nor too weakly. How-
ever, due to scaling constraints, the optimal adsorption energy
of OH is not at the ideal 1.23 eV but rather lower (Fig. 7).
That 1is, the best-predicted overpotential is around

1
3 X 3.0 eV/e —1.23V =0.27V for eqn (12) and (8). Notably,

the experimental results in Fig. 8 converge to that limiting
overpotential. As can be seen, scaling relations have been
limiting progress in ORR catalysis for over twenty years. Con-
sequently, improving oxygen electrocatalysis falls behind the
growing demand for sustainable energetics.”””®® That sets the
circumventing scaling relations as the central challenge in
the current research on ORR catalysis.

While the side view of the volcano offers valuable insights
into the Sabatier principle, it obscures opportunities for
climbing higher. In subsequent discussions, the top view of

2. 0.0
©
£ 04
3
2 08
g
S 12

5

17 1

AGoon [eV] AGoy [eV]

Fig. 6 Intersection of the OOH-OH scaling relation with the three-
dimensional overpotential volcano for ORR. The magenta plane is defined
by the OOH-OH scaling relation, while magenta paths on the volcano
indicate the intersection with the overpotential volcano. The shaded
orange area indicates the location where catalysts obeying the OOH-
OH scaling relation can be found.

10962 | Chem. Soc. Rev., 2025, 54,10956-10976

View Article Online

Tutorial Review

0.0
>
% 04
=
[}
g
5 038
>
@)

1.2

0.0 1.0 2.0
AGQH [eV]

Fig. 7 Projection of the three-dimensional overpotential volcano for ORR
along AGoon axis. The dashed magenta line indicates achievable over-
potentials within the OOH-OH scaling relation with the lowest value of
0.37 V further from the ideal catalyst.

PGM catalysts Y M-N-C catalysts

0.0

02 AGpH +3.0eV
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Fig. 8 Timeline of experimentally observed overpotentials (half-wave
potential, Ey/;) for ORR. Data obtained from ref. 35 and 90-117. The
magenta line indicates the limit set by the OOH-OH scaling relation with
an intercept of 3.0 eV. The four values above the magenta line are
achieved by circumventing the OOH-OH scaling relation through two
strategies: breaking (cyan) and switching (green).*>9279% Catalysts with
platinum group metals (PGM) are marked with a five-pointed star; metal—
nitrogen—carbon (M-N-C) catalysts are marked with a three-pointed star.

AGoon vs. AGoy is used, as shown in Fig. 9. This bird’s eye view
simplifies the scaling relation to a single line traversing the
volcano. Notably, this line does not intersect with the ideal
catalyst position, marked by a star. The goal of any strategy is to
set a path as close to that star as possible.

5 Manipulating the scaling relations

Advancing ORR catalysis involves developing strategies to
manipulate the scaling relations, each targeting specific terms
in eqn (6):

1. Tuning: adjusting AGoy to about 0.86-0.96 eV to optimize
the catalyst performance within the constraints of the OOH-OH
scaling relation. This strategy involves fine-tuning the adsorp-
tion energies to achieve a balance that adheres to the Sabatier
principle.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Projection of the three-dimensional overpotential volcano for ORR
along the overpotential axis. The contour lines mark an increase of 0.2 Vin
overpotential, starting from the apex of the volcano (marked by the star)
and ending at 1.2 V (outlined in black).

Table 1 Predicted OH-OOH scaling relation for associative mechanism
across different surface types: metal 100 and 111 faces, metal oxides
(M,O,), single-atom (MN,4) and dual-atom (M;Ng) sites in metal-nitro-
gen—carbon and functionalised graphitic materials, metal—organic frame-
works (MOF), and metalloporphyrin frameworks (MPF). Note that o and f8
values are sensitive to variables in methodology; for example, the cited
values are obtained using GGA density functional, whether higher 8 values
are obtained for MN4 and M;Ng sites with hybrid GGA density functional in
ref. 118

Surface OOH-OH scaling relation/eV Ref.

M(100) AGoom = 0.96 X AGoy + 3.32 5, 61 and 119-121
M(111) AGoon = 0.96 X AGoy + 3.23 5, 61 and 119-121
M-HEA AGoon = 0.76 X AGoy + 3.22 122

M,0, AGoou = 0.77 x AGoy + 3.28 58, 62 and 123
MN, AGoon = 0.77 x AGoy + 3.25 21

M,Ng AGoon = 0.87 X AGoy + 3.34 80 and 124-126
MOF AGoom = 0.85 X AGoy + 3.06 77 and 86

MPF AGoon = 0.78 x AGoy + 3.17 127

2. Breaking: decreasing foonon from 3.2 eV to the ideal
value of 2.46 eV by stabilising OOH relative to OH. This strategy
focuses on introducing spectators around active sites to induce
stabilising interaction and thus shift the $ value.

3. Switching: increasing o from 1 to 2.5-3 by switching from
an associative to a dissociative mechanism. This strategy
enables reaction pathways that avoid the OOH intermediate
and requires two atoms, which are neither too far nor too close.

4. Pushing: changing o from 1 to 2.5-3 and adjusting foon
to O by stabilising O/OH relative to OH. This strategy requires
controlling the interaction between intermediates, active sites,
and spectators.

5. Bypassing: switching between two states with optimal
adsorption energies for O/OH (3.69 eV) and OH (1.23 eV). For
example, by introducing a dynamic surface that can reversibly
change geometry at high turnover frequencies. This strategy
aims to optimize the adsorption values for specific intermediates
during the reaction cycle.

