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How to Break the Activity-Stability Conundrum in Oxygen
Evolution Electrocatalysis: Mechanistic Insights

Tobias Binninger,*™ Genevieve C. Moss,” Ziba S. H. S. Rajan,” Rhiyaad Mohamed,”™ and

Michael H. Eikerling™ ¢

Technically viable electrocatalysts for the oxygen evolution
reaction (OER) must be both active and stable under the harsh
conditions at an electrolyser anode. While numerous highly
active metal-oxide catalysts have been identified, only very few
are sufficiently stable, with iridium oxides being the most
prominent. In this perspective, we draw insights from OER
mechanisms to circumvent the activity-stability conundrum
generally plaguing the development of OER catalysts. In the

Introduction

Efficiently catalyzing the oxygen evolution reaction (OER)
remains a key challenge for the commercialization of water
electrolysis technologies at scale. The demanding kinetics of the
OER require the use of rare catalyst materials based on
platinum-group-metals (PGM:s), such as iridium and ruthenium.
At strongly acidic or alkaline pH and anode potentials exceed-
ing 1.5 Vg, catalyst corrosion is a severe issue. Under these
conditions, all metals, including noble metals, are oxidized and
in principle, only metal oxides can therefore be stable. However,
even most metal oxide catalysts were observed to undergo
corrosion during OER™™ In this respect, crystalline, rutile
iridium dioxide (IrO,) is a rather unique case, offering the
combination of both high OER activity and good stability, and
therefore is the state-of-the-art anode catalyst in commercial
proton-exchange-membrane water electrolysers (PEMWEs). Ow-
ing to the scarcity of iridium, however, it is necessary to
substantially reduce iridium loadings at electrolyser anodes, or
strive towards the use of more earth-abundant materials, to
enable large-scale deployment of PEMWE technology.”! The
development of affordable OER electrocatalysts which are both
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commonly considered OER mechanisms, one or several metal-
oxygen (M—O) bonds are required to be broken along the OER
pathway, providing a mechanistic link between the OER and
oxide decomposition. However, a recently discovered mecha-
nism on crystalline iridium dioxide provides a new OER pathway
without M—O bond breakages, thus enabling the combination
of sufficient activity and stability.

highly active and stable is thus a key challenge in electro-
catalysis research for water electrolysis. While major efforts have
focused on the search for materials with better activity, the
importance of addressing the issue of long-term stability has
become widely recognized more recently.®” Improvements in
catalyst stability are not only required for efficient long-term
operation of electrolysers, but also for enabling further crucial
reductions in catalyst loadings.

Contextualizing recent contributions, in this perspective we
discuss the mechanistic relationship between OER activity and
catalyst (in)stability. We first review the often-observed correla-
tion between OER activity and catalyst corrosion from thermo-
dynamic and kinetic perspectives. Subsequently, the excep-
tional case of crystalline IrO, and its consequences for design
strategies towards stable OER catalysts are discussed. This
perspective focuses on the acidic OER, while catalyst corrosion
is less of a problem under alkaline conditions. It should be
noted, however, that the key principles of the thermodynamic
coupling between OER and catalyst instability, as well as the
proposed mechanistic descriptors for the respective decoupling
essentially apply to both acidic and alkaline conditions.

Thermodynamic Coupling Between the OER
and Catalyst Instability

Experimental evidence for a coupling between the OER and
catalyst corrosion has been presented for a variety of metal-
oxide catalysts."™ This seemingly universal phenomenon has
led some of us to prove that any metal oxide becomes
thermodynamically unstable under OER conditions.” While the
processes of OER and oxide corrosion might not appear related
at a first glance, a fundamental link was revealed in the form of
the so-called lattice oxygen evolution reaction (LOER). To
illustrate this, we consider the OER,
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1 force as the OER (top to bottom along the left-hand edge
20H" =50, +H,0 + 2e, (M in Figure 1).

written here under alkaline conditions. Due to the autoprotol-
ysis equilibrium of water, OH™ +H"=H,0, the same thermody-
namic treatment remains valid for the OER under acidic
conditions, HZOzﬁ%Oz+2H++2e’. Metal-oxide corrosion often
involves dissolution into the electrolyte,

