The I-O00O0-Ir Transition State and the Mechanism of the Oxygen Evolu-
tion Reaction on Ir0,(110)f

Tobias Binninger,"® and Marie-Liesse Doublet?

Carefully assessing the energetics along the pathway of the oxygen evolution reaction (OER), our computational study reveals that the
“classical” OER mechanism on the (110) surface of iridium dioxide (IrO,) must be reconsidered. We find that the OER follows a bi-nuclear
mechanism with adjacent top surface oxygen atoms as fixed adsorption sites, whereas the iridium atoms underneath play an indirect role
and maintain their saturated 6-fold oxygen coordination at all stages of the reaction. The oxygen molecule is formed, via an [-OOOO-Ir
transition state, by association of the outer oxygen atoms of two adjacent Ir—OO surface entities, leaving two intact Ir-O entities at the
surface behind. This is drastically different from the commonly considered mono-nuclear mechanism where the O, molecule evolves by
splitting of the Ir-O bond in an Ir-0OO entity. We regard the rather weak reducibility of crystalline IrO, as the reason for favoring the
novel pathway, which allows the Ir-O bonds to remain stable and explains the outstanding stability of IrO, under OER conditions. The
establishment of surface oxygen atoms as fixed electrocatalytically active sites on a transition-metal oxide represents a paradigm shift for
the understanding of water oxidation electrocatalysis, and it reconciles the theoretical understanding of the OER mechanism on iridium
oxide with recently reported experimental results from operando X-ray spectroscopy. The novel mechanism provides an efficient OER path-
way on a weakly reducible oxide, defining a new strategy towards the design of advanced OER catalysts with combined activity and stability.

Broader Context

The vision of a hydrogen economy is more and more turning into
reality after becoming one of the top priorities of industrial poli-
cies around the globe. Water electrolysis will likely become the
workhorse for the massive generation of clean hydrogen, but the
limited energy efficiency of the process is a major obstacle for the
industrial upscaling. Whereas the cathodic hydrogen evolution
reaction is relatively fast and efficient, the anodic oxygen evolu-
tion reaction (OER) is slow and responsible for a significant share
of the energy losses, for which reason the OER is in the focus of
current electrocatalysis research. Iridium oxide (IrO,) is the most
important OER catalyst in acidic conditions, providing both high
activity and stability. Therefore, a thorough understanding of the
OER mechanism on IrO, is the starting point for the search for
cheaper alternatives. Surprisingly, we discovered that the oxy-
gen molecule evolves from the IrO, surface in an entirely differ-
ent way than conventionally assumed, involving an intriguing Ir—
OOOO-Ir transition state with a fourfold chain of oxygen atoms.
Our findings have a critical impact on our understanding of the
OER and reveal a new strategy towards the design of stable and
active next-generation OER electrocatalysts.
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Introduction

The oxygen evolution reaction (OER) is the kinetic bottleneck of
aqueous electrolysis”, and, as such, of utmost importance for the
energy efficiency of the electrochemical production of sustainable
hydrogen and chemical feedstock. Iridium oxide provides high
electrocatalytic activity towards the OER combined with good sta-
bility under acidic OER conditions?¥, for which reason it is the
most important OER electrocatalyst applied in proton-exchange-
membrane water electrolyzers. The scarcity and price of iridium,
however, is a matter of concern® and the development of OER
electrocatalysts with reduced noble metal content is a mandate
for present electrocatalysis research®™. The detailed investiga-
tion of the OER mechanism at an atomistic level is crucial for
these efforts and led to the identification of “scaling relations”
among the adsorption energies of OER intermediate species ™™
that provide an explanation for observed volcano-shaped trends
in OER activities of various metal oxides and serve as a guide for
the discovery of novel electrocatalyst materials™.

