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Trends inOxygenEvolutionReactionActivity andLimiting
Steps forDifferentActiveSitesonCo3O4(001)
Kapil Dhaka,[a] Stephane Kenmoe,[b] Achim Füngerlings,[c, d] Rossitza Pentcheva,[c, d]

Kristina Tschulik,[e, f] and Kai S. Exner*[a, d, f]

Cobalt spinel (Co3O4) is a dynamically restructuring catalyst
under oxygen evolution reaction (OER) conditions. So far, little is
known about the mechanistic complexity of the OER at different
active sites of Co3O4 at the atomic level. Using the A- and B-
terminations of a single-crystal Co3O4(001) model electrode, we
apply a combination of density functional theory calculations
and ab initio molecular dynamics simulations to identify three
main types of active sites of Co3O4 under OER conditions. In
addition to tetrahedral and octahedral surface sites, we report
the formation of pseudo-octahedral sites due to a change in the
local environment upon adsorption of intermediate species. For

all these active sites, we analyze the elementary steps of the
OER by descriptor-based analysis and the concept of degree of
span control. While octahedral and pseudo-octahedral sites are
catalytically more active than tetrahedral sites, we show struc-
tural sensitivity with respect to the key limiting reaction step,
which ranges from O─O bond formation to O2 desorption and
*OH oxidation. Our modeling strategy, which captures changes
in the local environment, elementary steps of the OER, and
the contribution of different reaction steps to the current den-
sity, provides an integrated and comprehensive framework for
describing complex oxide materials under applied bias.

1. Introduction

The oxygen evolution reaction (OER) is a key anodic process in
electrolyzers to produce clean fuels such as gaseous hydrogen.[1]

Despite advances in catalyst design, the OER remains kinetically
sluggish due to its complex, multi-electron nature. Overcoming
this bottleneck is essential to improving the energy efficiency
of water-splitting technologies. Achieving this goal requires not
only identifying active materials but also developing a detailed
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understanding of the atomic-scale factors that control their
catalytic performance.

Thermodynamic analysis has been the standard framework
for evaluating OER mechanisms[2–5] often through the com-
monly used thermodynamic overpotential (ηTD) as an activity
descriptor, which estimates electrocatalytic activity based on
the largest free-energy change under equilibrium conditions.[6–9]

However, this approach does not account for overpotential and
kinetic effects in the analysis of activity trends, nor does it con-
sider that several reaction steps can contribute to a different
extent to the reaction rate under operating conditions. OER
catalysts, particularly those involving complex oxide surfaces,
often reconstruct or undergo chemical transformations under
the harsh anodic reaction conditions,[10] thus giving rise to a
plethora of different active sites. For such an ensemble of active
site motifs, the assumption of a single rate-limiting step over-
simplifies the underlying reaction network and may obscure
mechanistic competition between different reaction steps and
mechanistic pathways.[11,12]

To overcome these limitations, we employ a combined the-
oretical approach that integrates the potential-dependent free-
energy span model of Gmax(U)[13,14] with the degree of span
control (DSC) analysis, as introduced recently by Dhaka et al.[11]

While the activity descriptor Gmax(U) identifies the energetically
most demanding transition between the intermediate states at
a given applied electrode potential, the DSC quantifies how
much each individual step for a given mechanism contributes to
the current density. This framework enables a more comprehen-
sive evaluation of catalytic performance by not only identifying
the thermodynamic bottleneck but also helping to detect sit-
uations where more than one reaction step affects the overall
reaction rate or where the limiting step changes with increasing
overpotential.
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Cobalt oxide (Co3O4) has garnered significant attention as
an efficient and earth-abundant electrocatalyst for the OER
under alkaline conditions.[15] Its favorable electronic structure
and multiple oxidation states facilitate key reaction steps
in the OER process. Recent studies have shown that tai-
loring the morphology and introducing defects into Co3O4

structures can significantly enhance catalytic performance.
For example, laser fragmentation has been used to gener-
ate defect-rich Co3O4 nanoparticles, resulting in improved
activity due to increased surface area and enhanced charge
transport.[16] Complementary insights from operando surface
X-ray diffraction studies on epitaxial Co3O4 thin films have
revealed reversible, potential-dependent structural transforma-
tions within the topmost atomic layers across a wide pH range,
underscoring the dynamic nature of Co3O4 surfaces during OER
operation.[17,18]