MO, + nH,0 = M*"* +2n0OH", )

where M2 refers to the dissolved metal cation. For the sake of
clarity, this process is written as a chemical reaction with an
unchanged valency of the cation. Often, however, dissolution
involves changes in cation valency, which can be treated along
the same lines albeit including electrochemical electron trans-
fer. The LOER process reads:®

MO, = M>™ + g 0, +2ne. 3)

It corresponds to the oxidation of oxygen anions from the
metal-oxide lattice to form molecular oxygen, accompanied by
the dissolution of metal cations into the electrolyte. As
visualized in Figure 1, the three processes of OER (1), dissolu-
tion (2), and LOER (3) are coupled, i.e.,, any one of them can be
written as a sequence of the other two. Therefore, if two of the
three processes are at equilibrium, the third is automatically
also at equilibrium. On the contrary, if the OER is driven out of
equilibrium, it follows by reductio ad absurdum that at least one
of the other two processes must also depart from equilibrium.

Under OER conditions, the thermodynamic driving force
points from left to right in Eq. (1) (top to bottom along the
right-hand edge in Figure 1). Depending on the concentration
of dissolved metal cations, c¢y»., three scenarios are
distinguished.®
(i) If the concentration is less than the saturation concen-

tration for dissolution, cym: <Ci., the metal oxide is

thermodynamically unstable due to the simple dissolution
process (2).

(ii) If the concentration is equal to the saturation concentra-
tion, Cyens =Ciasay, the dissolution process (2) is at equili-
brium and the LOER must experience the same driving

Dissolution

—
%

Redeposition

% Oy + nHy0 + M2 4 2ne™

MO, +nH,O on OH™ + M2+

Figure 1. The reactions of LOER, OER, and dissolution stand in a triangular
relationship - any one of them can be written as a sequence of the other
two.
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(iii) As a consequence of (ii), the LOER process would result in a
local oversaturation of the electrolyte, cym: >ci,, and
trigger redeposition on the metal oxide surface in the
reverse direction of Eq. (2) (right to left along the top edge
in Figure 1).

It should be emphasized that these considerations concern
the thermodynamic coupling of OER and catalyst instability,
which does not necessarily imply coupling of the respective
kinetics.”’ The kinetic/mechanistic perspective will be discussed
later on. The established universal thermodynamic instability of
oxides under OER conditions does not contradict the thermody-
namic stability of certain metal oxides suggested by Pourbaix
analyses. To resolve the apparent contradiction, it must be
noted that Pourbaix diagrams are constructed from a defined
set of possible corrosion reactions under the assumption that
the metal/oxide/water system is equilibrated at a given applied
potential, £ (and solution pH). Reactions involving the gas
phase, however, such as the OER and LOER, cannot be
accounted for in a Pourbaix diagram, because the respective
equilibria would require the oxygen pressure, p,,, to satisfy the
Nernst equation,

E = Eq +1In(10) % logyo (%» (4)

with Ege =123 Vgye the equilibrium potential at p, =1 bar
standard pressure. At typical OER potentials, i.e., E>1.5 Vg,
Eqg. (4) yields an equilibrium pressure of the order of 10' bar,
which is clearly beyond any physically realistic situation.
However, this demonstrates that (i) enormous oxygen pressures
would be required to stabilize the metal oxide at OER potentials
and (ii) Pourbaix diagrams, strictly speaking, do not apply to
out-of-equilibrium OER conditions at ambient, or near ambient,
oXygen pressures.

Dynamic Stability and Self-Healing: The
Dissolution-Redeposition Cycle

According to the thermodynamic arguments discussed in the
previous section, the system can reach a quasi-steady state
according to scenario (iii), where the LOER drives a dissolution-
redeposition cycle (DRC) of metal cations. Employing operando
X-ray absorption spectroscopy, Fabbri et al.” observed struc-
tural transformation of a Ba—Sr—Co—Fe (BSCF) perovskite into
Fe—Co oxide under OER conditions. This could be explained
with a DRC driving dissolution of metal cations, whereby highly
soluble Ba and Sr cations are lost to the bulk electrolyte while
less soluble Fe and Co cations are redeposited onto the oxide
surface. Chung et al." performed inductively coupled plasma
mass spectrometry (ICP-MS) measurements with isotope-la-
belled Fe—Ni/Co oxides to show that Fe surface sites were
dynamically stable in a DRC after adding small amounts of
dissolved Fe ions to the electrolyte. This is closely related to the
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concept of self-healing, or self-repair, introduced by Nocera
et al.""'? for cobalt-P; catalysts prepared by self-assembly from
aqueous solutions of Co?" and phosphate (P)). This concept has
also been demonstrated for manganese oxide catalyst under
acidic conditions."”” Self-repair by redeposition of dissolved
cations can thus provide dynamic stability to intrinsically
unstable OER catalysts. While this appears to be a viable
approach for electrolysis technologies based on liquid electro-
lytes, the required presence of dissolved cation species is
problematic for polymer-electrolyte technologies, such as
PEMWEs and anion-exchange-membrane water electrolysers
(AEMWES).