Each strategy offers a unique approach to enhancing ORR
catalysis, with its efficiency depending on the specific catalyst’s
features and operational conditions. By exploring these general

This journal is © The Royal Society of Chemistry 2025
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strategies, researchers can push the boundaries of what is
currently achievable. We illustrate how the development of
more active, stable, and sustainable catalysts for ORR has
evolved through the prism of the suggested classification of
the scaling relations.

5.1 Tuning the OOH-OH scaling relation

The OOH-OH scaling relation implies the ORR associative
mechanism. Adjusting AGoy moves the catalyst along the
scaling relation, as shown in the schematic representation in
Fig. 10. This strategy is the most thoroughly studied. Although
it does not allow circumventing the scaling relations, it enables
catalysts to be optimized toward the peak of the Sabatier
volcano in Fig. 7. The optimal tuning corresponds to the
intercept of the scaling plane with the volcano edge (AGoon +
AGon = 4.92 eV), giving an optimal range of AGoy from 0.86 eV
to 0.96 eV. That gives the minimum predicted overpotential of
0.27-0.37 V.

The effect of the tuning strategy can be mathematically
explored with the ¢ optimization (where ¢ is the optimisable
adjustment in AGgoy value), for the full description of the
strategy we refer readers to the ref. 128, where the optimisation
has been applied to OER for five classes of materials. Notably,
the generalisable findings of the optimisation procedure were
that the tuning is more effective for catalysts with high over-
potentials, and becomes less effective for catalysts at low
overpotentials.

Adjusting AGoy for Pt-based catalysts was thoroughly stu-
died wusing combined experimental and computational
approaches. The main direction of adjustment is weakening
the adsorption of OH on a given surface relative to the well-
defined Pt(111) surface. Table 2 summarizes the combined
computational and experimental studies linking the measured
and predicted activities to the electronic and geometric struc-
tures of the catalysts. These studies revealed several specific
effects for tuning the OOH-OH scaling relation in the ORR
catalysis, including modification of surface electronic structure
(strain effect’®*™*3%), and introduction of alloying elements
(alloy effect’**'*%). Both are based on the Sabatier principle

(a)
O O-H
fo:o o \

(b)
45

AGooH [eV]

3.0

& ood

Fig. 10 Tuning strategy: (a) reaction mechanism schematic cycle, (b)
effect on the overpotential volcano. The contour lines mark an increase
of 0.2 V in overpotential, starting from the apex of the volcano (marked by
the star). The optimal catalyst lies at the edge of the volcano (marked by
the dashed line).

AGoy [eV]

1.5
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Table 2 Tuning scaling relations for associative mechanism across binary alloy catalysts with Pt(111) overlayer and multi-component alloys. Relative

activity is the ratio of two current density values at 0.9 V vs. RHE: ji/ji pra11)

Example catalyst Type of tuning the OH-OOH scaling relation Relative activity Ref.

Co/Pt(111) Straining Pt(111) overlayer with Co layers 13 152

Ni/Pt(111) Straining Pt(111) overlayer with Pt;Ni >10 141 and 143
Y/Pt(111) Straining Pt(111) overlayer with Pt;Y 6-10 144, 153 and 154
Cu/Pt(111) Liganding Pt(111) 2nd layer with Cu 2-10 19 and 155
Gd/pt(111) Straining Pt(111) overlayer with PtsLn 3-6 142, 156 and 157
Pt,5Pd,5Coqo Optimizing distribution of ads. energies 13 158

Pd-Ru HEAs Optimizing distribution of ads. energies 2 159-161

and empirical evidence that Pt(111) overbinds OH by 0.1 eV.°"
The latter assumption was experimentally verified by plotting
the potential corresponding to the OH half-coverage versus
the ratio of two current density values at 0.9 V vs. RHE:
Jijepraan)- > On that basis, it is possible to plot the relative
experimental activities against the relative calculated OH
adsorption energy, as shown in Fig. 11.

In Fig. 11, a sharp Frontier in activities immediately catches
the eye. It signifies a fundamental limitation that currently
lacks a consistent explanation. One can apply incrementalism
thinking to use the scaling relation as a foundation to consider
microkinetic modelling and coverage calculation.”® However,
this approach results in a frontline with a slope of 0,"*°
whether the observed slope is 0.5 (Fig. 11). Such value could
correspond to the O-OH scaling relation with « = 1.5. Thus, the
scaling relations could be more than meets the eye, because
for some families of catalysts, such scaling is indeed
predicted.>®!'8137:138 A more plausible alternative is that two
OH groups form instead of a single O intermediate being
formed at the Pt-based catalysts, as predicted by Tripkovi¢
et al.">° Both scenarios require detailed analysis of the research

102

exp. jk/jk@Pt(111)

0.0 0.1 0.2
comp. AGoy - AGpoy©@Pt(111) [eV]

Fig. 11 Relative activity vs. relative adsorption energy of OH on metals
and alloys. Relative activity is the ratio of two current density values at
0.9 V vs. RHE: ji/ji prarn). Energy difference values were calculated at the
DFT level. All data points are taken from ref. 19, 130, 135 and 140-151. The
dashed magenta line indicates a limitation beyond the OOH-OH scaling
relation. The black lines are defined by equation ji/ji pra11) = eXP(AAGonF/
RT), where AAGoy = AGop apex — [AGon — AGop apex| The limiting magenta

line, corresponding to a scaling given by ji/jkpiainy = exp(0.5 x
AAGopF/RT).
10964 | Chem. Soc. Rev,, 2025, 54,10956-10976

gap, illustrated in Fig. 11. Within the incremental approach,
one should apply step by step thermodynamic CHE-based
calculations, then apply microkinetic modelling and also
account for coverage as well as other interfacial effects. Alter-
natively, within an essentialism thinking, one can simply
extend the definition of scaling relations as correlation between
reaction-step free energies that already include kinetic barriers
and coverage-dependent free energies. In that case, Fig. 11
might present the reality without any need for incremental
adjustment because the calculated adsorption free-energies are
proportional to the reaction-step free energies. For instance,
through the Brgnsted-Evans-Polanyi principle.

