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The anodic four-electron oxygen evolution reaction (OER) corre-
sponds to the limiting process in acidic or alkaline electrolyzers to
produce gaseous hydrogen at the cathode of the device. In the last
decade, tremendous efforts have been dedicated to the identification
of active OER materials by electronic structure calculations in the
density functional theory approximation. Most of these works rely on
the assumption that the mononuclear mechanism, comprising the
*OH, *O, and *OOH intermediates, is operative under OER conditions,
and that a single elementary reaction step (most likely *OOH for-
mation) governs the kinetics. In the present manuscript, six different
OER mechanisms are analyzed, and potential-dependent volcano
curves are constructed to comprehend the electrocatalytic activity of
these pathways in the approximation of the descriptor G.,(U), a
potential-dependent activity measure based on the notion of the
free-energy span model. While the mononuclear description mainly
describes the legs of the volcano plot, corresponding to electrocata-
lysts with low intrinsic activity, it is demonstrated that the preferred
pathway at the volcano apex is a strong function of the applied
electrode potential. The observed mechanistic complexity including
a switch of the favored pathway with increasing overpotential sets
previous investigations aiming at the identification of reaction
mechanisms and limiting steps into question since the entire breadth
of OER pathways was not accounted for. A prerequisite for future
atomic-scale studies on highly active OER catalysts refers to the
evaluation of several mechanistic pathways so that neither important
mechanistic features are overlooked nor limiting steps are incorrectly
determined.
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On the mechanistic complexity of oxygen
evolution: potential-dependent switching
of the mechanism at the volcano apexy

New concepts

The present manuscript addresses the oxygen evolution reaction (OER), a
four-electron process of high relevance due to its application in
electrolyzers or metal-air batteries for energy conversion and storage,
respectively. While the conventional approach to identify promising
materials for the OER relies on the application of electronic structure
theory, it is a common procedure to suppose a single reaction mecha-
nism, based on which limiting reaction steps are identified. Knowledge of
the limiting step is believed to spur the design of advanced materials for
this kinetically sluggish process. Herein, it is demonstrated that, parti-
cularly for highly active OER catalysts, several reaction mechanisms are
operative in dependence of the applied electrode potential, comprising a
switch of the favored pathway with increasing overpotential. The reported
findings may accelerate the discovery of high-performance OER materials
by theoretical considerations, providing guidelines of how to describe the
mechanistic processes to determine limiting reaction steps. Noteworthy,
the presented volcano approach is not restricted to the OER, but rather is
of universal nature and can be exerted to any electrocatalytic process to
quantify the mechanistic complexity of coupled proton-electron transfer
steps at electrified solid/liquid interfaces.

1 Introduction

Oxygen evolution (OER) represents the bottleneck in proton
exchange membrane (PEM) electrolyzers, ideally fueled by
renewable electricity, to harvest the energy vector gaseous
hydrogen (H,).' The reason for the slow OER kinetics is
related to the consecutive transfer of four proton-electron pairs
to produce a single molecule of gaseous oxygen at the anode:

2H,0 — O, + 4H" + 4e”, Udgg = 1.23 V vs. reversible hydrogen
electrode (RHE) (1)

Despite tremendous efforts to design active electrode coat-
ings for the kinetically sluggish OER, yet electrode potentials of
at least 1.50 V vs. RHE or even higher are needed to reach
current densities in the order of 10 mA cm ™2 or several kA m >
for solar-cell devices or industrial applications, respectively.*
These harsh anodic conditions cause an additional challenge
relating to electrocatalyst stability, and particularly in acidic
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electrolytes electrode materials are prone to degrade under
operational conditions.>®

Since more than a decade, electronic structure calculations
in the density functional theory (DFT) approximation have been
largely used to steer the design of OER catalysts with enhanced
electrocatalytic activity.”'® This field of research has been
driven by the pioneering works of Nerskov and coworkers,
who invented a simple approach to derive the free-energy
changes, AG; (j = 1, 2, 3, 4), relating to the elementary steps
in the OER mechanism."" Knowledge of the AG; values enables
the approximation of electrocatalytic activity by connecting the
largest free-energy change under equilibrium conditions to the
electrocatalytic rate via Bronsted-Evans-Polanyi (BEP) relation
in the framework of thermodynamic overpotential, 5rp."? Deter-
mination of yrp has been used to comprehend the trends of
materials in a homologous series with respect to OER activity by
constructing volcano plot, a popular concept in electrocatalysis
which, however, relies on the common presumption of a single
reaction mechanism."*™"

