
Journal of Catalysis 443 (2025) 115970

Available online 22 January 2025
0021-9517/© 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Research article

Degree of span control to determine the impact of different mechanisms
and limiting steps: Oxygen evolution reaction over Co3O4(001) as a
case study

Kapil Dhaka a, Kai S. Exner a,b,c,*

a University of Duisburg-Essen, Faculty of Chemistry, Theoretical Catalysis and Electrochemistry, Universitätsstraße 5, 45141 Essen, Germany
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A B S T R A C T

Oxygen evolution reaction (OER) is the limiting process in electrolyzers for the production of green hydrogen.
Although computational studies using density functional theory calculations provide insights into reaction
mechanisms and limiting steps of OER catalysts, our mechanistic understanding is still limited even for state-of-
the-art OER catalysts. This finding can be related to the fact that most computational studies rely on the
approximation of the electrocatalytic activity by a single reaction mechanism and the limiting reaction step is
solved by thermodynamic considerations, thereby assuming that the reaction rate is determined by a single step
only. In this article, we present a framework to account for the mechanistic diversity in the formation of gaseous
oxygen, using the example of a Co3O4 model catalyst due to the use of cobalt oxide-based materials in alkaline
electrolysis. In addition to traditional reaction mechanisms, we consider Walden-like pathways in the analysis
and show that multiple reaction mechanisms compete under OER conditions. To gain unprecedented insight into
the limiting reaction steps, we introduce the concept of degree of span control, a thermodynamic representation
based on Campbell’s generalized degree of rate control from thermal catalysis but aimed at the study of elec-
trocatalytic processes. We demonstrate that in the OER over Co3O4(001), different reaction steps contribute to
the OER current density to a different extent when the applied electrode potential is modulated. The degree of
span control framework is considered useful for screening reaction mechanisms and limiting steps of catalytic
processes at electrified solid–liquid interfaces before performing kinetic studies of selected elementary steps.

1. Introduction

Oxygen evolution reaction (OER) – 2H2O → O2 + 4H+ + 4e-, U0OER =
1.23 V vs. reversible hydrogen electrode (RHE) – represents the bottle-
neck in proton exchange membrane (PEM) electrolyzers for the pro-
duction of gaseous hydrogen as energy carrier [1]. Even for solar cell
applications operating at moderate current densities of about 10 mA/
cm2, [2] today’s OER catalysts require an overpotential on the order of
several hundred mV, [3] which poses a significant challenge for efficient
and sustainable hydrogen production by water electrolysis [4].

In recent decades, electronic structure calculations in the density
functional theory approximation have guided the development of
advanced materials for electrocatalytic processes including the OER
[5–8]. There is consensus that identifying limiting reaction steps could

lead to the development of electrocatalysts with improved catalytic
properties by alleviating the kinetic bottleneck in the reaction mecha-
nism [9]. While Campbell introduced a powerful concept for the dis-
cussion of the kinetics in thermal catalysis by referring to the
generalized degree of rate control, [10–13] on the contrary, in electro-
catalysis it is still common to analyze reaction mechanisms through
thermodynamic considerations [14]. The main reason for this fact is that
the calculation of transition states at constant potential is computa-
tionally demanding and thus limits the applicability of kinetic consid-
erations for complex catalytic processes with several proton-coupled
electron transfer steps in the reaction mechanism [15–18]. On the other
hand, Nørskov and coworkers developed a framework to render activity
predictions by analyzing the thermodynamic part of the free-energy
landscape, which is based on extracting the largest free-energy change
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at the equilibrium potential of the electrocatalytic process [19]. The
corresponding activity descriptor is coined the thermodynamic over-
potential, ηTD, which has gained unprecedented popularity in the elec-
trochemistry community due to its simplicity [20].

Despite the success in identifying material motifs for electrocatalytic
processes using the concept of ηTD, [21] there are several limitations in
applying this type of analysis. First, the descriptor ηTD refers to the so-
called potential-determining step (PDS) and therefore does not neces-
sarily correspond to the rate-determining step (RDS) that controls the
kinetics [22,23]. Secondly, the adoption of a single PDS or RDS is
another assumption that is not necessarily met for complex proton-
coupled electron transfer steps in electrocatalysis; rather, it is also
possible that several steps contribute to the reaction rate (current den-
sity) to varying degrees [24]. This fact has so far been largely overlooked
in the analysis of free-energy landscapes for electrocatalytic trans-
formations including the OERwhere cobalt oxide has emerged as a state-
of-the-art material for alkaline electrolysis due to its catalytic properties
and stability under the harsh anodic conditions [25].

Previous theoretical works analyzed the OER over different phases of
Co-based oxides and identified limiting reaction steps in the approxi-
mation of the descriptor ηTD [26–29]. Most of these studies relied on a
single mechanistic description by referring to the mononuclear mecha-
nism, [30] thus leaving a gap in the mechanistic understanding of the
OER on Co3O4. Given that Co3O4 belongs to the most active catalysts in
the alkaline OER, a recent data-driven study suggested that several re-
action mechanisms rather than a single pathway lead to the formation of
gaseous O2 [31]. This statement is further supported by the work of
Amin and Baltruschat, [32] who highlighted the need to comprehend
the detailed elementary steps of the OER over Co3O4 as this could help
improve the catalyst performance. Their study demonstrates that only
the surface atoms of the Co3O4 spinel catalyst participate in the OER, as
demonstrated by 18O isotope labeling and DEMS measurements, while a
fraction of about 12–34 % of the surface atoms are catalytically active.
To this end, mechanistic pathways containing lattice oxygen, often
referred to as lattice oxygen evolution mechanisms, can be fairly
excluded in the analysis [33–36].