For the scope of this review, we focus below on the standard
correlation between adsorption energies while assuming that
kinetics, coverage, solvation, and other essential terms remain
negligible or counterbalance each other. Besides, we avoid
in-depth discussion of specific effects, such as the above-
mentioned strain and alloy effect, to avoid misinterpretations
and focus on the five general strategies. As follows from the list
given in Section 5.2, there are over a dozen of specific effects
that allow tuning the OOH-OH scaling relation. As these effects
have been repeatedly and thoroughly reviewed in the literature,
we simply highlight that their essence can either be electronic
or geometric, as suggested in ref. 10 and 25 and revised in
Section 2.1.

5.2 Breaking the OOH-OH scaling relation

Breaking the OOH-OH scaling relation is a challenging and
active area of ORR research. The key to breaking is in stabilising
OOH intermediate relative to OH, i.e., decreasing the intercept f; to
2.46 €V. Similarly to the tuning strategy, the breaking strategy can
be mathematically be explored by the J-¢ optimisation (where the ¢
describes the stabilisation of AGoop).'®* Interestingly, the results
from the J-¢ optimisation observe that while tuning improves
majority of catalysts, breaking provides further improvements only
for a small subset of catalysts.’*® From the volcano perspective,
this is illustrated by the shaded blue region in Fig. 12(b), where
only the catalysts that are moved closer to the apex are expected to
show improvement from breaking. Exner provides a more com-
prehensive perspective on breaking the OOH and OH scaling
relation and its effect on electrocatalytic activity in OER,'®® and
statistical analysis,"®* suggesting that decreasing the intercept f to
2.76 eV provides statistically more significant improvement in
catalytic activity.

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Breaking strategy: (a) reaction mechanism schematic cycle,
(b) effect on the overpotential volcano. The contour lines mark an increase
of 0.2 V in overpotential, starting from the apex of the volcano (marked by
the star). The optimal catalyst lies at the edge of the volcano (marked by
the dashed line). The area of possible improvement by the breaking
strategy is shaded.

From experimental perspective, the breaking has been ful-
filled for the reaction opposite to the ORR - oxygen evolution
reaction (OER). For OER, breaking was enabled by the cationic
vacancies and adjacent active sites, enabling tunable hydrogen
bonding."*>"%® Notably, the breaking does not have to affect the
OOH intermediate directly — in OER, DACs can enable intra-
molecular hydrogen transfer, leading to effective stabilisation
of the OOH intermediate.'®” For OER, it is also possible to
switch the mechanism from the adsorbate evolving mechanism
to the lattice oxygen-mediated mechanism, where the lattice
oxygen in the catalyst directly participates in the reaction and
provides the required selective stabilization of inter-
mediates.">”1°%7172 Effects similar to those described above
for OER were predicted to enhance the ORR by (1) introducing
p states, (2) introducing a proton acceptor group (spectator),
(3) introducing a second adsorption site, (4) introducing a
nanoconfinement, (5) introducing a defect, (6) adjusting coor-
dination environment, (7) adjusting pH, adjusting field,
(8) adjusting solvation, (9) applying the strain effect, (10) applying
the ligand effect, (11) applying curvature effect, (12) applying
cocktail effect, to name just a dozen out of many.'®>>*"1737176
Regardless of terminology, the listed effects fall under either the
tuning or the breaking strategy.

While for the ORR the tuning strategy has been verified
experimentally numerous times since 2011 (Section 5.1), there
was no experimental evidence for breaking until 2023, when
Zong et al. synthesized a DAC with Fe and P active sites
(PN3FeN3). The phosphorus site turns into P—=0O which acts
as a spectator that selectively stabilises OOH through hydrogen
bond."”” More recently, OOH hydrogen bonding with spectator
from microporous environment has been observed.'”® In essence,
breaking is selective OOH stabilization relative to OH as sketched
in Fig. 12. In principle, the effect of such stabilization should be
comparable to the H,0,-H,O bond strength of 0.3 ev.'7!8°
A similar stabilization of 0.3 eV was predicted by Sours et al.
and Yang et al. for models with OH spectator accepting a hydro-
gen bond from the OOH intermediate.*>*® With this value, the
minimum ORR overpotential for the breaking strategy can be

This journal is © The Royal Society of Chemistry 2025
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1
estimated as 5 X (32-03£02eV)/e—123V=0.12-032V
using eqn (8) and (12).

5.3 Switching between two scaling relations

To overcome the scaling relation between the adsorption
energy of OH and OOH, a promising strategy is to avoid the
OOH intermediate by directing the ORR through the dissocia-
tive mechanism. As illustrated in Fig. 13, this approach replaces
OOH with two intermediates, O and OH, adsorbed at distinct
sites. These two sites can act together in the mechanism when
they are neither too far nor too close. Herewith, two sites can be
situated in different geometries: within the same plane, facing
each other, or taking in-between orientation. Let us examine
the concept of switching using examples of coplanar and
cofacial DACs.