Due to the importance of iridium oxide for OER electrocataly-
sis, the reaction mechanism on crystalline rutile IrO, has attracted
considerable interest both from the experimental ™" and the
computational/theoretical ™ side, with a particular focus on
the IrO, (110) surface, which has been identified as the thermo-
dynamically stable orientation across a wide potential range “»*
and generally serves as a reference system for OER electrocatal-
ysis. According to the “classical” OER mechanism proposed by
Rossmeisl et al.™, the O, molecule is formed from two H,0
molecules through a sequence of surface-adsorbed intermediate
species involving four proton—electron transfer (PET) steps (RS:
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reaction step),

Ir* +H,0 — IFOH+H" +e” (RS1)
Ir*OH — I'O+H' +e” (RS2)
Ir*O + H,0 — Ir*OOH + H' +e~ (RS3)
I*OOH  — I+ 0,+H" +e” (RS4)

where Ir* represents a coordinately unsaturated surface iridium
cation that serves as the active adsorption site for the electrocat-
alytic cycle. The formation of the *OOH intermediate in (ES3) has
been identified as the potential-determining step (PDS), meaning
that it is the last step to become downhill in free energy with in-
creasing overpotential ™. Ping et al.”*" refined (ES3) into the se-
quence of a “chemical” water dissociation step and a subsequent
PET,

Ir*O + Ir*O + H,0 — Ir*OOH + Ir'*OH (RS5)

Ir*OOH + Ir*'OH  — Ir*OO 4+ Ir*OH + H" + ¢~ (RS6)

where the *OOH intermediate is oxidized to an *OO surface ad-
sorbate. The neighboring Ir*OH gets oxidized in a fourth PET,

Ir*OO + Ir*OH — YOO + Ir*O + H™ + e~ (RS7)

and the oxygen molecule evolves by desorption of the *OO adsor-
bate,

00 — Ir* 4+ 0, (RS8)

after which the catalytic cycle restarts in (BST) with the adsorp-
tion and deprotonation of a water molecule on the unsaturated
Ir*.

Likewise, in essentially all OER mechanisms discussed to date,
coordinately unsaturated transition-metal cations with a formally
reduced oxidation state are left behind after the evolution of the
oxygen molecule. This not only holds for classical “adsorbate-
evolving mechanisms” as discussed above, but also for alternative
“lattice oxygen mechanisms” that involve the formation of lattice
oxygen vacancies in the surface layer of the metal oxide cata-
lyst»**=%3 As a second universal aspect, the first formation of an
O-0 bond at the metal oxide surface directly produces the OO
motif that eventually evolves as an O, molecule.

In contrast, our density-functional theory (DFT) computational
results strongly suggest that the classical adsorbate-evolving
mechanism of the OER on the IrO,(110) surface does not pro-
ceed through an O, evolving step (RS4) or (ESB) with an un-
saturated Ir* intermediate species. Instead, we demonstrate that
the iridium surface atoms remain fully saturated with a 6-fold
oxygen coordination at all stages of the OER pathway, and the O,
molecule evolves in an association step of the outer oxygen atoms
of two adjacent Ir*OO entities via an Ir*OOOO*Ir transition state,

Ir* OOOO*Ir

Ir*00 + 00*Ir ————— I*O + 0, + O'Ir (RS9)

Thus, the OER proceeds entirely on an oxygen-covered surface
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through two water dissociation sequences (BS3)— (RSH)— (BS2)
producing two adjacent Ir*OO entities, followed by the O,-
evolution step (BES9). The saturated iridium cations are only
indirectly involved by creating a redox-active electronic state of
the topmost surface oxygen species that act as the fixed sites for
adsorption along the OER pathway. Importantly, the novel elec-
trocatalytic cycle involves both the formation and the cleavage of
O-0 bonds at the top surface oxygen atoms during water dissoci-
ation (BSH) and O,-association (KSY), respectively. Whereas all
of the OER mechanisms discussed to date only involve a unidirec-
tional sequence of oxidation steps for the oxygen species up to the
finally evolving O, molecule, the novel mechanism establishes a
closed redox cycle of fixed surface oxygen species as active centers,
providing an entirely novel design principle for metal-oxide OER
catalysts.