Mechanistic Coupling Between the OER and
Catalyst Instability

Having discussed the thermodynamic perspective, the question
arises about the relationship between OER and catalyst
instability in terms of reaction kinetics and the mechanism
involved. Decoupling the kinetics of OER and LOER could, in
principle, render a metal oxide sufficiently (meta)stable for the
envisaged operation time of an electrolyser. The following
discussion is based on three commonly considered OER
mechanisms: the classical adsorbate evolution mechanism
(AEM),™ the binuclear peroxo mechanism (BPM),"*"" and the
lattice oxygen mechanism (LOM)."® We note that different
nomenclatures are used for these mechanisms, sometimes
implying subtle differences in certain reaction steps. The BPM
has also been referred to as ‘oxide path mechanism’ (OPM),”™
but we prefer the term BPM to better distinguish it from the
LOM. We will first review the essential differences between
these mechanisms before discussing their relationship to
catalyst (in)stability.

The classical AEM is commonly written as a sequence of
four electron-proton removal steps that proceed via the
surface-adsorbed intermediates OH, O, and OOH,"

M* 4+ H,0 - M—OH +H" + e~ (5)
M—OH — M—0 + H" + e~ 6)
M—0 + H,0 — M—OOH + H* 4+ e~ )
M—OOH — M* + 0, + H" + e~ 8

where M* denotes a free adsorption site on top of a
coordinately unsaturated surface metal cation. It has been
pointed out that the final step must be considered as two
sequential elementary steps,?*?"

M—OOH — M—00 +H" + e~ 9)

M—00 — M* + 0, (10)
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with a deprotonation of OOH to form an adsorbed OO and
subsequent desorption to release a free O, molecule.

The BPM (also known as OPM)""¥ was frequently considered
for molecular oxygen-evolving complexes,>”! but also metal
oxide catalysts.?**** As a main difference to the AEM, the
oxygen molecule is formed via association of two neighboring
on top oxygen atoms,

M—-0+ M—-0 — 2M* 4+ 0, an

which results in the formation of two unsaturated metal cations.
It must be noted that most computational studies have treated
this step simultaneous with re-adsorption of one or two H,O (or
OH") molecules.”' As recently pointed out by some of us, this
approach should be taken with care, because it can hide the
actual energetic barrier by ignoring the unsaturated state of
surface cations.”"

The LOM has been proposed by Rong etal. for certain
perovskite-type catalysts."® Similar to the BPM, the oxygen-
oxygen (0O—0) bond is formed via internal coupling. However, in
the case of the LOM, only one of the involved species is a top-
adsorbed surface oxygen, while the other is a bridge oxygen
(M—O—M) from the surface layer of the oxide lattice,

M—0—M + M—OH — M*V5*M + M—00 + H' + e~ (12)

The O, molecule is subsequently released in a desorption
step (10). The O—O coupling step (12) results in the formation of
an oxygen vacancy (Vo) in the surface oxide layer, which
requires breaking of two metal-oxygen (M—0O) bonds. The LOM
can therefore only proceed on oxides with a weak lattice bond
strength and, thus, low bulk stability."® The catalytic cycle is
closed by insertion and deprotonation of H,0 (or OH") at the
vacancy site,

M*Vo*M + H,0 — M—O—M + 2H" +2e~ (13)

However, if the rate of this step is not entirely balanced
with step (12), more and more oxygen vacancies will accumu-
late in the surface oxide layer, destabilizing the metal cations
and triggering dissolution into the electrolyte. The LOM thus
establishes a close mechanistic link between OER and LOER.
Comparing the LOM and AEM pathways on a series of
perovskite catalysts, Rong et al."™® found increasing OFR activity
and a switching from AEM to LOM with decreasing bulk
stability.

