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Abstract

The oxygen evolution reaction (OER) has been widely inves-
tigated in computational electrocatalysis. Recent studies sug-
gest that the final oxygen desorption step could be rate-
limiting, or even inhibiting, for the classical OER mechanism on
the benchmark IrO, electrocatalyst, and a novel reaction
mechanism has been proposed circumventing this bottleneck.
In this review, we provide an overview of recent progress in
OER electrocatalysis with a concise focus on computational
studies that explicitly accounted for the elementary step of O»
desorption. We highlight the computational and methodolog-
ical intricacies that led to not considering this step as crucial by
earlier OER studies. Key suggestions are provided for future
studies to open new directions in OER electrocatalysis.
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Introduction

The oxygen evolution reaction (OER) is the ubiquitous
anodic half-cell reaction of aqueous electrolysis pro-
cesses for electrochemical energy conversion, such as

hydrogen production and electrochemical carbon diox-
ide reduction. The significant overpotential of the OER
substantially contributes to the overall energy loss.
Decreasing the OER overpotential with the help of
advanced electrocatalyst materials is therefore consid-
ered a promising route for improving the energy effi-
ciency of such processes. Over the past two decades,
computational studies based on density functional
theory (DFT) have increasingly contributed to research
in OER electrocatalysis [1—11].

An expedient and prolific computational procedure has
been established in seminal works by Rossmeisl et al. on
the OER mechanism on metal and metal-oxide elec-
trocatalysts [1,2]. The reaction mechanism was assumed
to be the mechanism of the oxygen reduction reaction in
reverse, proceeding vz surface-adsorbed intermediate
oxygen-containing species *OH, *O, and *OOH,

M* + H,0 — M*OH + H + ¢~ (1)
M*OH — M*O + H' + e~ (2)
M*O + H,O0 — M*OOH + H* + e~ 3)
M*OOH — M* + O, + HT + e~ “4)

where M* denotes a free adsorption site at the catalyst
surface. From DFT-computed data (energies and vibra-
tional frequencies) of the respective reactant and product
states, reaction Gibbs energy changes AG; for each of the
reaction steps are obtained, using the computational
hydrogen electrode approach to account for free-energy
contributions of electron—proton pairs [12]. The reaction
step with the largest AG; is commonly referred to as the
potential-determining step (PDS), which is the last step to
become downhill in free energy as the applied potential is
increased in the range £ > AGje. The “thermodynamic”
overpotential, iy = AGppsle — 1.23 Veyp, is a pertinent
descriptor to rationalize experimentally observed activity
trends across a variety of electrocatalyst materials [3]. One
of the reasons for the popularity of 1y, is that it is readily
computable, whereas the real overpotential is kinetic in
nature and requires the cumbersome computation of
transition states and related energy barriers in combination
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with a microkinetic modeling framework [5,6]. For many
OER electrocatalysts, step (3), i.e., the formation of
*OOH, has been identified as the PDS, eg, on iridium
oxide [2] or nickel oxyhydroxide [11], although recent
theoretical analysis rather suggested step (4) to be rate-
determining at high overpotentials on IrO, [13].

The mechanism (1)—(4) is often referred to as the
adsorbate evolving mechanism (AEM) and most
commonly considered in theoretical studies of the OER.
Alternative mechanisms with participation of lattice
oxygen anions have been proposed, ¢g., by Binninger
et al. [14] and Rong et al. [4] to explain the experi-
mentally observed coupling between OER activity and
corrosion of metal-oxide catalysts [15,16], or the
appearance of isotopically labeled oxygen atoms from
the oxide lattice in the evolved O; gas [17,18]. Never-
theless, the scheme (1)—(4) represents the “classical”
benchmark mechanism, and it is assumed to proceed on
standard catalysts, such as iridium dioxide [2,5,6].
However, Binninger and Doublet recently found that
the OER on IrO; likely follows a different pathway via
association of two neighboring *OO species [10], as
shown in Figure 1,