Based on the early works of Rossmeisl and coworkers on the
OER over transition-metal oxides,'®'” the OER is assumed to
follow the so-called mononuclear description, consisting of the
*OH, *0O, and *OOH adsorbates:

M+ H,0 > M-OH +H' + e~ AG, (2)
M-OH - M-O+H' +e” AG, (3)
M-O + H,0 - M-OOH + H" + e~ AG; (4)
M-OOH —» M+ Oy + H' +e~  AG, (5)

In eqn (2)-(5), M denotes the catalytically active surface site
(e.g., an undercoordinated metal atom), and the four OER free-
energy changes meet the criterion of eqn (6):

AG, + AG, + AG; + AG, = +4.92 eV @U = 0 V vs. RHE

(6)

In 2011, Koper related the slow kinetics of the OER to a
scaling relation of the intermediate states in the OER mecha-
nism in that the binding energies of the *OH and *OOH
intermediates are intrinsically coupled.’® The sum of the free-
energy changes AG, and AG; amounts to about 3.20 eV at
U = 0 V vs. RHE, thus exceeding the predicted theoretical
optimum of 2e x 1.23 V = 2.46 eV.'” Given the fact that
Rossmeisl and coworkers demonstrated by means of DFT
calculations that the theory of Koper holds true for a plethora
of planar metal oxide surfaces,”® the mononuclear description
of eqn (2)-(5) has been tacitly assumed as a universal OER
mechanism for any material class.>* This finding was substan-
tiated by the predicted thermodynamic overpotential based on
the scaling relation (1rp = (3.20-2.46 eV)/2e = 0.37 V) which is in
the same order of magnitude as the experimental overpotential
of highly active OER catalysts to reach 10 mA cm > (around
flogr = U — U’ogr = 0.30 V) about a decade ago.*”

Nowadays, even experimentalists use the framework of the
AG; values to discuss their experimental results and to identify
limiting reaction steps, thus often implying the need of severe
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approximations to translate kinetic Tafel plots to the thermo-
dynamic picture of adsorption free energies.>*>® One approxi-
mation, though, has been largely adopted from theoretical
studies in the DFT approximation since it has been well-
accepted to define a single elementary reaction, based on a
single mechanistic description, as the rate-determining step
(RDS), and it is additionally presumed that the RDS is not
altered with increasing overpotential.*® This notion appears
simplistic considering the dynamic nature of heterogeneous
catalysts, which may comprise mechanistic implications relat-
ing to the elementary steps in dependence of the driving
force.>® Also, even for a single mechanistic description, the
RDS may change upon increasing overpotential since this is the
common rationalization of a change in the Tafel slope with
enhanced driving force.*'

The present study aims to convey a different way of thinking
in that the OER over a certain electrode material is not assumed
to follow a single pathway when the driving force is enhanced,
but rather the opportunity of several OER mechanisms is
studied by volcano analyses. Volcano plots have been estab-
lished as a powerful tool in electrocatalysis research to com-
prehend the trends of catalysts in a homologous series of
materials, particularly if they factor overpotential and kinetic
effects into the evaluation of binding energies.*>™> For the
OER, though, the common approach refers to the construction
of volcano curves based on the mononuclear mechanism
(¢f eqn (2)-(5)) under equilibrium conditions (nogr = 0 V),
and the volcano analysis based on the descriptor #yp indicates
that either the formation of the *OOH or the *O adsorbate
refers to the potential-dependent step (PDS) at the left and right
volcano legs, respectively (cf. Fig. 1).>° Please note that the PDS
may differ from the RDS, as discussed in recent works.*®?”
Herein, we exert a different strategy in that potential-dependent
volcano plots are derived not only for the mononuclear descrip-
tion, but rather six different OER pathways from the literature
are incorporated into the analysis.'®'”***%%3 This approach
would not be feasible without the activity descriptor Gpay(U),**
a potential-dependent activity measure for the electrocatalytic
activity based on the idea of the free-energy span model,*’

activity (11p)
*OH > *O +H'+ e *0Q +H,0 > *OOH + H* + ¢~

. .

Fig. 1 Generalized volcano plot for the oxygen evolution reaction based
on the mononuclear mechanism under equilibrium conditions (U = 1.23 V
vs. RHE). *OOH and *O formations are reconciled with the potential-
dependent steps (PDS) at the left and right volcano legs, respectively.
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which, in contrast to the descriptor nrp, can be linked to the
RDS in a potential-dependent fashion.*® While the methodol-
ogy to apply the notion of Gpa(U) is described in detail in the
Methods section, the different OER mechanisms considered in
the analysis are introduced in the following.