The number of metal-oxygen bonds split along a given OER
pathway, Ni},"ﬂ‘o, represents an intuitive descriptor for the kinetic
coupling of OER activity and metal oxide instability. Figure 2
depicts the critical M—O bond breaking steps for the different
mechanisms. The LOM requires breaking of two lattice bonds
(M—O—M) in step (12) and one surface M—O bond in the final
desorption step (10). This is only feasible for oxides with poor
stability. The AEM, on the other hand, requires breaking of only
one surface M—O bond to release the O, molecule from the top
adsorption site, cf. steps (10) or (8). Finally, two surface M—O
bonds get broken in step (11) for the BPM, which thus falls in

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

35UBO1T SUOWILLOD aAIRa.1D a|aedljdde sy Aq pausenob ale sapile YO ‘8sn JO Sa|n Joj ArlqiauljuQ AS|IM UO (SUOIIPUOI-pUR-SLLLIBY WO A3 | 1M ARelq 1 Bul|UO//SANY) SUORIPUOD pue SWid | 8Y188S ' [7202/2T/2T] uo AkeiqiauliuQ AB]IM ‘BIUsD Uoeasay HAWo yatine wniuszsbunyasiod Aq 295007202 9199/200T 0T/I0p/wod Ao 1M Areiqpuljuo-adoine-Ais iweydy/sdny woly papeojumod ‘LT ‘0z '6685298T



ChemCatChem

Perspective
doi.org/10.1002/cctc.202400567

Chemistry
Europe

European Chemical
Societies Publishing

[

Adsorbate Evolution T /O(H)
Mechanism (AEM) (l) (ID Cl) ?
split  __
NMfO =1 /M\O/M O/M\O/M\
Binuclear Peroxo PN
Mechanism (BPM) (l) ? (I) ?
split __
NM—O =2 /M\O/M\O/M\O/M\
Lattice Oxygen
Mechanism (LOM) Cl) (H)(l) ? (|)
lit
N;}):O =3 /M\O/M\O/M\O/M\
Tetraoxidane /0, ‘O\
Mechanism (TOM) | (|D (l) |
N;?[_lij =0 /M\O/M\O/M\O/M\

o

—0

Eq. (11) /M\O/M\O/M\O/M\

(e + HY) P
7 79
____* //
Eq.(12) \O/M:’ ‘;M o~ ™\ Eq(10 ©
0=0

—_—

J

Figure 2. Critical steps of the AEM, BPM, and LOM involving the breakage of metal-oxygen bonds (highlighted in red). The number of bond breakages along a
given pathway, Nﬁ,ﬁ’ﬂ‘o, indicates to what degree the kinetics of the OER and oxide decomposition are coupled. The TOM mechanism does not involve any M—O

bond breakages.

between the LOM and AEM. Out of these mechanisms, the AEM
would thus be expected to enable the best combination of OER
activity and catalyst stability. However, at least one surface
metal-oxygen bond must be split in all of the commonly
considered mechanisms. According to the Sabatier principle,
the respective bond strength must neither be too strong nor
too weak for achieving optimal OER activity. On the other hand,
maximum strength of metal-oxygen bonds in the oxide lattice
is required for optimal bulk stability. The similar nature of lattice
and surface M—O bonds thus imposes a trade-off in the
optimisation towards activity vs. stability.

A Novel Mechanism for Combining Activity and
Stability

A general correlation between OER activity and oxide instability
thus derives from both thermodynamic and kinetic perspec-
tives. Crystalline iridium dioxide, however, represents a prom-
inent exception to this rule, displaying both high activity and
stability. This was clearly demonstrated by Over et al.*** who
observed perfect stability of single-crystalline 1rO, (110) films
even at anodic potentials of 2.1 Vg and concluded that “single-
crystalline 1rO, (110) films are much more stable than hitherto
expected”.” The origin of the superior performance of
crystalline iridium dioxide was recently explained by Binninger
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and Doublet,” who revisited the classical mechanism of the
OER at the IrO, (110) surface. A very high energy barrier of
about 0.9 eV was found for the final step (10), suggesting the
desorption of the O, molecule to be inhibited by the strength
of the Ir—O0 bond. Most previous studies have only considered
the respective free energy change, which is significantly
lowered by final-state gas-phase entropy contributions, and
therefore overlooked the critical role of the desorption step.?”
While the suggested strength of the Ir—O bond explains the
remarkable stability of crystalline iridium dioxide, the material
would be expected to be a poor OER catalyst due to over-
binding of the reaction product, in disagreement with the
experimentally established excellent activity of IrO,. To resolve
this contradiction, Binninger and Doublet proposed a new
pathway bypassing the critical desorption step and avoiding
the breaking of an Ir—O bond. The evolving O, molecule is
formed by association of two neighboring M—OO entities,