Computational Methods

DFT calculations were performed, including spin-polarization,
with the VASP package"® using the PAW method®” and the PBE"¥
GGA exchange-correlation functional. The plane-wave energy
cutoff was 520eV, Fermi-Dirac smearing with k7 = 0.05eV was
set, and the D3(BJ) method ¥ was used to account for dispersion
interaction. The PBE functional has been shown to provide an ac-
curate description of the electronic properties of IrO, **!, with
the density of states of bulk IrO, obtained from our calculations in
good agreement, see Supplementary Information (SI) Figure S1.
Also the computed tetragonal lattice constants of the relaxed IrO,
rutile structure (comp.: a = 4.515A and ¢ = 3.1 821&) agree within
less than 1% with experimental values® (exp.: a = 4.505A and
¢ =3.1594). Symmetric 5-layered IrO,(110) slabs were con-
structed from the relaxed bulk structure with the help of the py-
matgen python package®, comprising the 2 x 1 surface cell of
the (110) orientation with 4 iridium atoms per layer. Slab cal-
culations were performed with a I'-centered (3 x 3 x 1) k-point
mesh. Atomic positions of all systems were relaxed with a con-
vergence threshold of 0.016VA71 for the forces, keeping the in-
nermost IrO, layer frozen. Periodic slab images were separated
by a 20A-wide interspace region that was filled with implicit wa-
ter described by the polarizable continuum model in the VASPsol
implementation®? with a dielectric constant & = 78.4 and using
a critical density parameter n. = 0.0025 1&73 to define the implicit
solvent boundary. All structural images in the present work were
produced using the VESTA software ®.

Water-derived adsorbates were placed symmetrically on both
surfaces of the IrO,(110) slab (see SI Figures S2 and S3), and
free energies were computed according to A = Epgr + Ayjp from
the ground-state DFT energies Epgr by adding the vibrational
free energies A,j, at T = 25°C of the computed vibrational fre-
quency spectrum in harmonic approximation. The influence of
electrochemical interface charging was simulated using the ho-
mogeneous background method®® in a recently developed ver-
sion®” for the treatment of electrode surfaces in presence of ad-
sorbate species. In short, the electron number N was varied with
respect to Ny of the neutral cell, and the free energy was trans-
formed to the grand potential Q = A — Egerm; (N — Ny) for a po-



tentiostatic setting, where the chemical potential is given by the
Fermi energy. The electrode potential e & = (—e)@elyie — Epermi Was
determined as the “work function” of the electrode surface in the
implicit water environment, where @1y is the electrostatic poten-
tial level in the bulk implicit solvent. A reference value of 4.44eV
was used for the standard hydrogen electrode (SHE) potential *~.
Electrochemical reaction free energies were determined using the
computational hydrogen electrode method® by referencing the
chemical potential of proton-electron pairs at the potential of the
reversible hydrogen electrode (RHE) to half the Gibbs free energy
per molecule of hydrogen gas. Gibbs free energies G=H — TS of
liquid water, gaseous hydrogen and gaseous oxygen at T = 25°C
and p = 1bar were computed from the ground-state DFT ener-
gies of relaxed H,O, H,, and O, molecules, respectively, adding
the vibrational zero-point energy, as well as the CODATA®" tab-
ulated values of the corresponding entropic (—7'S)-contribution,
gas-phase enthalpy difference H(298.15K) — H(0K), and, for lig-
uid water, heat of condensation Hy,0,1iq — HH,0,gas at 298.15K.
The energy of the oxygen molecule is known to be poorly de-
scribed at the GGA-level™, for which reason the free energy of
gaseous O, is commonly determined indirectly from the H, and
H, O free energies to yield the correct standard equilibrium poten-
tial of 1.229 Vgyg for the OER. Using the DFT-derived free energy
of O,, we obtain an equilibrium potential of 1.127 Vgyg. The dif-
ference of 0.102eV (per electron) could be compensated by an
O, energy correction of +0.408eV. However, for the sake of con-
sistency, we prefer to first treat all of O,, H,, and H,O at an
equal footing and accept the energetic errors of the computational
framework. We then discuss the robustness of our results against
such errors by adding 4-0.408eV to the O, energy, and the same
per OO entity for all adsorbate states of the IrO,(110) surface
involving such motifs. A similar energy shift has also been previ-
ously reported for the PBE functional 757,