2 Reaction mechanisms

Six different reaction mechanisms are considered in the pre-
sent study. Please note that all these reaction mechanisms are
written down for acidic conditions. For alkaline conditions, the
main difference refers to the fact that hydroxide anions rather
than water serve as the reactant, as evident from previous
studies.”” Given that the free energy of hydroxide anions is
related to water as a reference when using canonical or grand
canonical approaches to derive the adsorption-free energies of
the elementary steps,® the mechanistic pathways can be easily
translated to alkaline conditions. Please note that the electro-
catalytic activity of electrode materials can change upon pH
alteration, and the modeling of pH effects requires the applica-
tion of grand canonical formalisms rather than canonical
approaches such as the computational hydrogen electrode
approach.**™*

(i) Mononuclear mechanism (¢f eqn (2)-(5))

(ii) Bifunctional mechanism I (¢f. eqn (7)-(10))

Rossmeisl and coworkers proposed that two adjacent sites
can be operative in the OER in that a surface oxygen atom, *O,,
next to the catalytically active site serves as a proton acceptor
for the splitting of a water molecule on the oxygen-covered
surface:*®

M + *O, + H,O > M-OH + *O, + H + e~ AG, (7)
M-OH+ *0,—» M-O +*O, + H + e~ AG, (8)
M-0 + *O, + H,0 » M-00 + *OH, + H + e~ AG. (9)
M-00 + *OH, —» M + *Op + Oy + H + e~ AGq  (10)

(iii) Bifunctional mechanism II (¢f eqn (11)—(15))

Like the bifunctional mechanism I, a surface atom next to
the catalytically active site serves as a proton acceptor, but the
splitting of the second water molecule under formation of the
*OOH adsorbate refers to a chemical (rather than an electro-
chemical) step:***%°

M + *O, + H,O - M-OH + *O, + H" + e~ AG. (11

M-OH + *O, - M-O + *O, + H" + e~ AG; 12

M-O + *O, + H,0 — M-OOH + *OH,

*OH, — *Op, +H +e” AG, (14

(11)
(12)
AG, (13)
(14)
(15)

M-OOH — M + O, + H + e~ AG; (15

(iv) Binuclear mechanism (cf. eqn (16)—(20))

About a decade ago, Busch and coworkers suggested a
binuclear mechanism, in which two neighboring oxygen spe-
cies recombine in a chemical step under the formation of
gaseous oxygen:*'*?

2088 | Mater. Horiz., 2023, 10, 2086-2095
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AG;

M+M+H,0 > M-OH+M+H" +e” ;

M-OH + M + H,0 —» M-OH + M-OH + H' + e~ AG

M-O + M-OH - M-O + M-O + H" + e~ AGp,

(

(
M-OH + M-OH — M-O + M-OH + H' + e~ AG, (18)

(19)

(

M-0 +M-O - M+ M + Oy AG,  (20)

(v) Oxide mechanism (also denoted as *OO- - -*OO recombi-
nation mechanism, cf. eqn (21)-(25))

Recently, Binninger and Doublet reported another OER
pathway for IrO,(110) where the catalytic cycle commences
from a fully *O-covered surface and contains the formation of
gaseous oxygen via the chemical recombination of two adjacent
*00 *00 groups.*? This pathway may have been triggered by
the fact that the *OO intermediate was spectroscopically iden-
tified and computationally predicted by Rao, Kolb, and others
for the case of Ru0,,>*>* and the presence of the *OO adsorbate
for transition-metal oxides is consistent with experimental
results from operando X-ray spectroscopy or cyclic voltammetry

for Ir0,:>*>°
M-O M-O + H,0 - M-OOH M-O + H" + e~ AG, (21)

M-OOH M-O + H,0 — M-OOH M-OOH + H" + e~ AG, (22)

M-OOH M-OOH — M-OOH M-00 + H" + e~ AG, (23)
M-OOH M-00 —» M-00 M-00 + H' + e~ AG; (24)
M-00 M-00 — M-O M-O + Oy AG; (25)

(vi) Two-electron water oxidation (¢f. eqn (26)—(28))

For applied electrode potentials exceeding 1.76 V vs. RHE,
the formation of hydrogen peroxide via a two-electron process
is a competing side reaction under OER conditions:*®

2 e~ water oxidation: 2 H,0 — H,0, + 2 H" + 2 e~

U° =1.76 V vs. RHE (26)
M+H,0 > M-OH+H"' +e" AG,  (27)
M-OH + H,0 - M+ H,0, + H +e~ AG, (28)

The free-energy changes AG, (x = a,...,u) of the various
mechanistic pathways are related by a rigorous thermodynamic
treatment to the free energies of the reaction intermediates,
thereby making use of the scaling relations between the *OH
and *O as well as the *OH and *OOH adsorbates,®*° to
determine the activity measure Gpax(U) (¢f Methods section).
The free-energy change AG,, referring to the formation of *OH,
is used as descriptor in the OER volcano plot. Given that
Rossmeisl and coworkers reported that basically all relevant
materials to the oxygen electrocatalysis are within AG; =[—0.50,
2.50] eV, this free-energy regime with a step size of 0.01 eV is
used as a basis set to compile volcano curves at four different
applied electrode potentials, U = 1.23 V, 1.40 V, 1.60 V, and
1.80 Vvs. RHE. All further information relating to the modeling
approach is provided in the Methods section.