M—00 + M—00 — 2M-0 + 0,, (14)

passing through a M—OOOO0-M transition state.”® We note that
this pathway was also proposed by Curutchet etal. as a
competing alternative to the AEM on CoOOH,*” who recog-
nized the similarity between the O, intermediate and the
tetraoxidane molecule (H,0,).%® We therefore refer to the
pathway involving step (14) as ‘tetraoxidane mechanism’ (TOM).
Since no metal-oxygen bonds are broken, the TOM kinetically
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decouples the OER from LOER/oxide decomposition. It can
proceed on metal oxides with high M—O bond strength and
enables excellent OER activity of IrQ,.%

As an alternative to the TOM, Exner?” recently proposed
that the M—O bond breaking in step (10) of the AEM could be
facilitated by simultaneous bond formation due to adsorption
of a water molecule in a step similar to the Walden inversion.
Indeed, Walden inversion steps have been shown to be
involved in the dissolution mechanism of tetrahedrally coordi-
nated RuO, entities at a reconstructed RuO,(100) surface by
Hess and Over.®” However, in most oxide catalysts for the OER,
metal cations have an octahedral coordination environment
that provides little space for attack by Walden inversion and
can sterically protect the metal cation. This is supported by the
study of Ping etal® who performed simulations of the
concomitant O, desorption and H,0O adsorption at the IrO, (110)
surface. It was found that desorption and adsorption proceed
one after the other. The feasibility of concerted breaking and
re-formation of M—O bonds at the catalyst surface thus depends
on the coordination environment of surface cations and must
be evaluated by explicit barrier calculations."

Implications

The new understanding of the origin for combined activity and
stability of IrO, has implications for the design of material-
efficient, high-performing catalysts for the OER. Firstly, the
exceptional role of crystalline iridium dioxide is highlighted,
encouraging the development of novel synthesis routes
towards nano-crystalline IrO, with maximum active surface area
and high degree of crystallinity.**" At the same time, however,
the question arises why amorphous iridium oxides (IrO,) are
much less stable and more prone to dissolution than their
crystalline counterparts.”! It will have to be clarified whether
this is due to the nature of iridium-oxygen bonds present in
IrO,, possibly related to the increased presence of I ™ species,®?
or whether amorphous IrO, presents iridium species that are
sterically accessible for attack by Walden inversion.”>*® Addi-
tional studies on the mechanistic coupling between the OER
and dissolution of iridium oxides are therefore needed.** Last
but not least, we believe that these mechanistic insights have
relevance for the development of strategies towards acceler-
ated catalyst discovery. Besides evaluating the free energies of
relevant OER intermediates, computational studies for catalyst
screening should explicitly account for the O, desorption
step (10) of the AEM as well as the O, association step (14) of
the TOM. A high energy barrier of the former and a low barrier
of the latter, together with a high coverage of the M—OO
intermediate, would indicate interesting candidate materials for
combined performance in both OER activity and stability.

In summary, the activity-instability relationship in OER
electrocatalysis has been explained from both a thermodynamic
and mechanistic perspective and routes to circumvent this
conundrum have been highlighted. The commonly considered
AEM, BPM, and LOM mechanisms require the breaking of
different numbers of metal-oxygen bonds, thus kinetically

ChemCatChem 2024, 16, 202400567 (5 of 6)

coupling the processes of OER and catalyst decomposition. In
contrast, no metal-oxygen bonds are split along the TOM
pathway, which therefore kinetically decouples activity from
oxide instability. We hope that this perspective can give new
stimulus to the development of cost-effective and high-
performing OER catalysts.
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