In the present manuscript, we overcome the above-mentioned
shortcomings by presenting two major extensions: a) For a
Co3O4(001) surface as a model system for cobalt oxides, we study the
elementary steps of the OER by considering a variety of different path-
ways in the analysis of free-energy diagrams. In addition to conventional
reaction mechanisms, our mechanistic models also consider Walden-
type pathways consisting of concerted adsorption–desorption steps.
Only recently, it has been reported that these mechanisms are relevant
for the elementary steps in the oxygen electrocatalysis [37–39]. b) Based
on the free-energy diagrams for the different reaction mechanisms in the
OER over Co3O4(001), we introduce the potential-dependent degree of
span control as a new concept to assess the contribution of each mech-
anism or reaction step to the reaction rate (current density). This allows
us to unravel the potential-dependent mechanistic complexity of the
OER over a model material, since multiple mechanisms and elementary
steps may contribute to the reaction rate to a different extent when the
applied overpotential is varied. Implementing these extensions in future
work may facilitate systematic and unbiased exploration of reaction
networks for electrocatalytic reactions even beyond the OER, which in
turn can advance the discovery of catalytic materials using data science
techniques, including artificial intelligence.

2. Theoretical model

We apply electronic structure calculations in the density functional
theory framework including a Hubbard U correction, using the Vienna
Ab initio Simulation Package (VASP) with the VASPsol extension
[40–43]. All computational details are summarized in section S1 of the
supporting information (SI). There, we also discuss the magnetic mo-
ments of Co and our surface model for studying Co3O4(001), the details

of which are given in section S2. The modeling of electrochemical re-
action steps using the computational hydrogen electrode (CHE)
approach is described in section S3. A benchmarking of our computa-
tional approach including the choice of the Hubbard U value is provided
in section S7 of the SI.

The OER is a complex process that requires the transfer of four
proton-electron pairs to produce a single oxygen molecule. To gain
insight into the elementary steps under the harsh anodic reaction con-
ditions (U > 1.23 V vs. RHE), we incorporate a variety of different re-
action mechanisms [44] into the analysis of free-energy diagrams along
the reaction coordinate. The reaction equations for the elementary steps
of each pathway are listed below.

2.1. Traditional OER mechanisms

2.1.1. Mononuclear mechanism
In previous computational studies on the OER, the most extensively

employed mechanism refers to the mononuclear description, which
consists of the subsequent formation of the *OH, *O, and *OOH in-
termediates: [30,45].

* + H2O(l) ➔ *OH + (H+ + e-), ΔG1 (1)

*OH ➔ *O + (H+ + e-), ΔG2 (2)

*O + H2O(l) ➔ *OOH + (H+ + e-), ΔG3 (3)

*OOH ➔ * + (H+ + e-) + O2(g), ΔG4 (4)

note that * indicates an active surface site of the electrocatalyst, such as
a surface Co atom in the case of Co3O4(001).

2.1.2. Bifunctional I mechanism
While the mononuclear mechanism refers to the category of a single-

site mechanism, other OER pathways require two adjacent sites to
catalyze the formation of gaseous oxygen. In case of bifunctional path-
ways, the second site is reconciled with surface oxygen, *OA, which can
act as a Brønsted base by accepting a proton and an electron from the
reactant water. The main difference of the bifunctional I mechanism
from the mononuclear description is that the formation of the *OOH
intermediate is bypassed, and an *OO adsorbate is formed instead [46].

* + *OA + H2O(l) ➔ *OH+ *OA + (H+ + e-), ΔG5 (5)

*OH + *OA ➔ *O + *OA + (H+ + e-), ΔG6 (6)

*O + *OA + H2O(l) ➔ *OO + *OHA + (H+ + e-), ΔG7 (7)

*OO + *OHA ➔ * + *OA + (H+ + e-) + O2(g), ΔG8 (8)

2.1.3. Bifunctional II mechanism
While the bifunctional II mechanism [47–49] also includes a second

site, *OA, in the mechanistic description, the difference to the bifunc-
tional I mechanism is the occurrence of a chemical reaction step: the
second water molecule is adsorbed onto the surface without the direct
release of a proton-electron pair (cf. Eq. (11)). Therefore, this pathway
consists of five elementary steps in total.

* + *OA + H2O(l) ➔ *OH+ *OA + (H+ + e-), ΔG9 (9)

*OH + *OA ➔ *O + *OA + (H+ + e-), ΔG10 (10)

*O + *OA + H2O(l) ➔ *OOH + *OHA, ΔG11 (11)

*OOH + *OHA ➔ *OOH + *OA + (H+ + e-), ΔG12 (12)

*OOH + *OA ➔ * + *OA + (H+ + e-) + O2(g), ΔG13 (13)
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2.1.4. Binuclear mechanism
In the binuclear mechanism [50,51], two adjacent metal sites are

needed to facilitate the production of gaseous O2 through the recombi-
nation of two adjacent oxygen adsorbates (cf. Eq. (18)). The last reaction
step is, similar to the splitting of the second water molecule in the
bifunctional II mechanism (cf. Eq. (11)), a chemical reaction step so that
the entire mechanistic description contains five elementary steps.

* + * + H2O(l) ➔ *OH+ * + (H+ + e-), ΔG14 (14)

*OH + * + H2O(l) ➔ *OH + *OH + (H+ + e-), ΔG15 (15)

*OH + *OH ➔ *O + *OH + (H+ + e-), ΔG16 (16)

*O + *OH ➔ *O + *O + (H+ + e-), ΔG17 (17)

*O + *O ➔ * + * + O2(g), ΔG18 (18)

2.1.5. Oxide mechanism
Like the binuclear mechanism, the oxide mechanism [52,53] re-

quires two adjacent metal sites for the formation of gaseous O2. The
starting point of this mechanism is different because the surface needs to
be completely covered with oxygen (*O + *O). After the formation of
two adjacent *OO intermediates, the outermost oxygen atoms of the
*OO adsorbates recombine to form O2 in a chemical reaction step (cf. Eq.
(23)).