This journal is © The Royal Society of Chemistry 2023
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3 Results

Fig. 2 depicts volcano curves for the OER at U =1.23 and 1.40 V vs.
RHE. The resulting volcano lines are obtained by analyzing the five
four-electron OER mechanisms, and the energetically favored
pathways are extracted in dependence of the descriptor AG;. This
procedure can be retraced by Figure S1 in the supplemental where
volcano curves of all mechanisms, corresponding to the raw data
of Fig. 2(a), are shown at U = 1.23 V vs. RHE.

Fig. 2(a) indicates that different mechanistic descriptions
are energetically preferred in dependence of the descriptor AG;.
While for AG; < 0.60 eV the mononuclear mechanism governs
the OER volcano, competition between the mononuclear and
bifunctional I pathways is observed for 0.60 eV < AG; <
0.73 eV. Interestingly, at the volcano apex corresponding to
the catalysts with the highest OER activity, the bifunctional I
mechanism is operative (0.73 eV < AG; < 1.00 eV). For weaker
bonding of the *OH intermediate, 1.00 eV < AG; < 1.25 eV, the
mononuclear, bifunctional I, and bifunctional II descriptions
compete with identical values of G,a(U) whereas for AG; >
1.25 eV, the mononuclear and bifunctional II mechanisms
determine the volcano slope.

While U = 1.23 V vs. RHE refers to the electrochemical
equilibrium, catalytic turnover can only be obtained if a finite
overpotential is applied to make the overall reaction exergonic. The
situation in Fig. 2(b) can be seen as a low overpotential regime of
oxygen evolution, and it turns out that the OER volcano at U =
1.40 V vs. RHE remains the same qualitative characteristics as
under equilibrium conditions. Quantitively, the width of certain
mechanistic windows in the volcano is altered. Particularly, the
apex (0.78 eV < AG; < 0.91 eV) comprises a smaller free-energy
regime consisting of the bifunctional I mechanism whereas the
free-energy range of the mononuclear, bifunctional I, and bifunc-
tional II descriptions on the right side next to the volcano top is
enlarged (0.91 eV < AG; < 1.40 eV).

In Fig. 3, the respective volcano curves for U = 1.60 and
1.80 V vs. RHE are compiled. Fig. 3(a) indicates that at the
volcano apex (AG; = 0.80 eV), competition between four differ-
ent OER mechanisms with identical values of Gpax(U = 1.60 V

a)
Guax(U = 1.23 V vs. RHE)
[eV] 5

Mononuclear &
Bifunctional II

15 2.0

< Bifunctional I

Py PYEPR

Mononuclear
00 05

Mohonuclear & Bifunctional i
BifurNtional I + IT & Mononuclear

25 4G

[eV]
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vs. RHE) is observed. For even larger OER overpotentials (cf
Fig. 3(b)), the oxide mechanism prevails for 0.71 eV < AG; <
0.81 eV whereas all five OER mechanisms (mononuclear, oxide,
bifunctional I, bifunctional II, and binuclear) compete in the
free-energy regime of 0.81 eV < AG; < 0.90 eV. In Fig. 3(b), also
the two-electron water oxidation culminating into the for-
mation of hydrogen peroxide is factored into the analysis. This
mechanistic pathway, however, does not conflict with the
formation of gaseous oxygen in the case of highly active OER
catalysts at the volcano apex; rather, a succinct volcano top at
weak bonding of the *OH intermediate is observed, indicating
that the free-energy regime of AG; > 1.50 eV may result in the
electrochemical synthesis of H,0, with high selectivity since
the opposing four-electron OER is efficiently suppressed.

In contrast to the mechanistic changes at the volcano apex upon
increasing driving force, the legs of the OER volcano remain largely
unaffected in that the volcano slope is governed by the mononuclear
mechanism, or mononuclear, bifunctional I, and bifunctional II
descriptions, or the mononuclear and bifunctional II mechanisms
for strong bonding of *OH, slightly weak bonding of *OH, and weak
bonding of *OH, respectively (cf. Fig. 2 and 3).