To validate the computational results in comparison with re-
ported experimental results, cyclic voltammograms (CVs) were
simulated in terms of the electrochemical interface capacitance
as a function of the electrode potential. For this purpose, we
first computed the grand partition function Zo =Y, exp(—AQ; /kT)
from the grand potential curves AQ; of the individual adsorbate
configurations, see Figure [, from which we obtained the total
grand potential Q = —kT log(Zg), see the “concave hull” in Fig-
ure M. Charge and capacitance were then computed from the
derivatives of the grand potential with respect to the electrode
potential #5453 0 = _9Q/9& and C = —3%Q/d&2.

Activation energy barriers for the relevant reaction steps were
obtained from the climbing-image nudged elastic band (CI-NEB)
method®. The barriers were computed at constant-charge con-
ditions. The treatment of gas-phase entropy contributions in NEB
calculations must be carefully assessed. Unlike in Ref.*, we con-
sider it more consistent to not include O, gas-phase entropy con-
tributions at the transition-state of the oxygen evolution steps.
Gas-phase entropy primarily results from the translational de-
grees of freedom of the “free” gas molecules in the final state.
In contrast, the OO entity at the transition state of O, evolution
does not possess such translational freedom due to its linkage to
a specific motif of surface sites from which it evolves. The gas-
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Fig. 1 Computed grand-canonical stability diagram of adsorbate config-
urations on the IrO,(110) surface in aqueous environment at pH = 0 with
the fully *O-covered surface as reference system. Vertical dotted lines in-
dicate the equilibrium potentials for the transition between lowest-energy
adsorbate states (shown above with oxygen: red; hydrogen: white; irid-
ium: pale golden). The total grand potential of the system is the “con-
cave hull”, shown as a thin black dashed curve. Naming scheme: Species
at the top (t) and bridge (b) oxygen sites (two of each per simulated sur-
face cell); V: Vacant top oxygen site.

phase entropy thus only affects the entirely free product state of
the evolved O, molecule, which has no influence on the forward
rate of the elementary reaction step.

Results

Figure [ presents the computed grand-canonical stability diagram
of the relevant aqueous adsorbate configurations on IrO,(110) at
pH = 0. The relative stability and equilibrium potentials between
the mixed *O- and *OH-covered surface states are in excellent
agreement with previously reported results“’ (see SI Figure S4).
Above 1.23 Vg, the bridge oxygen sites are largely deprotonated
and remain inactive, while the top sites are fully covered with
*OH (labelled (III) in Figure mM). Taking into account adsorbate
states with *OOH and *OO entities, we find that the fully proto-
nated top oxygen sites would transform into a completely *OO-
covered state (labelled (IV) in Figure M) around 1.34-1.37 VNgE.-
These qualitative results are robust against the OO energy cor-
rection discussed above, which merely shifts the latter transition
potential to around 1.5Vygg as shown in SI Figure S5. It is im-
portant to note that, as shown by the dotted curve in Figure [, the
state with an oxygen vacancy (V) at the top site, corresponding
to an unsaturated Ir* (see SI Figure S2), is thermodynamically
out of reach. This is not surprising, because strong dissociative
adsorption of water molecules to Ir* is known to occur at the sto-
ichiometric IrO, (110) surface”’, for which we obtain a binding
energy of 1.3eV per H,0. However, this observation already in-
dicates that, even if temporary, the formation of unsaturated Ir*
in the course of the OER, as in steps (ES4) or (RSH), is rather
unlikely.