Figure 1

Iy OO00 Ir
e

Ir*OO + OO*Ir Ir*O + O; + O'Ir  (5)

Given that iridium dioxide is the benchmark OER
catalyst, both for experimental and computational
studies, a major overhaul in our understanding of the
relevant mechanism would be remarkable. These find-
ings have been corroborated by Exner [19], who used the
descriptor Gpax(1) [20], ze., the maximum free energy to
be overcome along the OER pathway, for a comparative
analysis of activity volcanos for the classical and novel
mechanisms. Exner concluded “that the *OO-O0O*
recombination mechanism is of relevance for the heu-
ristic discovery of OER materials, and thus, should not be
neglected in future screening studies that make use of
the concept of volcano plots.”

In the present review, we analyze common gaps in
computational studies that could explain why the
*0O0-00* association mechanism has been overlooked
before. This opens new directions for future computa-
tional investigations of OER electrocatalyst materials.
Our discussion is focused on the oxygen desorption step.
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Oxygen evolution reaction pathway on IrO, (110) according to Binninger and Doublet [10]. The O, molecule is formed via association of two neighboring

*OO0 species, thereby avoiding the conventional desorption step.
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Other pertinent questions include the influence of the
solvent and the use of explicit vs. implicit solvation
models. Gauthier et al. [21] found that explicit water
layers stabilize certain OER intermediates on IrO;,
especially *OOH, which form hydrogen bonds with
adjacent water molecules. For oxygen desorption, how-
ever, the *OO initial state does not form hydrogen
bonds, and likewise, the nonpolar O, molecule interacts
very weakly with water molecules [5]. Questions of
solvation models are thus of minor relevance for the
oxygen desorption step.

Oxygen desorption: computational pitfalls
Common pitfalls for computational studies of the OER
mechanism are associated with the treatment of oxygen
desorption. This can make the (final) oxygen desorption
step appear much more feasible than it actually is, which
can result in erroneous conclusions regarding the rate-
limiting step. This is analyzed in detail here.

Treatment of elementary chemical steps

Most computational studies do not consider the oxygen
desorption step independently [2]. Instead, it is lumped
together with the preceding deprotonation of *OOH, as
shown in Equation (4). The underlying rationale of this
approach is that the critical rate-limiting steps along an
electrocatalytic pathway must involve charge transfer, i.e.,
electron—proton transfer for the case of the OER,
because only such electrochemical steps would lead to the
experimentally observed dependence of OER kinetic

Figure 2
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currents on the applied electrode potential [2]. While
this rationale has been widely adopted in computational
electrocatalysis, it neglects a critical aspect. For
instance, considering the chemical step of (molecular)
oxygen desorption from an electrocatalyst surface,
M*0O0 — M* + Oy, the rate of this step is given by
r4 = 0o0 #4. For a purely chemical step, ze., in absence of
charge transfer/redistribution across the electrochemical
double layer, the rate constant £4 will be independent of
the applied potential. However, the surface coverage
foo can be strongly potential-controlled under OER
conditions. Based on early works by Parsons [23], Exner
and Over [22] have developed a comprehensive, albeit
intuitive scheme to describe the potential dependence
of intermediates and transition states along a general
electrocatalytic pathway, as shown in Figure 2; at a given
clectrode potential, the starting point of the electro-
catalytic cycle is chosen at the reaction intermediate
with the lowest free energy, corresponding to the
dominant surface coverage. Every subsequent in-
termediate’s free energy is lowered by —nen with
increasing (over)potential 17, where # is the number of
electron—proton transfer steps required to produce the
respective intermediate from the (lowest-energy)
starting point. Lowering the intermediate’s free energy
increases the respective surface coverage, which, in
turn, increases the rate of the subsequent step. Even
“chemical” steps can thus be strongly potential depen-
dent vz the surface coverage term in the rate equation,
as long as the respective coverage is significantly smaller
than one.
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Free energy diagram of a general electrocatalytic process involving one chemical (ii — iii) and four electrochemical steps. The chemical step is sensitive
to the applied potential via the free energy/coverage of the corresponding reactant intermediate (ii). Reprinted (adapted) with permission from K.S. Exner
and H. Over [22], Acc. Chem. Res. 2017, 50, 5, 1240—1247. Copyright 2017 American Chemical Society.
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A similar picture emerges naturally if formal consider-
ation to all intermediates is given in a full microkinetic
multistep treatment, leading to the concept of the rate-
determining term (RDT) recently proposed by Huang
et al. [24] This approach generalizes the simplified
concepts of the PDS and rate-determining step without
requiring the existence of a single critical step. Both
chemical and electrochemical steps are treated on an
equal footing, and the dependencies of activation bar-
riers (rate constants) and coverage terms on the applied
electrode potential are consistently accounted for in the
rate expressions for each step. Each elementary step
contributes toward the overall reaction rate and must be
included in this approach.