Detailed modeling using the combined approach of Gmax(U)
and DSC becomes especially important in complex electrode
materials such as Co3O4, where a variety of active sites coex-
ist. Due to its spinel structure, Co3O4 exposes multiple types of
Co coordination environments on the surface, including tetrahe-
dral and octahedral sites. These coordination geometries offer
distinct electronic structures, binding characteristics, and geo-
metric accessibility, which can influence the elementary steps
of the OER.[19] Moreover, the nature of the exposed surface
itself is sensitive to the electrochemical environment and may
undergo dynamic reconstruction or chemical transformations in
the presence of water, such as reported in previous works.[20–24]

Theoretical studies using ab initio molecular dynamics (AIMD)
simulations[25–28] revealed that adsorbed water molecules can
cause the lifting of surface atoms, leading to new configurations
that expose or stabilize previously inaccessible active sites. These
reconstructions can modulate the binding of intermediates and
thus influence the preferred reaction pathway. A previous study
on the Co3O4(110) facet also reported surface reconstruction
under electrochemical conditions, suggesting that such restruc-
turing of the catalyst, including changes in the local environ-
ment, might be a general feature of Co3O4 surfaces under OER
conditions.[29]Accurately capturing these reconstructed phases is
essential for understanding catalytic function under operating
conditions, although few mechanistic details are known about
the implications of phase reconstruction of Co3O4 under anodic
polarization on OER activity.[20]

Recent operando surface X-ray diffraction (SXRD) studies
have revealed that Co3O4 surfaces undergo dynamic recon-
struction under OER conditions, forming a reversible cobalt
oxyhydroxide (CoOx(OH)y) layer above approximately 1.15 V ver-
sus RHE.[30] This reconstructed skin is proposed to function as
an active 3D reaction zone, and, in some cases, has been sug-
gested to revert to the original structure at lower potentials.[31]

Moreover, this behavior appears to be intrinsic rather than
specific to any particular crystal facet, as similar trends have
been observed across various Co3O4 orientations and support
materials.[20] These experimental insights strongly support the
inclusion of non-ideal surface motifs with changes in the local
environment—such as pseudo-octahedral Co sites, which were
first reported by Bergmann et al. using operando X-ray absorp-

tion spectroscopy (XAS),[30] in theoretical models to enable
a more realistic representation of catalytic interfaces beyond
idealized surface terminations.

In the present manuscript, we investigate the OER on the
A- and B- B-terminations of a Co3O4(001) model electrode at
the single-crystal level, combining AIMD simulations and DFT
calculations with appropriate magnetic corrections (cf. Section
S3). We model the OER at all symmetry-inequivalent active
sites of the A- and B-terminations of Co3O4(001) and report
the formation of subsurface tetrahedral sites by elevating Co
atoms into a pseudo-octahedral position. Our combined frame-
work of the Gmax(U) and DSC approaches allows us to decipher
structure-activity correlations related to the limiting reaction
step. Intriguingly, we identify a universal correlation between the
coordination of Co and the elementary step that contributes the
most to the current density.

2. Theoretical Model

All electronic structure calculations were performed within the
framework of density functional theory (DFT) using the Vienna
ab initio Simulation Package (VASP), augmented with the implicit
solvation model implemented in the VASPsol extension.[32–35]

Detailed computational parameters, including the choice of
exchange-correlation functional, plane-wave cutoffs, k-point
sampling, and convergence criteria, are provided in Section S1.

The oxygen evolution reaction (OER) involves the trans-
fer of four proton-electron pairs under the formation of an
O─O bond. This makes it a kinetically and thermodynamically
demanding process that only occurs under harsh anodic con-
ditions, and relevant current densities in the order of several
mA/cm2 are only achieved for U > 1.50 V versus RHE (reversible
hydrogen electrode)[36–39] (where U refers to the applied elec-
trode potential; we adopt this notation to distinguish it from
the total energy, E, in DFT calculations). To capture the ele-
mentary steps of the OER at the atomic level, we analyzed
multiple possible mechanistic pathways for the OER, including
mononuclear, bifunctional, binuclear, and concerted Walden-
type mechanisms.[40–42] Details of the different OER mechanisms
considered in this study can be found in Section S2.