4 Discussion

The main result of the presented modeling approach refers to the
identification of a potential-dependent switching of the preferred
mechanism at the volcano apex. More precisely, the volcano curves
suggest that for a highly active OER catalyst, the bifunctional I
description is operative for small overpotentials (U = 1.40 V vs.
RHE) whereas also the mononuclear, oxide, or bifunctional II
mechanisms may play a role in the potential regime of about
U = 1.60 V vs. RHE. For even larger overpotentials (U = 1.80 V vs.
RHE), the oxide pathway is favored at the volcano top while the
two-electron water oxidation with hydrogen peroxide as main
product reveals an independent volcano curve. Recalling the fact
that, commonly, only a single mechanism is assumed to govern
the performance of an OER electrocatalyst independent of the
applied overpotential, the observed finding can be interpreted as a

b)
Gmax(U = 1.40 V vs. RHE)

[eV]

honuciear & Bifunctional 1~
..Bifunctional I

: Mononuclear &
: Bifunctional I

Mononuclear

Bifuntional I + IT & Mononuclear

0.0 0.5 1.0 15 2.0 2546
[eV]

Fig. 2 Potential-dependent volcano plots for various pathways of the oxygen evolution reaction at (a) U = 1.23 V vs. RHE and (b) U = 1.40 V vs. RHE.
The energetically favored mechanisms in the approximation of Gnax(U) as a potential-dependent activity measure are indicated in dependence of the
adsorption free energy of the *OH intermediate, AG;. To derive the volcano curves, the following scaling relations are taken into account: AG, + AGsz =

3.20 eV and AG; = 2 x AG;.
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Fig. 3 Potential-dependent volcano plots for various pathways of the oxygen evolution reaction at (a) U = 1.60 V vs. RHE and (b) U = 1.80 V vs. RHE. The

energetically favored mechanisms in the approximation of Gpax(U) as

a potential-dependent activity measure are indicated in dependence of

the adsorption free energy of the *OH intermediate, AG;. The black volcano curve in panel b) refers to the two-electron water oxidation with H,O,
as the main product. To derive the volcano curves, the following scaling relations are taken into account: AG, + AGs = 3.20 eV and AG; = 2 x AG;.

paradigm change. It therefore appears of importance to factor
several mechanistic pathways into the atomic-scale analysis of
electrode materials for oxygen evolution, independent whether
electronic structure calculations in the DFT approximation are
applied or experimental Tafel plots are translated into the frame-
work of adsorption free energies.”>° Only the dedicated evalua-
tion of several competing pathways (¢f Section 2) may allow
comprehending the electrocatalytic activity of OER catalysts with
reasonable accuracy and may enable determination of the RDS
without biased approximations.

Based on the suggested mechanistic pathways in Section 2, it
may seem that the presented analysis of the mechanistic path-
ways is restricted to metal oxides. While the OER over IrO, is
discussed as a prototypical example in Section 4.1, I would like
to emphasize that the derived volcano plots may even go beyond
the application of metal oxides. This finding is underpinned by
the fact that for materials with a single active center, e.g., single-
atom catalysts (SAC), ligands in axial position or located on the
nitrogen or carbon backbone can serve as a second adjacent
active site, such as discussed in the literature.’®°® Therefore,
the importance of considering various reaction mechanisms for
the design of OER catalysts may be of universal nature and may
not only hold true for metal oxides.

4.1 OER over IrO,

One prototypical example for a dispute on the RDS in the
literature refers to the OER over IrO,, which due to its application
as anode material in PEM electrolyzers is among the most
studied systems in the field. Initial thermodynamic considera-
tions by Rossmeisl and coworkers suggested that the formation
of the *OOH intermediate within the mononuclear mechanism
(¢f eqn (4)) refers to the PDS,"” and this step was also assumed to
be kinetically limiting using the tacit assumption of PDS = RDS.
Ping and Goddard investigated the OER over IrO,(110) by calcu-
lating selected transition states of the elementary steps.’® These
authors concluded that *OOH formation is rate determining,
however, by a chemical reaction step in the realm of the bifunc-
tional II mechanism (¢f. eqn (13)). It should be considered that
for the grand canonical framework in the DFT calculations, only