Elementary chemical steps, therefore, cannot be excluded
a priori from the set of relevant steps to be considered
for electrocatalytic multistep reactions. For the OER, Ping
etal. [5] included chemical steps in their computational
study of the OER mechanism on IrO;,, which made an
important contribution toward a more detailed under-
standing of the OER mechanism. In their approach, step
(4) was split into an elementary deprotonation step,

M*OOH — M*OO0 + H*" + e~ (6)

and a subsequent desorption step,

M*OO—-M* + O, (7)

The separate treatment of both elementary steps can
strongly alter the picture of the free-energy profile along
the OER pathway. On IrO; (110), eg, the *OOH
deprotonation  step  (6) is  exergonic  with
AGooH—004+H 1o~ = —0.27€V (at the OER revers-
ible potential of 1.23 VRyg), whereas the subsequent O,
desorption step (7) is strongly endergonic with
AGoo—++0, = +0.53¢eV [10]. We note that this value
holds regardless of whether the oxygen molecule is
considered in the gas phase or is dissolved in water, as
long as saturation is assumed under the same partial
pressure. In contrast, following the conventional
approach of lumping both steps into one, ¢f. Equation
(4), a much weaker endergonic change in free energy is
obtained as the sum of both elementary contributions,
AGooH - 10,41 +e- = 10.26€V, which misleadingly
makes the combined step appear very feasible.

Several computational studies have lumped the O
desorption step together with the subsequent adsorption
of H,O or OH™ at the same surface cation site [4,9]. This
approach can mask the actual barrier of oxygen desorp-
tion by avoiding the possibly unfavorable under-
coordinated state of the surface metal cation. For the case
of IrO,, in particular, the unfavorable energetics of the

unsaturated Ir* has been identified as the main reason for
the high oxygen desorption barrier [10]. Importantly,
Ping et al. [5] performed a nudged-elastic band (NEB)
calculation considering the possibility of simultaneous O;
desorption and H,O adsorption (see Figure 3). However,
the authors found that both steps proceed sequentially
and must therefore be considered independently.

Activation barrier vs. free energy of oxygen
desorption

Another pitfall lies in the treatment of free-energy
contributions for the oxygen desorption step. Typically,
the activation barriers of the OER pathway are not
explicitly calculated, which are generally cumbersome
to determine, e.g., by the NEB method [5,10,25] or more
expensive methods such as @b mnitio metadynamics [26].
Instead, most computational studies are restricted to
the calculation of reaction intermediates’ free energies,
from which the PDS is obtained as described earlier. As
explained by Razzaq et al. [20], this approach is moti-
vated by the Brgnsted—Evans—Polanyi (BEP) principle
according to which there exists an approximate linear
relationship between activation energy (from reactant to
transition state) and reaction energy (from reactant to
product state) within a series of “similar”
reactions [27—29]. It must, however, be emphasized
that the BEP principle has been established for the
relationship between the activation energy and the re-
action enthalpy AH; [30,31]. As long as entropy contri-
butions are of similar magnitude, the BEP relationship
also holds when wusing reaction Gibbs energies,
AG;, = AH; — TAS}, instead of enthalpy. Similar entropy
contributions could be expected for surface-adsorbed
intermediates, so this approach appears well justified
for steps (1)—(3). However, this does not hold for step
(4) (or step (7)) involving oxygen desorption, where
entropies are very different between reactants and
products at the respective standard states. Besides
vibrational (and solvation) entropy contributions, the
surface-adsorbed reactant M*OO comprises configura-
tional entropy due to the (random) distribution across
available surface sites. The latter can be estimated from