It is important to emphasize that our DFT-based model
describes OER activity under idealized interfacial conditions and
moderate current densities (∼10 mA cm−2), as typically used in
laboratory-scale studies. These current densities correspond to
overpotentials in the range of about 300–400 mV. In contrast,
industrial electrolyzers operate at much higher current densities
(≥500 mA cm−2, up to 1–2 A cm−2), where macroscopic effects
such as bubble formation, mass transport limitations, and local
heating become dominant. Such phenomena are not accessi-
ble within the framework of static DFT and the computational
hydrogen electrode (CHE) approach applied here,[43] although
certain local dynamical effects can be addressed using molecular
dynamics (MD) simulations. Therefore, the current study focuses
on atomistic insights into structure–activity trends rather than
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Figure 1. Schematic representation of various surface configurations of Co3O4(001), including termination-A (8*OH coverage) and termination-B (4*H2O-4*OH
and 4*OH coverages). All seven structural motifs considered for OER are illustrated. Blue and red spheres denote Co atoms in octahedral coordination and
lattice oxygen atoms, respectively. Green spheres indicate tetrahedral Co atoms, including those that transition to pseudo-octahedral coordination, while
cyan spheres represent surface-adsorbed oxygen atoms. White color represents hydrogen atoms. Please note that the atom sizes do not scale.

on predicting catalyst performance under industrial operating
conditions.

In the following, we provide a detailed structural analysis of
the different active site motifs on the Co3O4 surface under OER
conditions.

2.1. Surface Models

Previous theoretical work[11] has shown that the surface of Co3O4

is hydroxylated under typical OER conditions of U > 1.23 V ver-
sus RHE, which is in qualitative agreement with former works
by Peng et al.[6] and Hajiyani et al.[44] This is the reason why
our surface models are *OH-covered at the different Co active
sites. Pourbaix diagrams for the A- and B-terminations of the
Co3O4(001) surface are discussed in Section S3 and confirm the
stability of *OH/ *OH2-capped surface configurations under OER
conditions.

Figure 1 illustrates seven structurally distinct motifs identi-
fied at the A- and B-terminations of the Co3O4(001) surface,
comprising four configurations derived from termination-A and
three from termination-B. These motifs are systematically ana-
lyzed to explore the influence of local atomic arrangements on
OER activity, with particular emphasis on tetrahedral (Cotetra) and
octahedral (Coocta) coordination environments. Please note that
in addition to the main active site, we also include auxiliary sites,
since some of the OER mechanisms (cf. Section S2) require a
second site for the formation of O2.

Motif-1 represents a configuration on termination-A in which
two surface Cotetra sites are separated by approximately 5.65 Å.
While both sites are geometrically accessible, the large distance
between them renders cooperative or bifunctional reaction
pathways requiring a second active (auxiliary) site challenging.

In Motif-2, both the active and auxiliary sites are Cotetra.
Therefore, this configuration allows us to probe the catalytic
behavior of tetrahedral Co sites as the main active center.

Motif-3 features a Cotetra atom as the primary active site, with
a subsurface Cooct atom serving as the auxiliary site. This vertical
coupling introduces a mixed coordination environment that can
influence intermediate stabilization and electron transfer by con-
sidering the importance of sublayer interactions in determining
reactivity.

Motif-4 is an inversion of Motif-3, where the active site on
the surface is a Cooct atom (as commonly found in termination-
B), but the auxiliary site is a Cotetra atom. This hybrid configura-
tion bridges the structural characteristics of terminations A and
B and provides insights into how Cotetra involvement can alter
activity in a termination-B-like environment.

We performed ab initio molecular dynamics simulations for
the A termination of Co3O4(001) to verify whether the atomic
arrangement of these active sites is stable upon contact with
water.[45] We refer to Section S3 for details (cf. Figure S2). As
further explained in this section, the subsurface Cotetra sites
of the B termination tend to change their coordination under
OER conditions upon contact with water: the Cotetra atoms lift
into the solvent interface and transform into six-fold coordi-
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nated species due to hydration (cf. Figures S3 and S4 in Section
S3) by neutral water molecules (pH ∼7). Therefore, the original
Cotetra sites become pseudo-octahedral sites and are available
for OER. We note that this type of reconstruction significantly
modifies the local coordination geometry and electronic envi-
ronment, and similar changes in the local environment have
been reported in previous studies on the A-termination of
Co3O4(001).[6,44]

In Motif-5, the Copseudo-oct site, formed by the lifting and re-
coordination of a formerly tetrahedral subsurface Co atom under
anodic polarization, serves both as the active site and the aux-
iliary site. In contrast, Motif-6 separates these roles: the lifted
Copseudo-oct site functions as the primary active center, while a
nearby octahedral Co atom on the surface acts as the auxiliary
site.