2090 | Mater. Horiz., 2023,10, 2086-2095

chemical steps but no electrochemical processes were considered
for the transition-state calculations. Exner and Over applied
the free-energy diagram approach to the OER over IrO,(110)
by combining DFT calculations and single-crystalline Tafel plot
experiments for the thermodynamics and kinetics, respectively.®*
These authors demonstrated that *XOOH decomposition within
the mononuclear mechanism (¢f. eqn (5)) refers to the RDS,
thereby additionally outlining the opportunity of decoupled
proton-electron transfer in that *OO™ is formed as a precursor
species for product formation. Ha and Larsen reported in a
theoretical work that, besides *OOH formation within the mono-
nuclear mechanism (¢f eqn (4)), also the recombination of two
adjacent *O groups within the binuclear mechanism contributes
to the high electrocatalytic activity of IrO, (¢f eqn (20)).°> On the
contrary, Jones and coworkers suggested that the OER over
IrO,(110) is governed by the *OOH formation in the realm of
the bifunctional II mechanism (cf eqn (13)),”° thereby reprodu-
cing the initial result by Ping and Goddard. Recently, Binninger
and Doublet put forth that the oxide mechanism with the
*0O0- - -*OO0 recombination step (¢f: eqn (25)) corresponds to the
RDS for IrO,(110) due to a smaller free-activation energy com-
pared to *OOH formation under typical OER conditions.*®
Besides the above theoretical works, also experimental stu-
dies are emerging that relate the measured kinetic current
density by microkinetic considerations to the kinetically limit-
ing reaction step. Takanabe and coworkers combined micro-
kinetic considerations by analyzing Tafel plots and the reaction
order in terms of pH to comprehend the limiting step of the
OER over IrO,, illustrating that *OOH formation within the
mononuclear mechanism (¢f. eqn (4)) is rate determining.>* On
the contrary, Krewer and coworkers applied a dynamic micro-
kinetic model approach by analyzing cyclic voltammograms
between 0.1 V and 1.6 V vs. RHE.” The authors that reported
that up two three steps, namely, *OO formation (cf. eqn (23)),
*OOH formation by a chemical step (¢f eqn (13)), and O,
detachment by a chemical step (either eqn (25) or *OO —
* + O,) are kinetically limiting for IrO, nanoparticles.®?
Mapping the above literature summary to the potential depen-
dent OER volcano plots (¢f Fig. 2 and 3), it can be concluded that

This journal is © The Royal Society of Chemistry 2023
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none of these studies is fully conclusive. It can be fairly assumed
that IrO, or IrO, is located at the top or close to the apex of the
volcano where the potential-dependent switching of the reaction
mechanism is observed, and thus, selectivity is in favor of oxygen
rather than of peroxide formation (¢f Fig. 3(b)). All the above-listed
works rely on the analysis of a single mechanism, or a maximum of
two to three different mechanistic descriptions whereas the entire
breadth of the mechanistic OER complexity is not considered in the
analysis. Therefore, the present article may serve as an appeal to the
community in that future studies on highly active OER catalysts
require the evaluation of several mechanistic pathways in order not
to overlook important mechanistic features and to omit erroneous
conclusions on limiting steps in the framework of the RDS. Machine
learning could play an important role in this regard, as recently
demonstrated for IrO,-based materials, among others.**

4.2 Subtleties of the volcano approach

In the following, the most common assumption of the mono-
nuclear description as operative pathway in the OER is further
discussed. The volcano curves of Fig. 2 and 3 indicate that the
mononuclear mechanism is a proper choice for the volcano
legs, corresponding to materials with low intrinsic activity. As
such, it is yet a valid strategy to apply the common modeling
approach of assuming the mononuclear mechanism for the
description of OER to rule out inactive catalysts with unfavor-
able binding energies.”” However, the mononuclear mecha-
nism alone can never entirely identify highly active catalysts,
particularly not with respect to the kinetically limiting reaction
steps when considering the mechanistic competition of the
various pathways at the volcano apex (¢f. Fig. 2 and 3).

While the potential-dependent volcano curves in Fig. 2 and 3
are universal in that they are not related to a specific material
class, they are based on certain approximations (¢f Methods
section). While the scaling relation between the *OH and *OOH
intermediates is well accepted, also smaller scaling-relation
intercepts than the conventional value of 3.20 eV have
been reported in the literature, for instance relating to the
consideration or neglection of the aqueous solvent in the DFT
calculations.®®*”® Therefore, the same mechanistic analysis is
conducted for a scaling-relation intercept of 3.00 eV, and the
corresponding volcano curves are depicted in the ESI,} Fig. S2
and S3. It is evident that, besides some minor changes relating
to the preferred mechanism in dependence of AG,, the main
conclusion of this article in terms of the potential-dependent
switching of the OER mechanism at the volcano apex is not
altered.