How then could the O, molecule evolve from the surface with-
out creating Ir*? As discussed above, the thermodynamically
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Fig. 2 Comparison between the conventionally considered OER mecha-
nism (golden color) and the novel mechanism (blue color) at pH=0 and
a potential of 1.53Vnge (a) and 1.23Vngg (b). The intermediate adsor-
bate configurations are shown and denoted by the occupation of the two
top oxygen sites per surface cell. If not otherwise indicated, the bridge
oxygen sites are occupied by O + O. Reaction barriers of dissociative
water adsorption (H,OJ) and oxygen evolution (O,1) steps were esti-
mated from climbing-image NEB calculations for the neutral systems,
see Figure B. The zero energy reference was chosen at the respective
lowest-energy surface configuration involving only *O and *OH, see Fig-
ure M. The absolute lowest-energy configuration OO + OO at 1.53 Vnug
is indicated by a dash-dotted line in (a). Note that no correction of the
OO energy was applied, for which reason the initial and final states at
the correct equilibrium potential in (b) are slightly misaligned.

stable surface configuration in the OER-relevant potential range
involves complete coverage of the top oxygen sites by *OO0. As
shown in the structural drawing (IV) of Figure 0O, the spatial ex-
tension of the *OO entities enables the outer oxygen atoms of two
adjacent *OO to closely interact without requiring distortion of
the underlying IrO, lattice. We therefore propose reaction (RS9)
as the actual O,-evolution step at the IrO,(110) surface, where
the O, molecule is formed by association of the outer oxygen
atoms of neighboring *OO0 while preserving the full coordination
of surface Ir cations. Figure @ compares the novel pathway (blue)
with the conventional one (golden) at an OER-relevant electrode
potential of 1.53Vnyg in B(a) and the equilibrium potential of
1.23 VngE in B(b). The results for the conventional pathway agree
very well with previous reports“’. As expected from the slight er-
ror in the computational equilibrium potential discussed above,
the initial and final states in B(b) are not aligned at the real equi-
librium potential. Results including the OO energy correction,
with aligned initial and final states at 1.23 Vyyg, do not affect the
conclusion and are shown in SI Figure S7. The grand-canonical
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free energies of all OER intermediate states shown in Figure &
are given in SI Tables S1 and S2. The novel mechanism shares
the same steps as the conventional one until a top *OO entity is
formed. According to the conventional mechanism, this *OO di-
rectly evolves as O,. In the novel mechanism, another adjacent
*OO0 entity is first formed, and the outer oxygen atoms finally
associate to evolve as O,. From the energetic alignment of the
respective intermediate states, it becomes directly clear that the
novel OER mechanism is favored over the conventional one at any
potential. In fact, at 1.53 Vyyg all steps of the novel mechanism
are downhill, whereas the O, evolution step of the conventional
mechanism costs a significant uphill free energy of 0.46eV.

To estimate the influence of the activation energy barriers, we
used the climbing-image nudged elastic band (CI-NEB) method®
for dissociative water adsorption on the *O-covered surface
(BSH), oxygen evolution by *O0-00* association (ES9) (novel
mechanism), and oxygen evolution by desorption (BESR) (conven-
tional mechanism). We assume the barriers of simple PET steps
in acidic conditions to be negligible. The corresponding energy
barriers are shown in Figure B together with images of the initial,
final, and intermediate/transition states. The presented results
were obtained for the neutral systems, but we also performed
NEB calculations at a fixed negative surface charge as discussed
below. For the conventional O, evolution step by desorption,
we obtained an activation energy of AEpgr = 0.95eV, measured
with respect to the initial state of a single adsorbed *OO, see Fig-
ure B(c). In contrast, the novel step of O, evolution by *O0-00*
association only requires an activation energy of AEpgr = 0.34¢V,
measured with respect to the ground-state of two adjacent *OO,
see Figure B(b). Therefore, both thermodynamically and kineti-
cally, the novel OER mechanism on IrO, (110) is favored over the
conventional. As shown in SI Figure S7, this conclusion also holds
when adding the OO energy penalty discussed above.