Motif-7 represents the conventional configuration on
termination-B, in which adjacent surface Cooct atoms fulfill
both the active and auxiliary functions. This widely studied
arrangement acts as a reference point for evaluating the perfor-
mance of alternative motif architectures, particularly considering
that experimental work on the OER over Co3O4 suggested that
the active Co sites reveal an octahedral coordination.[46,47] Note
that a detailed discussion of the elementary reaction steps in
the OER on Motif-7 is also available in a previous work by Dhaka
and Exner.[11]

In the following, we discuss the mechanistic and energetic
implications of the seven different Co sites on OER activity. This
comparative approach allows us to identify key structural fac-
tors that promote efficient catalysis by distinguishing between
tetrahedral, octahedral, and pseudo-octahedral coordination.

3. Results and Discussion

3.1. OER Mechanism on Different Active Site Motifs of
Co3O4(001)

To systematically evaluate the catalytic behavior of Co3O4(001)
under OER conditions, we investigated several mechanistic path-
ways, as detailed in Section S2. These include mononuclear,
bifunctional, binuclear, oxide, and Walden-type mechanisms,
capturing a broad range of plausible reaction channels on the
surface. The relative activity of each mechanism was assessed
using the activity descriptor Gmax(U),[13,14] which is a potential-
dependent activity descriptor based on the energetic span
model.[48] This quantity reflects the largest free-energy differ-
ence between any two intermediate states in a given pathway
and provides a measure of the electrocatalytic activity: a lower
Gmax(U) indicates a more favorable mechanism.

It is important to note that the OER can proceed via different
reaction channels depending on the pH of the electrolyte:

In alkaline conditions : 4OH− → O2 + 2H2O + 4e−

In acidic conditions : 2H2O → O2 + 4H+ + 4e−

These routes differ in the reactant and can therefore also
exhibit different kinetics with regard to adsorption, desorption,
and surface reactions. In the present work, we do not differenti-
ate between them. Our analysis is based on the CHE approach,
which assumes a Nernstian potential shift with increasing
pH and thus does not explicitly capture pH or electrolyte-
specific effects. To resolve these effects, grand-canonical DFT
calculations[49] at constant electrode potential are required,
which are beyond the scope of the present work.

We are aware that the majority of computational works apply
the thermodynamic overpotential, ηTD, as the activity descriptor
to render predictions on the electrocatalytic activity.[50] Although
it would be helpful to compare the energetics obtained in the
present paper with those of previous works,[6,15,44,51] we note that
the concept of ηTD neither allows the description of chemical
steps in the activity analysis nor enables the determination of
the contribution of several elementary steps to the reaction rate
via the concept of the degree of span control.[11] To this end, we
report the free-energy changes for all reaction mechanisms con-
sidered in our analysis in Section S4 (cf. Tables S1–S7) and discuss
activity trends using the Gmax(U) descriptor in the main text of
our work.

To determine the Gmax(U) descriptor, we construct free-
energy diagrams along the reaction coordinate for all mech-
anistic pathways as a function of the seven structural motifs
considered (cf. Figure 1) at an applied potential of U = 1.53 V ver-
sus RHE; note that an applied overpotential of at least 300 mV
is typically required on the anode side to reach current densities
in the order of 10–100 mA/cm2.[52] Our results are summarized in
Table 1, where Gmax(U) values for all surface motifs of termination-
A and termination-B of Co3O4(001) are given. Figure 2 depicts
the free-energy landscapes for the different OER mechanisms of
the tetrahedral sites of Motif-1 and Motif-2. The free-energy dia-
grams for Motif-3 to Motif-7 are compiled in Figures S5 and S6
of Section S4.

Among the seven motifs, the global minimum for the Gmax(U)
descriptor is 0.00 eV at U = 1.53 V vs. RHE (cf. Table 1). To avoid
ambiguities in the selection of favorable reaction pathways, we
adopt a cutoff of Gmax(U = 1.53 V vs. RHE) < 0.25 eV. This cut-
off is inspired by the sensitivity of the Gmax(U) descriptor, which
is reported to be on the order of 0.20 eV:[14] only if the value of
Gmax(U) for two different mechanisms differs by at least 0.20 eV,
we conclude that the pathway with the smaller Gmax(U) value is
energetically preferred. Therefore, all mechanisms that fall into
this range are considered relevant and lead to highly active sites,
allowing a consistent comparison across structurally different
active site environments.