*O + *O + H2O(l) ➔ *OOH+ *O + (H+ + e-), ΔG19 (19)

*OOH + *O + H2O(l) ➔ *OOH + *OOH + (H+ + e-), ΔG20 (20)

*OOH + *OOH ➔ *OOH + *OO + (H+ + e-), ΔG21 (21)

*OOH + *OO ➔ *OO + *OO + (H+ + e-), ΔG22 (22)

*OO + *OO ➔ *O + *O + O2(g), ΔG23 (23)

2.2. Walden-type mechanisms

All the previously discussed reaction mechanisms are based on the
notion that the unoccupied metal site, *, is restored after the product O2
is formed. However, it is also conceivable that product desorption and
reactant adsorption occur simultaneously, and the corresponding
mechanisms are coined Walden pathways [38,39,54]. The peculiarity of
the Walden mechanisms is that the unoccupied metal center is no longer
part of the reaction mechanism, since the active center is covered by an
adsorbate in all steps of the catalytic cycle.

We emphasize that it is possible to derive Walden-type mechanisms
for all the above pathways. However, we note that we have omitted the
oxide-Walden and binuclear-Walden pathways from our investigations
as these pathways already necessitate the presence of two adjacent metal
sites in the reaction mechanism. A Walden inversion step is considered
unlikely in such a situation due to steric hindrances, since in addition to
the oxygen molecule, two water molecules are involved in a single
elementary step. To this end, we restrict the analysis of Walden-type
pathways to mechanisms requiring a single metal site or a single metal
site and a neighboring acceptor site not being involved in the Walden
step, which is met for the case of the mononuclear and bifunctional
descriptions, respectively. The corresponding reaction equations for the
elementary steps of the mononuclear-Walden and bifunctional-Walden
pathways are given in the below.

2.2.1. Mononuclear-Walden mechanism
The mononuclear-Walden description is reminiscent of the mecha-

nistic description of Eqs. (1)–(4). Instead of producing gaseous O2
directly from the *OOH intermediate, the *OO adsorbate is formed (cf.

Eq. (26)), which undergoes a Walden-like step with the reactant water
(cf. Eq. (27)).

*OH ➔ *O + (H+ + e-), ΔG24 (24)

*O + H2O(l) ➔ *OOH + (H+ + e-), ΔG25 (25)

*OOH ➔ *OO + (H+ + e-), ΔG26 (26)

*OO + H2O(l) ➔ *OH + (H+ + e-) + O2(g), ΔG27 (27)

2.2.2. Bifunctional-Walden mechanism
The bifunctional-Walden mechanism is based on the bifunctional I

description (cf. Eqs. (5)–(8)). The Walden-like step is given by Eq. (31),
which is identical to the mononuclear-Walden description (cf. Eq. (27)).

*OH + *OA ➔ *O + *OA + (H+ + e-), ΔG28 (28)

*O + *OA + H2O(l) ➔ *OO + *OHA + (H+ + e-), ΔG29 (29)

*OO + *OHA ➔ *OO + *OA + (H+ + e-), ΔG30 (30)

*OO + *OA + H2O(l) ➔ *OH + *OA + (H+ + e-) + O2(g), ΔG31 (31)

Fig. 1 provides an overview of the seven mechanistic descriptions in
question for the OER over Co3O4(001).

2.3. Analysis of free-energy diagrams: Activity descriptor Gmax(U)

We construct potential-dependent free-energy diagrams using the
CHE approach [19] for the mechanistic descriptions summarized in
Fig. 1. These free-energy landscapes are analyzed by the descriptor
Gmax(U), [55] which is a representation of the free-energy span model
[56] for catalytic processes at electrified solid/ liquid interfaces, to es-
timate the electrocatalytic activity. As outlined in the introduction
section, the most popular activity descriptor in the OER refers to the
thermodynamic overpotential, ηTD, which extracts the largest free-
energy change of a given mechanistic description at the OER equilib-
rium potential [55]. In the following, we discuss the differences of ηTD
and Gmax(U) using the example of the mononuclear mechanism (cf. Eqs.
(1)–(4)):

ηTD = (max{ΔG1,ΔG2,ΔG3,ΔG4} − 1.23 eV )/e (32)

As evident from Eq. (32), the descriptor ηTD predicts activity trends in
the OER under equilibrium conditions by relying on the notion that a
single elementary step governs the reaction rate, without taking the
applied overpotential or the kinetics into account. The descriptor
Gmax(U) aims to overcome the shortcomings of the ηTD approach: instead
of relying on the tacit assumption that a single elementary step is
limiting the reaction rate, it is considered that several elementary steps
can contribute to the reaction rate by assessing the reaction rate through
the concept of a span model [57]. In addition, it is taken into account
that the limiting span can change if the applied overpotential is modu-
lated. In case of the mononuclear mechanism (cf. Eqs. (1)–(4)), the free
energies of the intermediate states in the OER cycle are:

G(*) = 0 eV (33)

G(*OH) = ΔG1 − 1⋅e⋅U (34)

G(*O) = ΔG1 + ΔG2 − 2⋅e⋅U (35)

G(*OOH) = ΔG1 + ΔG2 + ΔG3 − 3⋅e⋅U (36)

G(*+ O2) = ΔG1 + ΔG2 + ΔG3 + ΔG4 − 4⋅e⋅U = 4.92 eV − 4⋅e⋅U (37)

Based on the free energies of Eqs. (33)–(37), the potential-dependent
activity descriptor Gmax(U) can be estimated at any applied electrode
potential U > 1.23 V vs. RHE:

K. Dhaka and K.S. Exner
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Fig. 1. Schematic representation of seven different mechanisms for the oxygen evolution reaction (OER) over Co3O4(001). The elementary steps of all pathways are
listed in Eqs. (1)–(31).