A promising strategy for materials design in the OER refers
to the notion of breaking scaling relation in that the free-energy
difference between the *OH and *OOH intermediates is
reduced.”” In this context, it should be noted that Calle-Vallejo
and coworkers have already pointed out the limited applicabil-
ity of this approach to exploring better OER materials by
thermodynamic analysis.”* This can be explained by incorpor-
ating the reaction kinetics into the OER volcano plot, indicating
that the breaking of the OER scaling relation can be even
accompanied by decreased electrocatalytic activity, which was

This journal is © The Royal Society of Chemistry 2023
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7374 Most electrode materials reveal a

also statistically proven.
scaling relation between the *OH and *OOH intermediates in
the order of 3.00 eV and 3.20 eV,”” and this is the reason why
this data range is studied in the present contribution by the
construction of volcano plots. Reducing the intercept of the
*OH vs. *OOH scaling relation, though, does not guarantee
improved catalytic performance in the OER.”>7*

An even more critical limitation of the presented volcano
curves refers to the assumption of a scaling relation between
the *OH and *O adsorbates. This scaling relation, also denoted
as AG, = 2 x AGy, is much less pronounced than the *OH vs.
*OOH scaling relation. Therefore, a sensitivity analysis of the
*OH vs. *O scaling relation is provided in the ESI,{ Fig. S4-S7. It
is indicated that the main results of this study are not prone to
change when the energetics of the *O and *OH intermediates
are altered to a reasonable extent.

Finally, it would like to emphasize that the present descriptor-
based volcano study on the OER mechanisms discusses the
electrocatalytic activity in the approximation of Gp,.(U) while
catalyst decomposition or structural reorganizations are not expli-
citly accounted for in the assessment of the mechanistic pathways.
DFT-based studies on catalyst decomposition under anodic con-
ditions are starting to appear in the literature,”””’” and it is of high
relevance to comprehend activity-stability trends for OER
catalysts.”® Contemplation of electrocatalyst stability, though, is
beyond the scope of the present modeling study, thereby empha-
sizing that free-energy estimates of how to correlate decomposition
pathways to OER activity are still missing. Therefore, the present
work focuses solely on the electrocatalytic activity by a volcano-
based trend study, and the obtained result in terms of the
mechanistic complexity at the OER apex may motivate that,
besides the breadth of OER pathways, also a variety of degradation
mechanisms are included in future DFT-based studies of model
materials. This may enable expanding activity-selectivity investiga-
tions of electrocatalytic processes to more refined activity-selectiv-
ity-stability studies.”

5 Conclusions

The theoretical description of electrified solid/liquid interfaces
can be broadly classified into three categories: (a) first-
principles or continuum model studies of the electric double
layer at the interface, (b) method development to move from a
constant-charge description to a constant-potential formalism,
and (c) computational electrocatalysis by focusing on the
energetics of the elementary reaction steps, thereby applying
heuristic tools to quantify electrocatalytic activity. The present
manuscript addresses the last category, aiming to convey a new
way of thinking in that a plethora of different mechanistic
pathways are factored into the volcano plot for the industrially
relevant oxygen evolution reaction (OER). This is achieved by
assessing the electrocatalytic activity by the descriptor Gpa.(U)
in dependence of the adsorption free energy of the *OH
intermediate, AG;, for which a basis set corresponding to the
material space of available OER catalysts is defined. While the
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volcano legs of the OER volcano are mainly governed by
the mononuclear OER mechanism, it is noteworthy that a
potential-dependent switching of the preferred mechanism at
the volcano apex is observed in that bifunctional, binuclear,
mononuclear, or oxide pathways govern the electrocatalytic
activity in dependence of the applied overpotential. While
commonly, the OER kinetics is discussed by referring to
a change in the rate-determining step (RDS) for a single
mechanism with increasing overpotential, the present analysis
puts forth that not only the RDS but even the reaction
mechanism may change upon alteration of the driving
force. This result limits the meaningfulness of previous theo-
retical or experimental studies aiming at the identification of
limiting steps in the framework of the RDS since it is a
common practice to assume that a single mechanism or even
a single RDS governs the OER performance, independent of the
applied driving force. It is therefore inevitable that future
studies on highly active OER catalysts require the evaluation
of several mechanistic pathways to omit erroneous conclusions
on the RDS and not to overlook important mechanistic
features.