Among the seven motifs evaluated, Motif-1, Motif-2 (cf.
Figure 2), and Motif-3 (cf. Figure S5) feature tetrahedral coordi-
nation and display a wide range of catalytic behavior in terms
of OER activity. Motif-2 clearly stands out as the most active
site, and it facilitates O2 formation by three mechanisms with
a low Gmax(U = 1.53 V) value, namely bifunctional-II (0.13 eV),
bifunctional-Walden (0.19 eV), and binuclear (0.23 eV). This indi-
cates that Motif-2 offers multiple thermodynamically accessible
pathways for OER and facilitates the formation of molecular
oxygen through multiple mechanisms.
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Table 1. Gmax(U) values as a measure for the electrocatalytic activity at U = 1.53 V versus RHE for seven different OER mechanisms on the different active
site motifs of termination-A and B of Co3O4(001) (cf. Figure 1). Values highlighted in blue represent the most favorable mechanism(s) based on the Gmax(U)
analysis for each motif, including all pathways with Gmax(U = 1.53 V vs. RHE) < 0.25 eV.

Gmax(U) (eV) at U = 1.53 V vs RHE

Motif-1 Motif-2 Motif-3 Motif-4 Motif-5 Motif-6 Motif-7

Mononuclear 0.32 0.32 0.32 0.60 0.60 0.60 0.08

Mononuclear-Walden 0.31 0.31 0.31 0.61 0.24 0.15 0.09

Bifunctional-I 0.57 0.39 0.37 0.42 0.53 0.48 0.36

Bifunctional-Walden 0.42 0.19 0.61 0.12 0.00 0.13 0.08

Bifunctional-II 0.41 0.13 0.24 0.11 0.70 1.13 0.22

Binuclear 0.59 0.23 0.30 0.61 1.33 0.47 0.52

Oxide 1.48 1.33 1.02 1.02 1.44 1.48 0.20

In contrast, Motif-1 exhibits significantly higher values of
the Gmax(U) descriptor across all mechanisms, with the lowest
Gmax(U) value being 0.31 eV for the mononuclear-Walden path-
way. We relate this poor catalytic performance in the OER to
the large separation between the active and auxiliary Co sites,
as discussed in Section 2 (cf. Figure 1). As a result, bifunc-
tional and binuclear mechanisms requiring two major active
sites are geometrically inaccessible, and only less efficient single-
site pathways such as the mononuclear mechanism remain.
The OER activity of Motif-3 is moderate, considering that the
bifunctional-II and binuclear mechanisms show Gmax(U) of 0.24
and 0.30 eV, respectively. Overall, this comparison shows that
among the tetrahedral motifs, only Motif-2 provides the spatial
and energetic conditions required for efficient OER catalysis.

Octahedral sites, represented by Motif-4 (Figure S5) and
Motif-7 (Figure S6), exhibit greater mechanistic flexibility and
consistently favorable energetics compared to their tetrahe-
dral counterparts. Motif-7 has the lowest Gmax(U) values among
these two motifs, with 0.08 eV for both the mononuclear
and bifunctional-Walden mechanisms and 0.09 eV for the
mononuclear-Walden description. In comparison, Motif-4 cat-
alyzes the OER mainly via bifunctional pathways with Gmax(U)
values of 0.11 eV or 0.12 eV. Considering the slight differences
in energetics between motifs 4 and 7, it can be concluded that
Motif-4 is similarly active in the OER as Motif-7. The ability of
both octahedral motifs to support multiple reaction pathways
underlines their catalytic relevance under OER conditions.

Pseudo-octahedral motifs, represented by Motif-5 and Motif-
6 in Figure S6, also show promising OER activity, but with
higher mechanistic selectivity. Motif-5 yields the global mini-
mum among the motifs considered, with a Gmax(U) value of
0.00 eV for the bifunctional-Walden mechanism. Considering the
sensitivity of the Gmax(U) descriptor,[14] no other mechanism is
clearly favored on this pseudo-octahedral site. Since we used
Gmax(U = 1.53 V versus RHE) < 0.25 eV in Table 1 to differen-
tiate between active and inactive pathways, there is a certain
propensity for the mononuclear-Walden with a Gmax(U) value of
0.24 eV. Motif-6 is slightly less active than Motif-5, although the
Gmax(U) values for the bifunctional-Walden and mononuclear-
Walden mechanisms of 0.13 and 0.15 eV, respectively, indicate
that this pseudo-octahedral site is also sufficiently active in

the OER. These results stress that pseudo-octahedral motifs,
which form due to surface reconstruction under anodic polar-
ization, where Co atoms originally in tetrahedral coordination
are elevated into near-octahedral positions, represent relevant
active sites that compete with octahedral sites in terms of OER
activity.