Fig. 2. Stability diagram of different surface configurations containing *OH and *O adsorbates on a Co3O4(001) surface under anodic conditions. Shaded regions
indicate different stable surface phases: 1 *OH (green), 4 *OH (blue), and 2 *O − 2 *OH (purple). The vertical dashed line at U = 1.23 V vs. RHE indicates the
equilibrium potential of the oxygen evolution reaction. An extended version of the stability diagram including all considered configurations can be found in Fig. S2
(cf. section S3 of the SI). Inset: structure of the 4 *OH phase, which is thermodynamically stable under OER conditions. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

K. Dhaka and K.S. Exner
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Gmax(U) = max{G(*OH) − G(*);G(*O) − G(*);G(*OOH) − G(*);G(*O)

− G(*OH);G(*OOH) − G(*OH);G(*+O2)

− G(*OH);G(*OOH) − G(*O);G(*+ O2) − G(*O);G(*+O2)

− G(*OOH) }
(38)

We use of the above concept to analyze free-energy diagrams for the
various OER pathways (cf. Fig. 1) in section 3 of the main text. For an
overview of the span model of the other OER mechanisms, we refer to
section S5 of the SI or to the recent literature [58].

In analyzing the multiple OER mechanism, we present an extension
of the Gmax(U) approach by deriving a framework titled “potential-
dependent degree of span control”. This concept, inspired by Campbell’s
work in thermal catalysis [10–13] and discussed further in the following
section, allows us to unravel the contribution of each mechanistic
pathway and each elementary step to the OER rate.

3. Results & discussion

3.1. Surface structure of Co3O4(001) under OER conditions

To gain insight into the surface structure of a model Co3O4(001)
electrode under OER conditions, we apply the concept of surface Pour-
baix diagrams [59–61]. In this approach, the thermodynamically most
stable surface configuration is determined as a function of the envi-
ronmental parameters; that is, the applied electrode potential U vs. RHE
and pH. Further information on the application of the Pourbaix
approach is provided in section S3 of the SI (cf. Fig. S1).

Fig. 2 shows a simplified representation of the Pourbaix approach for
Co3O4(001) at applied electrode potentials above 1 V vs. RHE. We
observe that three different phases turn out to be stable in dependence of
the applied electrode potential: a) 1 *OH phase for 1.00 V< U vs. RHE<

1.32 V; b) 4 *OH phase for 1.32 V<U vs. RHE< 1.56 V; c) 2 *OH+ 2 *O
phase for 1.56 V < U vs. RHE < 1.80 V. We note that our stability dia-
gram is in reasonable agreement with former theoretical investigations
by Pentcheva and coworkers [26,62]. The slight difference in the
observed potential windows for the thermodynamically stable phases
can be ascribed to the consideration or neglection of the aqueous envi-
ronment in the DFT calculations [63].

While the stability diagram of Fig. 2 reveals that the Co3O4(001) is
only partially covered by *OH adsorbates (coverage of 25 %) at the
equilibrium potential of the OER, a complete *OH coverage becomes
energetically favored for applied electrode potentials above 1.32 V vs.
RHE. Considering that Co3O4-based materials require an applied over-
potential of at least 300 mV to reach a current density on the order of 10

mA/cm2 in the OER, [64] we use the 4 *OH phase (cf. inset of Fig. 2),
also denoted as Co3O4(001)-4*OH, for our mechanistic studies based on
the introduced reaction pathways (cf. Fig. 1).

3.2. Mechanistic analysis of the OER over Co3O4(001)-4*OH

We determine the free-energy changes for the elementary reaction
steps of Eqs. (1)–(31) (cf. section 2) and construct free-energy diagrams
along the reaction coordinate for the considered reaction mechanisms.
All calculated free-energy changes are tabulated in section S4 of the SI
(cf. Table S1). Fig. 3 depicts the free-energy diagrams for the seven
mechanistic pathways at an applied electrode potential of U= 1.53 V vs.
RHE, on the basis of which the activity descriptor Gmax(U = 1.53 V) is
determined. Section S5 of the SI provides an overview of how this
descriptor is derived by extracting the largest free-energy span among
the free energies of the reaction intermediates (cf. Table S1). Potential-
dependent values for the descriptor Gmax(U) at U = 1.23 V, 1.33 V, and
1.53 V vs. RHE are given in Table 1.

Fig. 3 indicates that there are three mechanistic descriptions with a
similar value of Gmax(U = 1.53 V): while the mononuclear and
bifunctional-Walden mechanisms reveal Gmax(U = 1.53 V) = 0.08 eV,
we obtain Gmax(U = 1.53 V) = 0.09 eV for the mononuclear-Walden
pathway. This finding already illustrates that several mechanisms
compete for the formation of gaseous O2 on Co3O4(001), and the picture
of a single mechanistic description, as used in previous theoretical
studies, is not sufficient for thorough contemplation of the limiting re-
action steps. Besides these three mechanisms, it has to be noted that the
oxide and bifunctional II descriptions could also contribute to the OER
rate due to slightly larger Gmax(U = 1.53 V) values of 0.20 eV and 0.22

Fig. 3. Free-energy diagram for seven mechanistic descriptions of the oxygen evolution reaction (OER) on Co3O4(001)-4*OH at U = 1.53 V vs. RHE. For each OER
pathway, the descriptor Gmax(U) is a measure for the electrocatalytic activity. Detailed potential-dependent free-energy diagrams for all pathways are provided in
Figs. S3-S9 (cf. section S6 of the SI).