5.3.1 Coplanar DACs. Recently, the effectiveness of the
switching strategy has been established through experimental
studies on oxide-based DACs.°>°® On the surface of Pt/Fe,0;, a
Pt-Fe DAC adsorbs O,, dissociates the O—O bond during
protonation, and desorbs OH from the platinum site at half-
wave potential (E;,) of 1.05 V.*> Similarly, at Pt/MnO,, a Pt-Mn
DAC adsorbs O,, dissociates the O—0O bond during protona-
tion, and desorbs OH from the manganese site with E;/,, of
0.93 V.” These studies provide in situ spectroscopic evidence
for the dissociative mechanism of these materials, proving that
the switching strategy is feasible.

Due to challenges in identifying the active sites and inter-
mediates, there was no strong evidence that switching occurs
on metal-nitrogen-carbon (M-N-C) based DACs until the
works of Zhou et al.'®> and Huang et al.*® presenting FePtNg
and Fe,N¢ DACs along with proving the mechanism switching
with infrared spectroscopy. Several experimental studies of
M,N¢ and defective carbon DACs suspected switching to be
responsible for the enhanced activity, but lacked structural
characterization to confirm the dissociative mechanism.'®'"%
Herewith, computations predict that only certain DACs (Fe,Ng,
FeCoNg, Co,Ng) favor the dissociative mechanism over the

P
Ry

0.0

AGoy [eV]

1.5

Fig. 13 Switching strategy: (a) reaction mechanism schematic cycle, (b)
effect on the overpotential volcano. The contour lines mark an increase of
0.2 Vin overpotential, starting from the apex of the volcano (marked by the
star). The optimal catalyst lies at the edge of the volcano (marked by the
dashed line). The area of possible improvement by the switching strategy is
shaded.
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associative one.®*'58

These DACs show higher activity in experi-
ments than corresponding SACs,"**'®® and indeed can be attrib-
uted to switching due to spectroscopic evidence provided for
Fe,N; active site.>> Recently, the FeCoNg—OH active site has been
experimentally shown to switch to the dissociative mechanism."*

A viable alternative to Fe,Ng is BFeN,. It is predicted to
enable the dissociative mechanism by adsorbing oxygen inter-
mediates at the boron site."®’ BFeN, DACs were synthesized
and showed higher activity than FeN, SACs.'*>'®® In the
absence of spectroscopic evidence for switching, these results
might instead reflect tuning or breaking (like with PN3;FeN; in
Section 5.2). Still, these examples demonstrate opportunities in
composing planar DACs with non-metal active sites, potentially
capable of switching between the scaling relations.

In addition to the compositional expansion, another direc-
tion is exploring the geometrical features of DACs, such as
inter-atomic distance and curvature. The role of inter-atomic
distance was revealed in experimental studies of coplanar
DACs,'8%%* where the inter-atomic distance was continuously
varied, and a clear trend in catalytic activity was observed. The
supporting DFT calculations showed a non-linear effect of the
distance on the electronic structure (e.g., spin-density), resem-
bling the well-known strain modulation."®** Similarly, the
curvature alternation also affects the electronic structure and
consequently alters the catalytic activity."***>°" Most impor-
tantly, changes in geometry through inter-atomic distance and
curvature variation can switch between the associative and
dissociative mechanisms. In the latter case, the geometric effect
can be described by analogy to the Sabatier principle: optimal
catalysis occurs when the inter-atomic distance within an active
site is neither too far nor too close.

5.3.2 Cofacial DACs. While the geometrical distance within
coplanar DACs (such as oxides and M-N-Cs) is rigidly deter-
mined by covalent bonds, when two atoms are facing each

Breaking
(single site adsorption)

Breaking
(dual site adsorption)

coplanar

cofacial

(a) ’ (b) ()

(€)I <s' al () o &
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other, the distance between them can be varied almost con-
tinuously. Namely, in cofacial DACs, the distance can be tuned
through bond rotations.***' However, we found no proof in the
literature that such DACs can switch the mechanism.>** The
first unambitious confirmation could probably come for phtha-
locyanine (Pc) and porphyrin-containing DACs in cages or
frameworks, where the distance can be tuned using a suitable
linkage between two macrocycles. Although experiments with
cofacial DACs revealed interesting trends, the measured activity
was always modest compared to Pt(111).>°*?%° Notably, cofacial
DACs, such as 2MPc, show higher activity than SACs, like
MPc.?°® More importantly, these DACs adsorb one O, molecule
between two metal sites to form M-O-O-M. Simulations sug-
gest that to dissociate the O-O bond, an optimal M-M distance
is around a specific value of 4.5 A.#"?7 Experiments, however,
emphasize the importance of detailed structural control
beyond just varying the M-M distance.*® The reason is that
the switching mechanism becomes more efficient than sim-
ply tuning or breaking only above the corresponding optimal
AGoy. Yet, this region is also favourable for reducing oxygen
to peroxide. Therefore, applying the switching strategy
demands careful attention to selectivity towards H,O vs.
H202.206,208—212

5.3.3 Switching vs. breaking. Overall, experiments confirm
the feasibility of switching between associative and dissociative
ORR mechanisms on DACs,”>*® which implies switching from
the OOH-OH to the O/OH-OH scaling relation. Theoretical
calculations predict that among the screened materials, the
M,N; and BMN, DACs with Co and Fe are the most suitable for
the switching,*”"*! and many more materials may circumvent
the scaling relations via this strategy.