Overall, both octahedral and pseudo-octahedral sites prove
to be similarly active and offer multiple mechanistic path-
ways with Gmax(U) values below the chosen threshold of
Gmax(U = 1.53 V versus RHE) < 0.25 eV to distinguish between
active and inactive motifs. Tetrahedral sites are still catalytically
somewhat active but are more often outside the range of high
OER activity. This indicates a slightly lower intrinsic activity of
the tetrahedral sites compared to their octahedral counterparts.
Nonetheless, all three site types contribute to the catalytic activ-
ity of the OER on the Co3O4(001) surface. The coexistence of
multiple active site geometries and the associated mechanis-
tic preferences underline the importance of structural diversity,
not only for controlling the dominant OER pathway but also for
maximizing catalytic efficiency through complementary reactiv-
ity. This understanding could provide a valuable framework for
rational catalyst design in the future, where fine-tuning the dis-
tribution and accessibility of specific surface motifs can improve
the overall OER performance.

3.2. Identifying Limiting Steps by the Degree of Span Control

Electrocatalytic studies often use the approximation that the
overall reaction rate is governed by a single elementary step,
which is called the rate-determining step (RDS).[53] When using
DFT calculations to identify the limiting step in the mecha-
nistic cycle, the RDS is typically approximated by determining
the potential-determining step (PDS), taking into account that
the calculation of transition states in an electrochemical envi-
ronment is computationally intensive and often imprecise.[54–56]

While the assumption of a single rate-determining step simplifies
the complex nature of electrocatalytic processes, multiple steps
can collectively influence the rate, especially under conditions
where multiple reaction mechanisms are operative. For example,
a shift in the Tafel slope is often attributed to a change in RDS,

ChemCatChem 2025, 17, e00992 (5 of 10) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Free-energy diagram of seven OER mechanisms on the Co3O4(001)-8*OH surface of termination-A at U = 1.53 V versus RHE. Motif-1 (red) and
Motif-2 (blue), shown in panels (a) and (b), represent two distinct catalytic configurations characterized by different arrangements of active and auxiliar Co
sites with different separations. Panels (c–i) illustrate the free-energy profiles for the mononuclear, mononuclear-Walden, bifunctional-I, bifunctional-Walden,
bifunctional-II, binuclear, and oxide mechanisms, respectively. For each pathway and motif, the Gmax(U = 1.53 V versus RHE) values are indicated by an
arrow. All pathways with Gmax(U = 1.53 V versus RHE) < 0.25 eV are considered highly active in OER.

although previous works on this topic reported a more nuanced
understanding of these shifts by applying the concept of the
generalized degree of rate control.[57–59] This framework, intro-
duced by Campbell to study thermal catalytic reactions, goes
beyond the concept of a single RDS by considering that mul-
tiple elementary steps can contribute to the reaction rate to a
different extent.[60,61]

If the transition states for all seven reaction pathways inves-
tigated for the different active sites in Section 3.1 were known,
it would be a straightforward task to determine the gener-
alized degree of rate control and to draw conclusions about
the limiting reaction steps based on a rigorous kinetic analysis.

Unfortunately, the theoretical electrochemistry community has
not yet reached this point, and the calculation of transition states
often relies on chemical reaction steps rather than steps involv-
ing charge transfer.[56,62,63] To overcome this caveat, Dhaka et al.
recently introduced the concept of the degree of span control
(DSC),[11] which can be viewed as a thermodynamic represen-
tation of the generalized degree of rate control based on the
application of the Gmax(U) descriptor. Using the DSC approach,
we can track the contribution of the different reaction steps
within the seven mechanisms to the OER rate as a function of the
applied electrode potential for all active site motifs considered
in this work. Details for the application of this framework are

ChemCatChem 2025, 17, e00992 (6 of 10) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Potential-dependent degree of span control (DSCj) for the elementary steps of the OER on the tetrahedral motifs of Co3O4(001) (see Figure 1): a)
Motif-1, b) Motif-2, and c) Motif-3. Contributions below 5% are excluded for clarity. The analysis reveals that the main limiting steps across the different
tetrahedral motifs include * → *OH, *OH → *O, *O → *OOH, *OH → *OOH, and *OO + *OH → *OH + *O + O2, highlighting the critical role of *OH
formation, *OH oxidation, O─O bond formation and O2 desorption through a Walden-like step in the OER, respectively.

summarized in Section S5. There, we also resolve the contribu-
tion of the different reaction mechanisms to the current density
for each motif (cf. Figures S7–S9).

Figures 3, 4, and 5 present the potential-dependent degree
of span control (DSCj) for the oxygen evolution reaction across
three key structural motifs of Co3O4(001), namely tetrahedral,
pseudo-octahedral, and octahedral sites, respectively. These
motifs, defined by their distinct cobalt coordination environ-
ments, exhibit different mechanistic bottlenecks that determine
the reaction rate of the OER, and a structure-activity relationship
emerges that is consistent for all motifs considered.