Table 1
Gmax(U) values as a measure for the electrocatalytic activity at three different
applied electrode potentials (U = 1.23 V, 1.33 V, 1.53 V) vs. RHE for different
OER mechanisms on the Co3O4(001)-4*OH surface.

Gmax(U) / eV at U ¼ (1.23 V, 1.33 V, 1.53 V) vs. RHE

Traditional pathways Walden-type pathways

U ¼
1.23 V

U ¼
1.33 V

U ¼
1.53 V

U ¼
1.23 V

U ¼
1.33 V

U ¼
1.53 V

Mononuclear 0.41 0.28 0.08 0.39 0.29 0.09
Bifunctional-
I

0.66 0.56 0.36 0.68 0.48 0.08

Bifunctional-
II

0.50 0.40 0.22 − − −

Binuclear 0.68 0.52 0.52 − − −

Oxide 0.50 0.40 0.20 − − −
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eV, respectively. This statement is based on the fact that the descriptor
Gmax(U = 1.53 V) has a sensitivity of 0.20 eV and only if two mecha-
nisms differ by more than 0.20 eV, the energetically unfavorable
pathway can be excluded from the analysis [55]. For this reason, the
bifunctional I and binuclear descriptions can be largely ignored for the
mechanistic analysis of the OER on Co3O4(001).

Table 1 illustrates the potential dependence of the descriptor
Gmax(U), which can also be recognized by potential-dependent free-en-
ergy diagrams (cf. Figs. S3-S9 in section S6 of the SI). While the
bifunctional-Walden mechanism belongs to the most active pathways at
U= 1.53 V vs. RHE, a different situation is encountered at U= 1.23 V vs.
RHE, where this mechanism is not favored compared to the mono-
nuclear description (the difference in Gmax(U) exceeds 0.20 eV). This
finding highlights that the applied electrode potential can modulate the
influence of different mechanistic descriptions in the OER, making it
necessary to elucidate the contribution of each pathway depending on
the driving force for the electrocatalytic process. This is achieved by the
introduction of the potential-dependent degree of span control as
described below.

3.3. The potential-dependent degree of span control

In the field of electrocatalysis, it is a widely accepted notion that the
overall reaction rate is determined by a single elementary step, which is
referred to as the rate-determining step (RDS) [65]. The RDS is
commonly approximated by means of the potential-determining step
(PDS) when DFT calculations are used to identify the limiting step in the
mechanistic cycle [66]. This conceptualization simplifies the complex
nature of electrocatalytic processes, although multiple steps can
collectively influence the rate. One reason for this simplification can be
found in the discussion of the Tafel slope in experimental investigations:
a linear Tafel regime is often interpreted in such a way that a single RDS
determines the kinetic description, and a change in the Tafel slope is
attributed to a switch in the RDS. However, a recent study by Koper and
coworkers has outlined that a switch in the Tafel slope can also be
related to factors beyond the traditional view [67]. In addition to mass
transport or the influence of the catalyst layer, a change in the Tafel
slope can also be related to a change in the surface coverage due to the
shift of the pre-equilibrium for steps before the RDS at different elec-
trode potentials [68]. We note that a shift of the pre-equilibrium is also
embedded in the descriptor Gmax(U) (cf. section 2.3), since with
increasing overpotential the number of steps determining Gmax(U) is
reduced (cf. Figs. S3-S9 in section S6 of the SI).

In a recent communication by Exner applying the concept of the
generalized degree of rate control, it was reported that even in a linear
Tafel regime, multiple steps can contribute to the reaction rate [24]. The
contribution of the elementary reaction steps that are not reconciled
with the RDS can be as high as 25 %, which does not seem negligible if
one wants to gain unprecedented insights into the nature of the limiting
reaction steps. To this end, there is a need to derive a framework that
allows determining the contribution of different reaction mechanisms
and reaction steps to the current density of an electrocatalytic process.
While it would be straightforward to transfer Campbell’s generalized
degree of rate control [10–12] from thermal catalysis to electrocatalysis
(as already reported in some studies using microkinetic models
[24,69,70]), the main caveat of this line of thought relates to the
complexity of determining transition states by DFT calculations for
catalytic processes at electrified solid/liquid interfaces. Since the
calculation of transition states for charge transfer steps is computa-
tionally intensive and time-consuming, [71] this strategy is not recom-
mended for heuristic materials screening [72–74], which is widely used
in the literature. Therefore, we introduce an approach that allows
capturing the contribution of different reaction mechanisms and reac-
tion steps to the current density in dependence of the applied electrode
potential while still relying on the level of thermodynamics. This is
achieved by applying the descriptor Gmax(U) in conjunction with a

microkinetic model [55,58].
Our microkinetic model relies on the quasi-equilibrium assumption,

which is a common approximation to investigate the kinetics of elec-
trocatalytic processes [75]. The difference between the quasi-
equilibrium and steady-state assumption has been discussed in a
recent communication by one of the authors, [76] indicating that the
quasi-equilibrium method approaches the steady-state assumption if
there is no change in the active surface configuration. This restriction is
fairly met for the case of Co3O4(001), since the 4 *OH phase is dominant
under OER conditions (see Fig. 2). For all possible reaction mechanisms
k, we calculate partial current densities, jk(U), as a function of the
applied electrode potential according to Eq. (32). Note that this
expression is valid in the Tafel regime of the current–potential rela-
tionship, that is, for overpotentials exceeding 30 mV: [77,78]

jk(U) ∝ θk • Exp
(
− Gmax,k(U)

kB • T

)