Figure 3
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Nudged-elastic band calculation of oxygen desorption and subsequent
water adsorption. Reprinted (adapted) with permission from Ping et al. [5],
J. Am. Chem. Soc. 2017, 139, 1, 149—155. Copyright 2016 American
Chemical Society.

Current Opinion in Electrochemistry 2023, 42:101382

www.sciencedirect.com


www.sciencedirect.com/science/journal/24519103

the ideal entropy of mixing, yielding a contribution of —
T%Si‘(’?(f) = é’BTlog(%g) to the respective chemical
potential, which is zero at the standard-state coverage of
f = 1/2 [32]. In contrast, besides vibrational—rotational
contributions, the final state of the free O, molecule
comprises entropy due to translational degrees of
freedom. From the Sackur-Tetrode expression for ideal-
gas  entropy, the latter is  estimated as
—T885" = —0.47¢V  under standard conditions
(po, = lbar and ' = 298.15 K). Thus, the majority of
the total entropy contribution of —TSSZ = —0.63¢V to

the free energy of gaseous oxygen [33] originates from
translational degrees of freedom. The corresponding
drastic change in entropy between initial and final state
thwarts the applicability of the BEP principle when
comparing step (4) with the other steps (1)—(3). This
critical point is neglected in common computational
approaches. As a crude correction, one could simply
remove the translational entropy contribution by
adding 40.47 eV to the free energy of oxygen gas.
Applying this correction to the Gibbs energy change of
the final desorption step on IrO; (110) (AGoo—-+0, =

+0.53 ¢V, mentioned earlier), we obtain
AGgg)_tffoz = 1.00 eV without translational entropy in

the final state (w/o trans). This estimation indicates a
significant uphill energy cost of approx. 1.00 eV,
suggesting that oxygen desorption could be rate-limiting
for the classical mechanism on IrO;. We note that this
value would not be altered to any significant extent
when accounting for solvation effects. This can be
estimated based on the enthalpy of solution of oxygen in
water, which is —12 k] mol ! at room temperature [34],
or —0.12 eV per oxygen molecule.

A. closer look at the activation barrier for oxygen
desorption

Ping et al. [5] directly computed the activation energy
barrier for O, desorption from the IrO; (110) surface
using the climbing-image NEB method. To estimate
the corresponding free energy of activation, they added
entropic contributions of final-state O, to the DFT
energy at the transition state. This approach, however,
is inconsistent. As discussed earlier, the entropy of the
final-state O; is dominated by the translational de-
grees of freedom, which the transition state does ot
possess. The translational free-energy contribution is
strongly dependent on the product gas concentration,
or partial pressure, wviz the typical expression
kTlog(po,). Erroneously adding such contribution to
the free energy of activation, A*G, would yield an
oxygen desorption rate rqoxexp(—ArG /kgT) 06])621,
i.e., inversely proportional to the product gas partial
pressure. This contradicts the basic principle that the
forward rate of an elementary step only depends on
the reactant concentration and is independent from
the product concentration.