However, for coplanar DACs, the optimal distances for
switching and breaking are almost the same - 2.5 A (Fig. 14).
That makes spectroscopic confirmation essential for identifying

Switching

Pushing

Fig. 14 Models of catalysts enabling breaking (a), (b), (e) and (f), switching (c) and (g), and pushing (d) and (h), showing the neither too far nor too close
principle. Carbon atoms are gray, oxygen atoms are red, hydrogen atoms are white, iron atoms are dark orange, phosphorous atoms are light orange, and
cobalt atoms are pink. The stabilization interactions with spectators or secondary adsorption sites are highlighted. (a) Coplanar P—Fe sites,*” (b) coplanar
Robson-type macrocycle with Co,N4O, active site®*2°2 (c) coplanar DAC with Fe,Ng active site,*® (d) coplanar curved catalyst with two CoNy4 active
sites,? (e) cofacial slit-pore with Fe—N active sites,*® (f) and (g) cofacial packman catalyst,®! (h) cofacial slit-pore with shifted Fe—N, active sites enabling
hydrogen bonding.2%
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the mechanism and the manipulation strategy. Herewith, if the
catalyst situated on the right leg of volcano (Fig. 7 and 11), signals
of OOH in the spectra together with enhanced activity does not
necessarily imply breaking,”**°* as OOH could be part of compet-
ing process of H,0, formation. On the contrary, For cofacial
DACs, the intersite distance is clearly different: 7.2 A for breaking
and 4.5 A for switching (Fig. 14). We suggest using these numbers
when designing catalysts for switching.

In terms of numbers, the optimum of switching corresponds
to the intercept of the scaling plane with the volcano edge
(AGoonu + AGoy = 4.92 eV). In principle, assuming o = 3 and f§ =
0.5, the optimal AGoy = 1.10 eV yielding a predicted over-
potential of 1.23 — (3 x 1.10 — 1.10)/2 = 0.13 V.

5.4 Pushing the O/OH-OH scaling relation

The DFT predictions for the dissociative mechanism show that
the O/OH-OH scaling can be pushed closer to the ideal
catalysts (Fig. 15). The pushing strategy involves stabilising O/
OH relative to OH, similar to stabilising OOH relative to OH in
the breaking strategy. That is achieved by varying the value of
in the scaling equation. The ideal catalyst can be achieved by
approaching « = 3 and f = 0 eV or o = 2.5 and f = 0.6 €V in
eqn (11).

DFT calculations predict overpotentials as low as 0.15 V for
Pacman Co-Co diporphyrin anthracene and curved coplanar
2CoN, models that realize the pushing strategy through ligand-
ing and curving.*"®" It is interesting to note that the first model
is clearly inspired by nature, namely enzymes, while the second
model refers to artificial M-N-C catalysts. Both studies illus-
trate the vital role of simulations in the discovery, synthesis,
and verification of superior catalysts. In particular, let us stress
that without computer simulations, the design of dipophyrin
complexes (mimicking enzymatic biocatalysis) stagnated at a
modest catalytic activity for decades, after being introduced in
the 1960s.>'®> The introduction of computational models
allowed for more deliberate design, including the predictions
of improved ORR activity via the pushing strategy.® Based on
these theoretical insights, the synthesis of layered Fe-N-C

fae
=

AGoy [eV]

1.5

Fig. 15 Pushing strategy: (a) reaction mechanism schematic cycle,
(b) effect on the overpotential volcano. The contour lines mark an increase
of 0.2 V in overpotential, starting from the apex of the volcano (marked by
the star). The optimal catalyst lies at the edge of the volcano (marked by
the dashed line). The area of possible improvement by the pushing strategy
is shaded.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Chem Soc Rev

nanotubes with Fe-Fe active sites led to the development of
DACs with significantly reduced overpotential.’® With this
example, we illustrate that it is better to light the way forward
with purpose than to stumble in the dark, hoping for chance
discovery. Thus, whether inspired by nature or driven by theory
and data, one benefits from deliberately choosing a specific
effect (Section 5.2 within one of the general strategies for
manipulating the scaling relation rather than relying on seren-
dipity. In principle, assuming o = 3 and f = 0.20, the optimum
AGou = 1.18 eV, which results in the minimum predicted
overpotential of 1.23 — (3 x 1.18 — 1.18)/2 = 0.05 V.

5.5 Bypassing the scaling relations

The possibility of completely decoupling adsorption energies to
design better ORR catalysts is a fascinating idea worth con-
sidering. This idea implies switching between two catalyst
states during the reaction cycle, each having an optimal
adsorption energy value for O/OH and OH (Fig. 16). Computer
modelling is well-suited to test any opportunity to advance
closer to the ideal ORR -catalyst. The recently simulated
2CoN, DAC model illustrates two geometric states — one with
ideal adsorption of O/OH and another with ideal adsorption of
OH.*” That model shows that achieving the ideal values of AG
on the same catalyst is possible via the curvature effect with a
predicted overpotential is nearly 0 V. Transitioning between
states is expected to occur via the geometric adaptation of
the catalysts during the reaction cycle. Similarly, for a 2ZnN,
DAC model, geometry adaptation also gives in simulationsa 0 V
overpotential.>®”

Here let us recall the dynamic geometry adaption of sub-
nanometer Pt clusters that show bypassing of all scaling
relations.”’® However, interesting question is whether experimen-
tally possible or such particles would turn into less reactive, yet
more stable species. At first sight, geometry adaptation for stable
materials at the turnover frequency of the ORR seems hardly
imaginable in practice. Looking closer, it becomes clear that the
essence of achieving the ideal catalyst lies in transitions between
states, which need not be geometric. In particular, this means a

re
.