(39)

The index k in Eq. (32) indicates the different mechanistic de-
scriptions of the OER over Co3O4(001)-4*OH (cf. Fig. 1). Please note that
the coverage term, θk, amounts to one for all reaction mechanisms due to
the thermodynamic stability of the 4 *OH phase under OER conditions
(cf. inset of Fig. 2). In addition, we emphasize that Eq. (32) is based on
the adoption of a potential-dependent Brønsted − Evans − Polanyi (BEP)
relation [79] between the intermediate with highest free energy and the
transition state with highest free energy, which was validated in refer-
ence [55] by a comparison of DFT calculations and experimental data on
single-crystalline model electrodes. It has been shown in previous
studies that Eq. (32) can be used to describe experimental activity trends
not only in a qualitative, but even in a quantitative fashion [75,80]. For
further details, we refer to the literature [75].

Based on the partial current densities, jk(U), the total current density,
j(U), is obtained by summing all contributions of the individual mech-
anisms:

j(U) =
∑

k
jk(U) (40)

The impact of a single span (for each reaction mechanism k) on the
catalytic rate is called the potential-dependent degree of span control
(DSCk(U) for mechanism k) and is expressed as:

DSCk(U) =
jk(U)
j(U)

(41)

Fig. 4 illustrates this procedure by indicating the descriptor Gmax(U)
for each mechanistic pathway and the corresponding DSCk(U) values in
panels a) and b), respectively. Note that the relation of Eq. (35) must be
fulfilled:
∑

k

DSCk(U) = 1 (42)

Fig. 4a highlights the potential-dependent changes in the activity
descriptor Gmax(U) for the OER pathways considered. Different features
are observed for the various mechanistic descriptions, which are dis-
cussed below. In case of the oxide mechanism, it is evident that the slope
of the Gmax(U) vs. U plot remains unchanged in the entire potential
range. This finding is related to a single elementary step that determines
the descriptor Gmax(U) (cf. Fig. S7 in section S6 of the SI). In contrast,
other mechanisms, including the bifunctional-Walden description (cf.
Fig. S9 in section S6 of the SI), reveal a change in the slope of the
Gmax(U) vs. U plot: in this case, the number of electrochemical steps
governing Gmax(U) is reduced from two to one with increasing over-
potential. On the other hand, it is also possible that the Gmax(U) vs. U
relation becomes potential independent, such as encountered with the
binuclear mechanism (cf. Fig. S6 in section S6 of the SI). This finding is
traced to a single chemical step that determines the descriptor Gmax(U),
and thus the free-energy span is insensitive to an increase in the applied
electrode potential. While chemical steps do not contribute to the

K. Dhaka and K.S. Exner



Journal of Catalysis 443 (2025) 115970

7

potential dependence of the free-energy span in the Gmax(U) vs. U rela-
tionship due to the application of the CHE approach, the number of
electrochemical steps contributing to Gmax(U) varies between the
different OER pathways, thus explaining the different potential de-
pendencies in Fig. 4a.

Fig. 4b reveals that the mononuclear-Walden mechanism contributes
almost 70 % to the current density at electrode potentials close to the
OER equilibrium potential. With increasing electrode potential up to
1.30 V vs. RHE, the mononuclear description has the largest influence on
the evolution of gaseous O2 with a contribution of about 60 %, while the
contribution of the mononuclear-Walden pathway steadily decreases.
We relate these potential-dependent change in the DSCk(U) values to a
different number of steps involved in the largest free-energy span gov-
erning the descriptor Gmax(U): for the mononuclear mechanism, a
steeper decrease of Gmax(U) compared to the mononuclear-Walden
description is observed in the range of 1.23 V < U vs. RHE < 1.28 V
(cf. Fig. 4a) because the limiting span consists of two or one steps for the
mononuclear and mononuclear-Walden pathway, respectively. There-
fore, the DSCk(U) value of the mononuclear and mononuclear-Walden
mechanisms increases or decreases, respectively, reminiscent of two
different Tafel slopes for these mechanisms in this potential window (cf.
Figs. S3-S9 in section S6 of the SI).

For larger applied electrode potentials, the contribution of the
bifunctional-Walden pathway to the current density becomes apparent,
as the span of the descriptor Gmax(U) is reduced most efficiently (cf.
Fig. 4a). The influence of the bifunctional-Walden mechanism increases
to almost 50 % at an applied electrode potential of U = 1.55 vs. RHE,
thus exceeding the impact of the mononuclear andmononuclear-Walden
descriptions (cf. Fig. 4b). In summary, three different mechanisms –
mononuclear, mononuclear-Walden, and bifunctional-Walden –
contribute to the OER rate, and one of these pathways corresponds to the
preferred description in a unique potential window. Therefore, the
simplification of a single mechanism governing the kinetics of the OER
over Co3O4(001)-4*OH is not met due to the significant contribution of
all three pathways in terms of their DSCk(U) values.

We note that the bifunctional I, bifunctional II, binuclear, and oxide
mechanisms do not contribute to the reaction rate of the OER over
Co3O4(001)-4*OH. This is related to their Gmax(U) values (cf. Fig. 4a),
which are more than 0.10 eV higher than those of the energetically
favored mechanisms. Such a free-energy difference results in a negli-
gible contribution to the reaction rate in terms of the DSCk(U) value due
to the exponential relation between current density and Gmax(U) (cf. Eq.
(39)). Therefore, a difference in Gmax(U) by 0.10 eV can be defined as a
threshold for the identification of limiting mechanisms or limiting steps.