Oxygen Desorption — Critical Step for the OER Binninger et al. 5

Another DFT study of the OER mechanism explicitly
accounting for the chemical oxygen desorption step (7)
was presented by Dickens et al. [6]. They applied
microkinetic modeling with DFT-computed parame-
ters, ze., equilibrium constants and activation energies,
to include both thermodynamic and kinetic aspects in
the analysis of scaling relations and activity trends be-
tween the rutile-type oxides RuO,, IrO,, RhO,, and
PtO,. To avoid well-known deficiencies of DFT in the
description of the O, molecule [35,36], the activation
energy of the oxygen desorption step was #of deter-
mined from the NEB method. Instead, Dickens et al.
first estimated an activation free-energy barrier of
0.28 eV for O, desorption from RuO; (110), based on
experimental thermal desorption spectra published by
Kim et al. [37] Then, a linear BEP relationship with
unity slope between the O; desorption barrier and
(DFT-computed) binding energy was assumed to esti-
mate the corresponding values for other oxides. For IrO;
(110), in particular, a value of 0.98 eV was obtained.
However, the authors finally rejected this value because
it led to the conclusion that the O, desorption step was
rate-determining, which they considered inconsistent
with experimental observations regarding the maximum
possible current magnitude and potential dependence.

Binninger and Doublet [10] directly calculated the
energy barrier for O, desorption from the IrO; (110)
surface using the climbing image NEB method. Inter-
estingly, they obtained an activation energy of 0.95 eV,
see Figure 4a, which is very close to the value estimated
by Dickens et al. [6]. Moreover, this value is very close
to the value of 1.00 eV estimated earlier by correcting
the translational entropy contribution for the final state.
Thus, there exists strong evidence that the desorption
step (7) is rate-limiting, or even inhibiting, for the
classical OER mechanism on IrO;. This becomes
directly apparent when considering the ensemble of all
steps in the free-energy diagram in Figure 4c, repro-
duced from Binninger and Doublet [10]. The O;
desorption step not only has the highest individual
barrier, but the respective barrier top also marks the
highest point along the free-energy profile to be over-
come for the standard OER pathway. The apparent
inconsistency with the excellent OER activity of 1rO,,
which had prevented Dickens et al. [6] from drawing
the same conclusion, is resolved by the novel mecha-
nism proposed by Binninger and Doublet [10] in
providing a bypass for the inhibitive classical desorption
step, see Figure 4b,c.

Electrochemical experiments are typically performed
under potentiostatic conditions. This corresponds to a
grand canonical (GC) setting for DFT simula-
tions [38,39]. Grand canonical —-DFT methods, howev-
er, are significantly more complicated and are less
available than standard DFT methods at a constant
electron number. As a viable alternative, calculations can
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Computed energy barriers for O, desorption (a) and *OO -OO* association (b) from nudged-elastic band calculations for IrO, (110); (c) free-energy
diagram of the conventional vs. *OO -OO* association mechanisms of the oxygen evolution reaction on IrO, (110) at an applied electrode potential of
& = 1.53Vpye. Reprinted (adapted) from Binninger and Doublet [10], Energy Environ. Sci. 2022, 15, 2519—-2528. CC BY-NC 3.0.

be performed at various (fixed) electron numbers, and
the corresponding results can be extrapolated/interpo-
lated to the target applied potential [40—42]. Although
oxygen desorption is of chemical nature, the difference
in initial vs. final state of the electrocatalyst surface can
alter the surface dipole and shift the corresponding
potential of zero charge. The question of constant
charge vs. constant potential calculations thus remains
relevant also for such “chemical” steps.

DFT errors around the oxygen desorption step

Besides the outlined problems with accounting for the
entropy of molecular oxygen, the computational treat-
ment of oxygen desorption is complicated by significant
deficiencies inherent to DFT'under the commonly used
generalized gradient approximation (GGA). The already
mentioned problem with the computation of the O;
molecule results in a significant overestimation of the
O, binding energy [35], introducing an error of about

0.4 eVin the computed free energy of the water splitting
reaction [10,36]. Whereas the free energy of gaseous O,
in the final state can be corrected viz a thermodynamic
cycle and usage of experimental reference values [35],
e.g., for the free energy of water splitting [36], it remains
unclear to what extent similar errors affect the DFT
energies of surface-adsorbed *OO and how such errors
evolve along the desorption path [6]. However, the DFT
error is expected to be smaller for adsorbed species with
a superoxide (*OO7) character [5,9]. Accordingly,
correction of such DFT errors along the desorption
pathway would raise the final state with respect to the
initial state, thus further increasing the effective
desorption barrier [10].