1.5

A
»

AGyy, [eV]

Fig. 16 Bypassing strategy: (a) reaction mechanism schematic cycle,
(b) effect on the overpotential volcano. The contour lines mark an increase
of 0.2 V in overpotential, starting from the apex of the volcano (marked by
the star). The optimal catalyst is the ideal catalyst at the apex of the
volcano. The area of possible improvement by the bypassing strategy is
shaded.
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single electronic or geometric state for one intermediate, and
another electronic or geometric state for the other intermediate.
One DFT study demonstrates an inspiring concept of high-
frequency switching between electronic states by the electric
field."* For ORR, a more recent combined experimental and
DFT study, has shown that the structure of the active site can
dynamically change due to quasi-covalent Fe-F bond.>"® Overall,
considering more than one state of an active site is a powerful
idea to bypass the scaling relations and design better ORR
catalysts, which could overcome the stagnating state-of-the-art
frontier (Fig. 8).

6 Summary and outlook
6.1 Scaling relations’ classification in brief

This review refines existing and proposes new definitions for
general strategies of manipulating scaling relations: tuning,
breaking, switching, pushing, and bypassing. This classifica-
tion provides a foundation for addressing challenges posed by
the scaling relations. In brief, in any multi-step reaction, there
is a predominant reaction mechanism limited by the main
scaling relation that can be tuned or broken. For such reac-
tions, it is possible to switch to an alternative mechanism and
push it towards the limits imposed by the alternative scaling
relations. In principle, it is possible to bypass all scaling
relations by involving at least two states. This review focused
on the oxygen reduction reaction (ORR) as an example and
revealed the following.

The tuning strategy focuses on the OOH-OH scaling as the
limiting factor in the predominant mechanism of oxygen
electrocatalytic reduction to water. However, in Section 5.1,
we speculated that the O-OH or 20H-OH scalings could also be
a significant constraint. Herewith, we derive both OOH-OH
and O-OH scaling relations based on bond strengths. In this
way, we offer a chemically intuitive perspective, where altering
the electronic structure of a catalyst tunes its activity within the
limit set by the OOH-OH scaling relation.

The breaking strategy, in theory, exceeds the limit of the
OOH-OH scaling by stabilising the OOH intermediate. Selective
stabilization of OOH requires precise structural control, which
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can be achieved using metal-organic frameworks (MOFs) and
metal-nitrogen-carbons (M-N-C).

The switching strategy relies on the presence of two active
sites to favour the dissociative ORR mechanism. DACs are,
therefore, a promising discovery platform for implementing
this strategy.’>'®>'°! Herewith, it is essential to experimentally
confirm the switching mechanism with in situ spectroscopy.

The pushing strategy combines the stabilization effect with
mechanism switching, and DACs incorporated into organic
frameworks with spectators could offer a solution. As for 2025,
the pushing strategy has not yet been verified experimentally.

The bypassing strategy promises to completely eliminate the
constraints of the scaling relations by using two distinct states
(electronic, geometric, photonic, or similar) to decouple the
adsorption energies of intermediates.

Fig. 17 summarizes five strategies in the form of volcanoes
with minimal overpotentials and examples of computational
predictions and experimental verifications for ORR. For the
bypassing strategy, we refer to cytochrome ¢ oxidase as an
example of how enzymes in nature adapt during the ORR
reaction to bypass the scaling relations.*"”

6.2 Scaling relations’ classification in numbers

Scaling relations help to quantify the correlations between
adsorption energies, catalytic structures, and overpotential (or
activity). Each of the five strategies in Table 3 is characterized
by distinct numerical parameters that determine the minimal
overpotential.

The tuning strategy focuses on optimising the OOH-OH
scaling relation. For this approach, the optimal OH adsorption
energy of 0.86-0.96 eV corresponds to an overpotential of 0.37-
0.27 V.

The breaking strategy aims to stabilise the OOH intermedi-
ate relative to OH, reducing the OOH-OH scaling limit. The
optimal OH adsorption energy after stabilization is approxi-
mately 1.11 eV, which corresponds to an overpotential of 0.12 V.
This strategy requires a spectator that can stabilise OOH. The
characteristic bond lengths between the most distant oxygen
atoms (0-O) ~ 3.4 A (in cofacial DACs) or ~2.8 A (in coplanar
DACs) and two active sites are ~7.2 A (in cofacial DACs) or
~2.7 A (in coplanar DACs).*>94177:214

Tuning Breaking Switching Pushing Bypassing
0.0 0.0 0.0 0.0 0.0 |
= = = = =
s = s s =
0.4 0.4 0.4 0.4 0.4

0.7 AGoy [eV] 1.7 0.7 AGoy [eV] 1.7

0.7 AGoy [ev] 1.7

0.7 AGoy [eV] 1.7 0.7 AGoy [eV] 1.7

Fig. 17 Classification of strategies for manipulating the scaling relations in ORR. Circles indicate chosen experimental results and squares — theoretical
predictions. Tuning: varying of OH adsorption energy; theoretical prediction for Pt(111); experimental result for FePc/CoPc@CNT catalyst.?'® Breaking:
stabilising OOH relative to OH; theoretical prediction for slit-pore system:*> experimental result from Fe,P-DAS@MPC catalyst;*’” switching: by enabling
the dissociative mechanism; theoretical prediction for dual-catalysts;**® experimental data point for DAC with Pt—Fe active site.° Pushing: combining
stabilization effect with mechanism switching; no theoretical or experimental data points so far. Bypassing: transitioning between states during the

reaction cycle; theoretical prediction for geometry-adaptive M—N—C catalyst;*? experimental data point for cytochrome c oxidase.?’
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Table 3 General strategies for manipulating the scaling relations and their optimal parameters. Distances without brackets are for coplanar DACs and

with brackets are for cofacial DACs

Strategy o p Scaling AGouleV do-olA drm/A n/v Ref.