3.4. Potential-dependent contribution of the elementary reaction steps to
the reaction rate, quantified by the degree of span control

While Fig. 4b underscores the impact of each reaction mechanism on
the current density of the OER, it would be desirable to resolve the
contribution of the elementary reaction steps or spans within the three
favored pathways. Therefore, we analyze all possible free-energy spans,
Sj,k, (cf. Table S2 in section S5 of the SI) for the mononuclear,
mononuclear-Walden, and bifunctional-Walden mechanisms by sum-
ming up their respective contribution for each mechanism individually
in Eq. (36):

fk(U) =
∑

j
Exp

(
+Sj,k(U)
kB • T

)

(43)

In Eq. (36), fk(U) corresponds to the sum of all free-energy spans j for a
mechanism k. This expression can be used to determine the relative
contribution of a single span j for a given mechanism k:

DSCj,k(U) =
exp

(
+Sj,k(U)
kB•T

)

fk(U)
• DSCk(U) (44)

Note that the relation of Eq. (38) needs to be fulfilled:
∑

j
DSCj,k(U) = DSCk(U) (45)

We emphasize that the above procedure can be seen as a sensitivity
analysis of the potential-dependent degree of span control (DSCk(U) for
mechanism k), which is somewhat similar to Campbell’s degree of rate
control [10–13]. Following these lines, we determine DSCj,k(U) values,
which indicate the potential-dependent degree of span control by
relating them to the elementary steps within each reaction mechanism.
For the OER over Co3O4(001)-4*OH (cf. Fig. 5), different elementary
reaction steps contribute to the reaction rate to a different extent. While
for the mononuclear and mononuclear-Walden descriptions the forma-
tion of surface oxygen, *OH →*O + (H+ + e-), corresponds to the
limiting step in the entire potential window, the bifunctional-Walden
pathway is mainly governed by the simultaneous desorption of O2 and
adsorption of H2O for electrode potentials exceeding 1.50 V vs. RHE.
Considering that certain steps are identical in the different pathways,
such as the formation of surface oxygen in the mononuclear and
mononuclear-Walden mechanisms, we summarize the relative contri-
bution of these steps to derive DSCj(U) values that indicate the degree of
span control for a span consisting of a single or several elementary steps j
within all possible reaction mechanisms:

Fig. 4. a) Potential-dependent Gmax(U) values for seven mechanistic descriptions in the oxygen evolution reaction (OER) on Co3O4(001)-4*OH; b) Potential-
dependent degree of span control (DSCk) for the OER on Co3O4(001)-4*OH.
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DSCj(U) =
∑

k
DSCj,k(U) (46)

Note that the relation of Eq. (40) needs to be fulfilled:
∑

j
DSCj(U) = 1 (47)

Fig. 6 depicts the DSCj(U) values of the elementary steps for the OER
over Co3O4(001)-4*OH. Three different regions can be observed in
dependence of the applied electrode potential.

a) 1.23 V < U vs. RHE < 1.30 V: different free-energy spans contribute
to the reaction rate to a different extent. Besides the formation of
surface oxygen, *OH →*O + (H+ + e-), the stabilization of the *OOH
intermediate or the formation of gaseous O2 govern the OER kinetics.

b) 1.30 V < U vs. RHE < 1.50 V: despite the presence of different re-
action mechanisms in this potential range (cf. Fig. 4b), the OER ki-
netics is largely governed by the formation of surface oxygen, with a
degree of span control close to 100 %.

Fig. 5. Potential-dependent degree of span control (DSCj,k) for the elementary steps of the mononuclear, mononuclear-Walden, and bifunctional-Walden mechanisms
for the OER on Co3O4(001)-4*OH. Only spans with a relative contribution of at least 5 % in a certain potential window are indicated.

Fig. 6. Potential-dependent degree of span control (DSCj) for the elementary steps of the OER on Co3O4(001)-4*OH. Only spans with a relative contribution of at
least 5 % in a certain potential window are indicated.
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c) U vs. RHE > 1.50 V: two elementary steps limit the OER rate to a
similar extent, namely the formation of surface oxygen as well as the
desorption of the product O2 by means of a Walden-like step.

3.5. Subtleties of the degree of span control

Finally, we discuss the limitations of our approach to gain insights
into the contribution of different mechanistic pathways and elementary
steps to the OER rate. First, it needs to be emphasized that the consid-
eration of transition states in the free-energy diagrams (cf. Fig. 3) can
change the observed trends in terms of relevant mechanistic descriptions
and limiting reaction steps to a certain extent. This fact is related to the
assumed potential-dependent BEP relation (cf. Eq. (39)), which, how-
ever, has proven to be a good approximation for the discussion of the
kinetics of electrocatalytic systems [55]. If the calculation of transition
states based on DFT calculations is also computationally feasible for a
variety of different mechanistic pathways, it is possible to directly apply
Campbell’s generalized degree of rate control to analyze the effect of
mechanistic descriptions and elementary steps on the current density, as
reported in previous contributions [69,70].