The transition state of the O, evolution step is an intriguing
Ir-O00O-Ir entity with a chain of four oxygen atoms and three
0-0 bonds, see Figure B(b). The evolving O, molecule results
from creating a novel inner O-O bond while splitting the two
outer O-O bonds, whereas the basal Ir-O bonds remain intact.
The creation of the O-O bond of the evolving O, molecule is
shown in Figure B at the Ir-OOOO-Ir state, where all three O-
O bonds have an equal length of 1.44A, indicating peroxide-type
bonding. Figure B(c) shows the o-bonding charge density of the
newly forming inner O-O bond, which becomes visible in the
local density of states (LDOS) integrated over the energy range
from —3.0 to —2.0eV VS. Egemi- In the energy range from —2.0 to
—1.0eV vs. Egeri, We observe certain n-bonding characteristics,
see Figure B(b), whereas the LDOS in the energy range directly
below the Fermi level reveals a 7*-antibonding character, see Fig-
ure B(a). We further note that the LDOS plots also show the
crystal-field splitting of the iridium 54 orbitals. The shape of the
LDOS around the iridium atom of the second layer in Figure B(a)
(at the lower-half center) results from the superposition of the d,,
and d,, orbitals that determine the density of states around the
Fermi level, whereas the d»_,» orbital dominates in the energy
range from —2.0 to —1.0eV vs. Egemi, shown in Figure B(b). In
the range from —3.0 to —2.0eV vs. Epem;, all three orbitals dy;,
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Fig. 3 Activation energy barriers from climbing-image NEB®® calculations for dissociative water adsorption on the *O covered surface (a), see
reaction (BSH), oxygen evolution by *O0O-00* association (b), see reaction (BESd), and oxygen evolution by desorption (c), see reaction (BES8). Initial
and final state energies are indicated by horizontal solid and dash-dotted lines, respectively. NEB calculations were performed for uncharged systems.

Fig. 4 Creation of the final O—O bond of the evolving O, molecule at
the I—OOOO-Ir transition state: Isosurface plots of the local density
of states (LDOS) integrated over different energy ranges (PARCHG file
from VASP): (a) from —1.0 to 0.0eV vs. Epemi, (b) from —2.0 to —1.0eV
vs. Epermi, and (c) from —3.0 to —2.0eV vs. Epermi.

dy;, and d\>_,» have approximately equal contributions, resulting
in the #,,-like LDOS visible in Figure B(c). The r;¢-like iridium 5d
orbitals are involved in #-type Ir-O interactions. These observa-
tions are in very good agreement with previously reported results
for the crystal-field splitting and bonding in bulk IrO, *.

The question remains for the rate-determining step (RDS) of
the novel OER mechanism. The dissociative H,O adsorption on
the *O-covered surface has been identified as RDS of the conven-
tional mechanism”. However, in this study, the O,-desorption
barrier had been lowered by adding entropy contributions of
the free O, molecule to the transition state. As discussed in
the Computational Methods section, we consider it more con-
sistent with transition-state theory to relate the transition state
to the initial state rather than the final state of the given ele-
mentary step. Without including the final-state entropy contri-
bution, the O,-desorption barrier of AEprr = 0.95eV is signifi-
cantly higher than the H,O-dissociation barrier, for which we ob-
tained AEpgr = 0.22¢V, see Figure B(a), at the uncharged *O-
covered surface (with a potential of zero charge of 2.59 Vgyg).
Although H,O dissociation according to reaction (BSH) could
be regarded as a “chemical” step due to the absence of PET,
Ping et al.”” found a marked potential dependence of the cor-
responding energy barrier. We therefore also performed a NEB
calculation for the charged system with a constant excess sur-
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Fig. 5 Computed cyclic voltammogram (a) of an IrO,(110) electrode
at pH =0, and integrated charge (b) per 2 x 1 surface cell with the
fully *OH-covered surface (t: OH + OH b: OH + OH) as zero-charge
reference state. The results including the OO energy penalty are shown
as dash-dotted curves. Vertical dotted lines and numbered potential
ranges have the same meaning as in Figure M. The most stable adsorbate
configurations in the respective potential ranges are indicated with top
and bridge occupations.