Tuning 1 3.20 OOH-OH 0.86 — — 0.37

Tuning 1 3.00 OOH-OH 0.96 — — 0.27

Breaking 1 2.70 OOH-OH 1.11 2.8 (3.4) 2.7 (7.2) 0.12 45,94, 177 and 214
Switching 3 0.50 O/OH-OH 1.10 2.5 (2.8) 2.5 (4.5) 0.13 12, 31, 35 and 184
Pushing 3 0.20 O/OH-OH 1.18 “ “ 0.05

Bypassing — — — 1.23 “ “ 0 32

“ The distance in pushing should be greater than in the switching case to enable a hydrogen bond between O and OH, while in bypassing the

geometry is adaptive and should be similar to the switching case.

The switching strategy relies on dual active sites to enable
dissociative mechanisms. In switching, the repulsion between
the O/OH and OH intermediates is typically around 0.5 eV,
resulting in optimal overpotential of 0.13 eV. The optimal bond
lengths for this strategy are ~2.5 A for both the 0-O and M-M
distances in the coplanar case, or ~2.8 A for 0-O distance and
~4.5 A for M-M distance in the cofacial case.'**"*!84

The pushing strategy combines the effects of stabilization
and switching, maintaining a balance between stabilising
intermediates and facilitating reactions. The stabilization may
reduce the repulsion between the O/OH and OH intermediates
to 0.3 eV, reducing the overpotential to 0.05 V. For this strategy,
bond lengths should be slightly larger than in the switching case.

The bypassing strategy completely decouples adsorption
energies and thus eliminates scaling constraints. This strategy
achieves a theoretical zero overpotential (7 = 0), with character-
istic bond lengths similar to the switching case. Natural sys-
tems, such as cytochrome c¢ oxidase, inspire this approach
through their ability to spatially and electronically separate
catalytic states.”™

These numerical estimates serve as a foundation for catalyst
development. For example, tuning strategies have been success-
fully applied to Pt-based alloys, where straining and liganding
optimize the OOH-OH scaling relation.*®*** Similarly, break-
ing, switching, and pushing strategies offer pathways for
designing catalysts with high-entropy alloys (HEAs), metal-
nitrogen-carbons (M-N-C), metal-organic frameworks (MOFs),
and molecular complexes.?®*>17%:220.221 By integrating these
principles with theoretical and experimental data, researchers
can systematically explore various chemical spaces to develop
highly efficient catalysts.

6.3 Scaling relations’ classification on a timeline

Progress in scaling relations research highlights the effective-
ness of integrating theory, experiments, and computational
simulations. Collaboration across these disciplines has consis-
tently advanced the understanding and application of scaling
relations in electrocatalysis, particularly in the oxygen reduction
reaction (ORR). As noted by Seh et al., a systematic combination of
these approaches has revealed broader principles that guide the
rational design of catalysts.>??

Fig. 18 highlights milestones in the exploration of scaling
relations. The timelines emphasize the iterative nature of
progress in this field, where theoretical predictions guide

This journal is © The Royal Society of Chemistry 2025

experimental efforts, and experimental results refine theoreti-
cal predictions. For example, tuning strategies for Pt-based
catalysts were first proposed through computational models
and later confirmed by experimental studies that focused on
strain and ligand effects. Breaking strategies have evolved
similarly, with experimental stabilization of OOH intermediates
validating earlier theoretical predictions of minimum over-
potentials. Switching strategies, implemented in DACs, required
in situ spectroscopic evidence to confirm the mechanism changes
predicted by theory.>”*

6.4 Scaling relations’ classification and material classes

The overviewed literature shows the general consensus that the
scaling relations are universal for all catalysts. First, most of the
catalysts prefer the associative mechanism. Thus, most of them
allow for the tuning strategy although with slightly different
intercept and slope for different material classes. Second, if the
deviation is large enough to be considered as the breaking of
the OOH-OH scaling relation that is through a stabilisation of
OOH relative to OH Nevertheless, let us note several important
points regarding different material classes.

Electrocatalysts can be grouped by their structural character.
Bulk materials with extended surfaces include metals, alloys,
HEAs, oxides, mixed oxides, HEOs, MXenes, and carbon mate-
rials, while catalysts with atomistic sites include M-N-C, MOFs,
COFs, and molecular complexes. These materials can also be
distinguished by their degree of structural order. M-N-C,
HEAs, and HEOs are stochastic, while surfaces like Pt(hkl) or
molecular FePc are well-defined.