For the tetrahedral motifs (Motif-1–3, cf. Figure 3), the DSC
analysis consistently identifies the formation of the *OOH inter-
mediate as the dominant limiting step. While in Motif-1, the
oxidation of the *OH adsorbate is governing the reaction rate
for U > 1.40 V versus RHE, *OOH formation becomes limiting
for larger anodic overpotentials, with a contribution to the reac-
tion rate between 50% and 100% depending on applied bias.
We note that the oscillating DSC behavior in Motif-1 reflects
an internal switching between the different limiting steps due
to the involvement of different sites in an overall less active
motif. A slightly different, yet qualitatively comparable picture

is observed for Motif-2. There, different spans giving rise to
*OOH formation are identified as the main kinetic bottleneck for
U < 1.60 V versus RHE (with a contribution to the reaction rate
close to 100%), and only at larger anodic overpotentials is the
desorption of O2 through a Walden-like step the main limita-
tion of the catalytic activity. Motif-3 is not a classical tetrahedral
motif, considering that this site consists of a vertical coupling
with a subsurface Cooct serving as an auxiliary site (cf. Figure 1).
This can be seen as the main reason why the DSCj plot for
Motif-3 differs from the other two sites. In this case, the for-
mation of *OH is the main limiting step for potentials up to
1.55 V versus RHE, although the formation of the *OOH adsor-
bate becomes relevant with a contribution of almost 40% at
U = 1.60 V versus RHE. Based on Figure 3c, the main limiting
step under these potential conditions is related to the oxidation
of the *OH intermediate, which we trace to the presence of the
octahedral auxiliary site: the transformation of *OH to *O takes
place in bifunctional pathways on the octahedral auxiliary site
rather than the tetrahedral site, and bifunctional mechanisms
are preferred for Motif-3 (cf. Figure S7 in Section S5). Therefore,
the limiting step for the tetrahedral site of Motif-3 is indeed the
formation of the *OOH adsorbate for sufficiently large anodic

ChemCatChem 2025, 17, e00992 (7 of 10) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 4. Potential-dependent degree of span control (DSCj) for the elementary steps of the OER on the pseudo-octahedral motifs of Co3O4(001) (see
Figure 1): a) Motif-5, b) Motif-6. Contributions below 5% are excluded for clarity. In Motif-5, the reaction is consistently limited by the concerted
desorption-adsorption step of oxygen and water (*OO + *O → *OH + *O + O2), while in Motif-6 the elementary step of *OH oxidation at the octahedral
auxiliary site governs the electrocatalytic activity.

Figure 5. Potential-dependent degree of span control (DSCj) for the elementary steps of the OER on the octahedral motifs of Co3O4(001) (see Figure 1): a)
Motif-4, b) Motif-7. Contributions below 5% are excluded for clarity. The analysis reveals that the main limiting steps across the different octahedral motifs
include *OH → *O, *O → *OOH, and *OO + *OH → *OH + *O + O2, highlighting the critical role of *OH oxidation, O─O bond formation, and O2

desorption through a Walden-like step in the OER, respectively.

potentials, which is in agreement with the other two tetrahedral
motifs.

Figure 4 shows the DSC plots for the pseudo-octahedral
motifs (Motif-5–6). Unlike the tetrahedral case, the main kinetic
bottleneck in Motif-5 refers to the desorption of molecular oxy-
gen (cf. Figure 4a). The desorption of O2 is achieved by a Walden-
type step,[10,41,64,65] in which the active Co site—after bond
cleavage—is directly covered by an incoming water molecule
to form an *OH group. This finding underlines the importance
of concerted desorption-adsorption steps to the description of
electrocatalytic processes, emphasizing that Walden-type mech-
anisms excel traditional pathways for the pseudo-octahedral
motif (cf. Figure S8 in Section S5). A similar finding was recently
reported for the OER on IrO2(110).[66] In contrast, the DSCj plot
for Motif-6 clearly differs from Motif-5 in terms of the limiting
step, which is related to the oxidation of the *OH intermediate in

the entire potential regime (cf. Figure 4b). We recall that Motif-
6 consists of a pseudo-octahedral Co site as active site and a
neighboring octahedral Co site as auxiliary site (cf. Figure 1), and
the oxidation of the *OH intermediate takes place on the octa-
hedral auxiliary site in the realm of a bifunctional mechanism
(cf. Figure S8). Therefore, we conclude that the electrocatalytic
activity of the pseudo-octahedral main active site is determined
by the Walden-type desorption of O2, which is not seen in
Figure 4b because the contribution of the octahedral auxiliary
site to the current density exceeds that of the pseudo-octahedral
Co site.