While theoretical works focusing on the calculation of transition
states in an electrochemical environment are emerging in the literature
[18,33,48,49,52,81,82], we emphasize that almost all of these works
rely on the assessment of selected transition states in the catalytic cycle.
Considering selected transition states, as opposed to calculating all
transition states [83,84], is subject to bias because one assumes a priori
which elementary steps limit the reaction rate. We do not think that such
a procedure is justified because elementary steps limiting the reaction
rate (to a certain extent) can be easily overlooked if their transition
states are ignored in the analysis. To overcome this caveat, we purport
that either a contemplation of the thermodynamic picture (focusing on
the free energies of reaction intermediates only) or the consideration of
all transition states in the catalytic cycle is needed for an unbiased
assessment of reaction mechanisms and limiting reaction steps. While
the latter is achieved by Campbell’s degree of rate control, [10–13] the
present contribution offers the exciting opportunity to discuss limiting
steps and reaction mechanisms by sensitivity analyses using the degree
of span control as a pure thermodynamic measure. As such, we do not
claim that our presented approach of the degree of span control provides
quantitative insight into operational mechanisms and limiting steps;
rather we believe that our framework can be used to screen mechanistic
pathways in a qualitative fashion to identify reaction mechanisms and
steps where an in-depth investigation of the kinetic picture appears
important.

3.6. Comparison with experimental data

Regarding the theoretical description of the OER on cobalt oxides,
we are aware that it has been reported that Co3O4 undergoes recon-
struction into CoOOH under the harsh anodic reaction conditions
[85–88]. This phase transition depends on the crystallographic facet and
has been observed for applied electrode potentials exceeding 1.62 V vs.
RHE [62]. Therefore, we cannot guarantee that our theoretical model
describes the experimentally active phase at large anodic overpotentials.
For this reason, we limited our mechanistic analysis to an OER over-
potential of 400 mV, which corresponds to 1.63 V vs. RHE. In addition,
we also note that in this overpotential range, the Co3O4(001)-4*OH
surface transforms to a mixed *OH/*O-covered surface (cf. Fig. 2). The
mixed *OH/*O-covered surface could potentially serve as a precursor
for the reconstruction of Co3O4 into CoOOH, in agreement with exper-
imental studies [78,89]. Hence, for applied electrode potentials
exceeding 1.50 V vs. RHE, the mechanistic picture of the OER on
Co3O4(001) can be impacted by electrochemical processes beyond the
seven considered reaction mechanisms in this work. Yet, the investiga-
tion of degradation or reconstruction processes on the Co3O4(001) sur-
face is beyond the scope of the present contribution.

While previous theoretical studies reported a single elementary step
as the kinetic bottleneck in the OER over cobalt oxides, [26–28,62] the
present work highlights that several reaction mechanisms and elemen-
tary steps contribute to the OER rate as a function of applied electrode
potential. Tschulik and coworkers reported by experiments on the single
particle level that the (001) facet of Co3O4 outperforms other crystal
facets in terms of OER activity [62]. Our detailed mechanistic study can
explain this finding based on the assessment of the degree of span con-
trol, since the occurrence of multiple mechanisms during OER catalysis
has been attributed to catalysts located at the volcano top [90].

Given that the introduced framework of the degree of span control
relies on the thermodynamic part of the free-energy landscape, the
presented approach can be easily transferred to other electrode mate-
rials with application in the OER or to electrocatalytic processes beyond
electrochemical water splitting. We advocate coupling the degree of
span control with artificial intelligence, including machine learning, to
systematically analyze reaction networks, as this can help in identifying
next-generation catalytic materials to overcome the current limitations
resulting from the restriction to a single elementary step as a kinetic
bottleneck.

4. Conclusions

Cobalt oxide is one of the most active and stable electrocatalysts for
the anodic formation of gaseous oxygen by the oxygen evolution reac-
tion (OER) under alkaline conditions. While previous theoretical studies
identified limiting reaction steps according to the concept of the
potential-determining step for a single mechanistic pathway, the present
manuscript demonstrates that assuming a single reaction mechanism
and discussing the kinetics with reference to a single limiting step is an
oversimplification. We exemplify our viewpoint by modelling the OER
over a single-crystalline Co3O4(001) electrode. After resolving the sur-
face structure of this electrocatalyst under anodic reaction conditions
(cf. Fig. 2), we consider seven different mechanistic pathways (cf. Fig. 1)
while analyzing the elementary reaction steps by constructing free-
energy diagrams (cf. Fig. 3).

To monitor the influence of the different reaction mechanisms on the
OER over the active Co3O4(001)-4*OH configuration (cf. inset of Fig. 2),
we introduce the concept of the potential-dependent degree of span
control. These frameworks allow us to identify to which extent a certain
mechanisms contributes to the OER rate. In case of the OER on
Co3O4(001)-4*OH (cf. Fig. 4b), we observe that three different mecha-
nistic descriptions – mononuclear, mononuclear-Walden, and
bifunctional-Walden – efficiently catalyze the conversion of water to
gaseous O2. While each mechanism is somewhat favored in a particular
potential window, the situation of a single pathway determining OER
kinetics does not exist.

The potential-dependent degree of span control can also be exerted
to determine the influence of the elementary reaction steps on the OER
rate (cf. Fig. 6). While the formation of surface oxygen, *OH →*O + (H+

+ e-), is identified as a key step for overpotentials as large as 400 mV,
several other steps such as the stabilization of the *OOH intermediate or
formation of the product O2 are considered relevant for small or large
OER overpotentials, respectively.

Given that the potential-dependent degree of span control enhances
our mechanistic understanding of catalytic processes at electrified solid/
liquid interfaces while being based on the thermodynamic picture of the
free-energy landscape, this concept can be efficiently exploited for the
screening of mechanistic pathways and limiting steps of catalysts for
energy conversion processes. This knowledge can ultimately be used to
derive refined activity and mechanistic trends of materials in a homol-
ogous series by moving beyond the conventional assumption of a single
limiting reaction step in the analysis. Combining the potential-
dependent degree of span control with artificial intelligence tech-
niques can be helpful to guide the design of next-generation electro-
catalysts through in-depth analyses of reaction networks.
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