Examples from these material classes are discussed in the
sections above in regard to their activity, which is governed by
scaling relations. The activity exhibits systematic deviations as
shown in Table 1. Even larger differences are seen in stability,
which varies more widely across these material classes than
their activity or selectivity. For instance, Pt-based catalysts such
as Pt-alloy nanopolyhedra and nanowires often degrade
through dissolution of less noble metals, migration and coales-
cence of Pt atoms, and gradual loss of their shape and disper-
sion under potential cycling, all of which are further
accelerated by carbon support corrosion.”*® In contrast, M-N-C
catalysts suffer from demetallation, carbon matrix corrosion
induced by reactive oxygen species, protonation of N-groups
that deactivates sites, and micropore flooding that limits oxy-
gen transport.>*® These degradation mechanisms illustrate how
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Fig. 18 Timeline of milestones in ORR research, highlighting the interplay between theory, experiments, and simulations. Five distinct strategies —
tuning, breaking, switching, pushing, and bypassing — are represented with five timelines. Each timeline begins with theoretical predictions (pale colors)
and transitions to experimental validation (vivid colors). Insets above the timelines illustrate key experimental breakthroughs, while insets below highlight
critical theoretical and computational advancements that shaped the field. (a) Activity correlation with experimentally measured d-band center
(reproduced with permission from ref. 140, copyright 2006, John Wiley and Sons), (b) image of single-atom site (reproduced with permission from
ref. 223, copyright 2018, Elsevier), (c) experimental volcano plot (reproduced with permission from ref. 135, copyright 2014, Royal Society of Chemistry),
(d) dual atome site characterisation (reproduced with permission from ref. 12, copyright 2022, Springer Nature), (e) SR-FTIR spectra of oxygen reduction
intermediate (reproduced with permission from ref. 93, copyright 2023, American Chemical Society), (f) scaling relations (reproduced with permission
from ref. 1, copyright 2007, American Physical Society), (g) example of single atom site (reproduced with permission from ref. 21, copyright 2011, Royal
Society of Chemistry), (h) theoretical volcano (reproduced with permission from ref. 29, copyright 2016, Elsevier), (i) dual atom site example (reproduced
with permission from ref. 45, copyright 2020, American Chemical Society), (j) geometry adaptive catalysis (reproduced with permission from ref. 32,

copyright 2024, Royal Society of Chemistry).

stability differs fundamentally between these material classes,
beyond the effects of scaling relations on activity and selec-
tivity. Another relevant aspect is the ratio of catalytically active
atoms to all other atoms, whether exposed on the surface or
buried in the bulk. In this regard, HEAs and M-N-C catalysts
are similar, as the activity of their central atoms is determined
by their neighbouring atoms. This raises the open question of
whether HEA and M-N-C catalysts can ever achieve the activity
of strained Pt-skin, even if their central atoms possessed AG
value optimal for tuning the OOH-OH scaling relation in
Fig. 11,227,228

6.5 Scaling relations’ classification in future vision

While single-step electrocatalysis (like hydrogen evolution) can
be described using a 2D volcano with a 0 V overpotential apex,
multi-step electrocatalysis (like oxygen reduction) exhibits a
more complex nature, approximated by a 3D volcano with
several hardly reachable apexes. This complexity can, to some
extent, be rationalized through scaling relations.?****° These
scaling relations adhere to fundamental chemical laws, defin-
ing paths on the 3D volcano that can be traversed by modifying
the electronic and geometric structures of catalysts. Optimising
the electronic structure aligns with the Sabatier principle, while
for geometric structure, a new principle emerges: neither too

10970 | Chem. Soc. Rev, 2025, 54,10956-10976

far nor too close. All of these concepts integrate seamlessly into
the proposed classification, making it broadly applicable to any
multi-step electrocatalytic reaction.

At this point, it is worth recalling that electrocatalysis
involves three key properties: activity, selectivity, and stability.
Scaling relations within the CHE framework map the landscape
of activity and selectivity, yet stability follows a different logic,
set by reaction conditions and catalyst properties. Catalysts are
often described as ‘“any substance that increases the rate of a
reaction without itself being consumed”, yet in reality they
degrade. Many of the catalysts that excel at manipulating the
scaling relations are inherently unstable. This controversy
resembles the CAP theorem in computer science®*' - just as
no system can deliver consistency, availability, and partition
tolerance at once, electrocatalysis may face a similar trilemma
between activity, selectivity, and stability. Especially in oxygen
electrocatalysis, where oxygen molecules and protons facilitate
corrosion of catalysts and their support.

Refocussing back on the scaling relations, let us summarise
that the presented classification is applicable to the oxygen
evolution reaction (OER) - a slightly more complex reverse of
the ORR. Furthermore, the analysis extends naturally to multi-
functional catalysis, such as bifunctional OER and ORR cata-
lysts for air-batteries.>*>>** When applied to bifunctional

This journal is © The Royal Society of Chemistry 2025
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oxygen electrocatalysis (on the same catalyst), as the volcano
plot for bifunctional catalysis has plateau,*®® the advantages
of the switching strategy become evident. For example, this
strategy achieves an optimal overpotential of 0.45 V, compared
to the tuning strategy, which even for the best catalysts imposes
a fixed overpotential of 0.74 V, derived as f — 2.46.>*°

The classification extends beyond electrocatalysis of oxygen
to nitrogen, carbon and other elements, as well as the combi-
nations, such as urea electrosynthesis. The general message is
that in multi-step reactions, there is one predominant mecha-
nism that can be tuned or even broken. By switching to an
alternative mechanism, catalysis can be further pushed towards
the limit, potentially bypassing all scaling relations to achieve
ideal performance.
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