6 Methods

The presented modeling approach relies on an in-house meth-
odology that connects the adsorption free energies of the
intermediate species in the electrocatalytic processes of
eqn (1)-(28) to electrocatalytic activity by the descriptor G,ax(U)
to compile volcano curves for oxygen evolution. In the follow-
ing, this procedure is illustrated on the example of the mono-
nuclear mechanism (¢f. eqn (2)-(6)). The free energies of the
reaction intermediates *OH, *O, and *OOH in dependence of
the applied electrode potential are given by eqn (29)-(33):

Gu(U) = 0 (29)

Gumou(U)=AG, —1xexU (30)
Gmo(U)=AG +AG, —2xexU (31)
Gumeoon(U) = AG1 + AG, + AG; —3 xex U (32)
Gumio,(U) =+4.92 eV —4 x e x U (33)

By considering the scaling relations of eqn (34) and (35),

AG, + AG; = SRI (34)

AG, =2 x AG, (35)
The energetics of the intermediate states are:

Gu(U)=0 36

Gmou(U)=AG; —1xexU 37
Gum-o(U) = 3 x AG,
GM*OOH(U) :AGI + SRI

-3 xexU 39

40

(36)
(37)
-2xexU (38)
(39)
Gmio,(U) =+4.92eV -4 xex U (40)
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For the scaling-relation intercept (SRI), we adopt values of
SRI = 3.20 eV (¢f. Fig. 2 and 3) as well as SRI = 3.00 eV (c¢f. ESL
Fig. S2 and S3), corresponding to the recent literature.®®”° For
the scaling relation between the *OH and *O adsorbates (cf.
eqn (35)), a sensitivity analysis is provided in the ESIt (¢f Fig.
S4-S7), indicating that the main results of this study are not
altered upon reasonable modification of this free-energy rela-
tion. The free-energy change AG; serves as the descriptor in the
volcano analysis, and it is varied within the free-energy regime
of AG, =[—0.50, 2.50] eV with a step size of 0.01 eV.

Based on the energetics of the intermediate states, the
descriptor Gp,.x(U) is evaluated by considering all possible
free-energy spans between the reaction intermediates:**”°

Gmax(U) = max{Gy-ou(U) — Gm(U); Gr-o(U) — Gm(U); Gum-oou(U)
— Gm(U); Gum-0(U) — Gm-on(U); Gm-oon(U) — Gum-on(U); GM+02(U)
- GM—OH(U); GM—OOH(U) - GM—O(U); GM+02(U) - GM—O(U);

Gmio,(U) = Gum-oon(U)} (41)

Volcano curves arise by plotting Gp,.x(U) as a function of AG,
for a constant applied electrode potential, U. This analysis is
not only performed for the mononuclear mechanism in a
potential-dependent fashion (¢f. Fig. 2 and 3), but also for the
other mechanistic descriptions (¢f eqn (7)-(28)). Here, we
summarize the energetics of the intermediate states for each
mechanism. For a detailed derivation of how to correlate the
adsorption free energies to the descriptors AG; and SRI, we
refer to a recent work on the four-electron and two-electron
oxygen reduction reactions where these correlations for the
reverse reaction are described in detail.®

6.1 Bifunctional mechanism I

Gu(U) =0 (42)
Gmou(U)=AG; —1xexU (43)
Gmo(U)=3 x AG;, —2xexU (44)
Gm-oo+ou(U) =4 X AG;, -3 xexU (45)
Gmio,(U) =+4.92 eV -4 xex U (46)

6.2 Bifunctional mechanism II
Gu(U) =0 (47)
GOmon(U) =AG; —1xexU (48)
Gmo(U)=3 x AG;, —2xexU (49)
GM—OOHP‘OH(U) = —AGl +SRI —2xexU (50)
Gum-oou(U) =AG; +SRI -3 x e x U (51)
Gumio,(U) = +4.92eV —4 x e x U (52)

6.3 Binuclear mechanism

Gum-omsm(U) =AG; -1 xex U (54)

This journal is © The Royal Society of Chemistry 2023
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Gum-omm-on(U) =2 X AG; -2 xex U (55)
Gm-oim-on(U) =4 X AG; 13 xex U (56)
Gyomo(U)=6 X AG; —4xexU (57)

Gumio(U)=+4.92 eV —4 xex U (58)
6.4 Oxide mechanism (*OO- - -*OO recombination
mechanism)
Gm-o+m-0(U) = 0 (59)
Gum-oonm-o(U) = —2 X AG; +SRI -1 xe x U
(60)
Gum-oonm-oon(U) = —4 X AG; +2 X SRI -2 x e X U
(61)
Gym-oonim-o00(U) = =2 X AG; +2 x SRI -3 xe x U
(62)
Gym-0o+m-00(U) =+2 X SRI —4 x e x U (63)
Gmommoto,(U) =+4.92 eV —4 xex U (64)
6.5 Two-electron water oxidation
Gmin,o(U) = 0 (65)
Gm-on(U)=AG; —1xexU (66)
Grinyo,(U) = +3.52 €V —2 x e x U (67)
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