The octahedral motifs (Motif-4 and Motif-7, cf. Figure 5)
exhibit a different limitation in the formation of molecular oxy-
gen. In this case, the DSC analysis reveals that deprotonation of
*OH to *O is the dominant step determining the reaction rate at
relevant OER potentials. While the formation of the *OOH adsor-

ChemCatChem 2025, 17, e00992 (8 of 10) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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bate is identified as the main limitation for Motif-4 at U < 1.35 V
versus RHE, the *OH-to-*O step gradually becomes more impor-
tant and reaches a contribution of up to 80% to the reaction
rate at U > 1.50 V versus RHE. In Motif-7, the oxidation of the
*OH adsorbate contributes up to 100% to the reaction rate, while
the O2 desorption step via a Walden step reaches a contribu-
tion of about 40% at U > 1.55 V versus RHE. Nevertheless, the
*OH-to-*O step is the main kinetic constraint for the octahedral
motifs, and this finding is consistent with the fact that the ele-
mentary steps at the octahedral auxiliary sites of tetrahedral or
pseudo-octahedral sites are also limited by the oxidation of the
*OH adsorbate (cf. Figures 3c and 4b).

In summary, our comparative analysis demonstrates that,
while all different site types (tetrahedral, pseudo-octahedral,
and octahedral) contribute to OER activity to a certain extent,
they clearly differ in their mechanistic constraints, ranging from
O─O bond formation to O2 desorption and surface oxidation
of *OH. Furthermore, it should be noted that apart from the
pseudo-octahedral sites, there is no single elementary reaction
step that controls the reaction rate, but that several reaction
steps contribute to the current density to varying degrees.
This makes the optimization of the active sites on the sur-
face of spinel Co3O4 a challenging but equally rewarding task,
since—in addition to changes in the local environment of
active sites—one has to consider that there is an ensemble of
active sites consisting of different sites with different coordi-
nation and different limit steps, all of which require dissimilar
optimization.

4. Conclusion

In the present work, we investigate the oxygen evolution reac-
tion (OER) at the A- and B-terminations of Co3O4(001) using a
combination of density functional theory calculations and ab
initio molecular dynamics simulations. Our theoretical analysis
bridges the gap from changes in the local coordination under
the formation of pseudo-octahedral sites to a dedicated anal-
ysis of the elementary steps of the OER, which is performed
by a descriptor-based analysis using the Gmax(U) descriptor. This
allows us to monitor the contribution of the elementary reaction
steps to the reaction rate through the concept of degree of span
control (DSC) for each active site motif to elucidate structure–
activity relationships that determine catalytic performance under
OER conditions.

Three main types of active sites were identified on the
hydroxylated surfaces of the A- and B-terminations of Co3O4(001)
under anodic polarization, exhibiting tetrahedral, octahedral, or
pseudo-octahedral coordination of cobalt. While the octahedral
and pseudo-octahedral sites are somewhat more catalytically
active than the tetrahedral sites in the OER, there is agreement
that the limiting reaction steps for these active site motifs are
systematically different: formation of the O─O bond, desorp-
tion of the product O2, and surface oxidation of *OH groups
to form the *O intermediate are identified as the main limita-
tion for the tetrahedral, pseudo-octahedral, and octahedral sites,
respectively.

The reported trends in OER activity and limiting steps of
the different active sites can contribute to the development of
improved spinel-based catalysts for OER and highlight that the
optimization of complex oxide materials under electrochemi-
cal conditions requires the control of multiple parameters. On
the one hand, control over subsurface tetrahedral sites is desir-
able, which can be activated by water-mediated transformation
and increase the density of active sites on the Co3O4 surface.
On the other hand, the optimization of Co3O4-based catalysts
does not require focusing on a single active site, but rather
treating the diversity of active sites with different coordina-
tion as an ensemble of active sites with different mechanistic
implications, as exploited by the structure-activity relationships
described in this work. While we have modeled each motif inde-
pendently using a static DFT framework, it is conceivable that,
under reaction conditions, intermediates may migrate across
adjacent motifs, allowing different reaction steps to proceed
at different local environments. This ensemble-level reactivity,
supported by AIMD simulations and experimental evidence of
surface transformation, offers a promising direction for under-
standing and designing complex oxide catalysts under realistic
OER conditions.
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