There is another general problem with DFT when
computing transition metal elements. These show
strong d-electron correlations due to the presence of
Coulomb on-site interactions, as indicated by significant

Current Opinion in Electrochemistry 2023, 42:101382
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values of the Hubbard U parameters [43,44]. Transition
metal compounds with a band gap (e.g., TiO;) [45] are
therefore commonly treated by the DFT + U method.
In contrast, transition metal oxides with a metallic
character (e.g., IrO; or RuO;) [46] are usually success-
fully modeled with a standard GGA-DFT
approach [47—49]. Thus, different computational
schemes are proposed for compounds with and without a
band gap, making it difficult to model mixed com-
pounds, eg, TiO;—RuO; solid solutions [44,50].
Moreover, the corresponding errors of each method can
be substantially different for surface transition metal
cations in the fully coordinated initial vs. the coordi-
nately unsaturated final state of the O, desorption step.
It is therefore important to evaluate systematically the
accuracy of different levels of DFT, including GGA,
GGA + U, and hybrid functionals. Gono and Pasquarello
[51] found significant differences between GGA vs.
hybrid functionals in the computed free-energy steps of
the OER on a variety of catalysts. Although hybrid
functionals are often considered more accurate, for
compounds containing transition metal elements, they
often overestimate band gaps and hydrogen-binding
energies [52,53]. The comparison between results of
semilocal vs. hybrid functionals is recommended to es-
timate  the uncertainty in the computed
free energies [51].

Conclusion and outlook

The oxygen desorption step has been inconsistently
treated in most computational studies of the OER
mechanism on various electrocatalyst materials. Care-
fully accounting for this step will be relevant in future
studies to understand under which circumstances the
respective energy barrier becomes inhibitive for the
classical mechanism. This could help to identify elec-
trocatalyst materials with similar properties as those of
IrO; in terms of combined stability and OER activity. To
this end, we arrive at the following recommendations.

« The oxygen desorption step should be treated as an
elementary step, separate from preceding deproto-
nation or subsequent H,O or OH™ adsorption steps.

+ It must be carefully considered which entropic con-
tributions to include in the free-energy barrier of the
desorption step. In particular, biasing the apparent
barrier due to translational final-state contributions
must be avoided.

« For accurate predictions, DFT-based methods must
be used with caution when computing molecular
oxygen as well as changes in the redox state of
transition-metal cations. Conclusions derived thereof
should be tested for robustness under realistically
estimated errors.

« The influence of oxygen desorption barriers on the
overall reaction kinetics should be evaluated within a
microkinetic modeling framework accounting for the

Oxygen Desorption — Critical Step for the OER Binninger et al. 7

ensemble of all steps and the mutual dependencies of
intermediates’ coverages due to competition for
available adsorption sites.

We wish to point out that we exemplified these issues
mostly for the AEM. However, our discussion equally
applies to so-called lattice oxygen mechanisms, where
the essential step of oxygen evolution is accompanied by
the formation of an oxygen vacancy in the surface layer
of the oxide lattice. Ultimately, computational results
must be evaluated by comparison with data from ther-
mal desorption experiments, as presented, ¢.g., by Kim
etal. [37] for RuO;, and Martin et al. [54] and Abb et al.
[55] for IrO;. Vice versa, the assignment of experi-
mentally observed desorption peaks requires computa-
tional support to distinguish between competing
mechanisms, such as classical desorption (M*OO —
M* 4+ O,) vs. associative desorption, i.e., 2 M*OO —
2 M*O + Oz or 2 M*O — 2 M* + O,.
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