face charge of —0.6enm~2, corresponding to an electrode poten-
tial of 1.69Vgsyg for the *O-covered surface in the initial state.
Under these conditions, we obtained an H,O-dissociation barrier
of AEpgr = 0.55¢V, significantly larger than for the neutral sys-
tem, and in good agreement with the previously reported val-
ues at similar potentials™. However, even when taking into
account the influence of surface charging, the H,O-dissociation
barrier remains significantly smaller than the energy barrier of
the conventional O,-desorption step, so that the latter would be
rate-limiting for the conventional OER mechanism. For the en-
ergy barrier of the novel O,-evolution step by *O0-O0* associ-
ation, we found a negligible dependence on the charge state of
the surface (AEppr = 0.33eV at —0.6enm ™2 vs. AEppy = 0.34eV
for the uncharged system). From the comparison with the H,O-
dissociation barrier, we conclude that H,O dissociation accord-
ing to reaction (ESH) is the RDS of the novel OER mechanism
on Ir0,(110) in the OER-relevant potential range. Close to the
OER equilibrium potential, however, the thermodynamic desta-
bilization of the *OO-covered surface state compared to the *O-
covered state can make the Ir-OOOO-Ir transition state of the
0,-evolution step the highest point to be overcome along the free-
energy profile of the OER pathway, see Figure O(b).
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Discussion

Given the extensive research in the field of OER electrocatalysis
during the past decade, we acknowledge that the proposition of a
major change in the “classical” mechanism on IrO, might appear
surprising. We emphasize that both our computational methodol-
ogy and our results agree in all relevant aspects with the state of
the art”. We therefore attribute the discovery of the novel mech-
anism simply to it having been overlooked so far, rather than any
difference in methodology. In the following, we show that the
novel OER pathway is strongly supported by the current experi-
mental state of knowledge.

We first compare the cyclic voltammogram (CV) derived from
our results with the experimental CV reported for the same sys-
tem™. The computed CV of the IrO,(110) electrode at pH =0 is
plotted in Figure B(a) in terms of the capacitance C as a function
of the electrode potential &, see Computational Methods. The
respective results including the OO energy correction are shown
as dash-dotted curves. The computed CV is characterized by two
broad pseudocapacitive peaks in the potential range 1.0-1.3 VNug
that correspond to the deprotonation of the two bridge oxygen
sites of the simulated 2 x 1 surface cell, see Figure . These fea-
tures are in agreement with the broad pseudocapacitive region
observed in the experimental CV of IrO, (110) in acidic electrolyte
within the same potential range, as reported by Kuo et al."®. Also
the integrated charge, shown in Figure H(b), agrees well with the
experimental results. The plateau in the charge plot around 1.3-
1.4VnuE (before the final steep increase) corresponds to a charge
of 1.6-1.7 electrons per 2 x 1 surface cell, which is in excellent
agreement with a reported value of around 1.7 (0.85 electrons
per surface top-site Ir) "®. We conclude that the pseudocapacitive
pre-OER region in the CV of IrO, (110) corresponds to the depro-
tonation of bridge oxygen sites, in agreement with the spectro-
scopic observation of the formation of “O'~” species within the
same potential range reported by Saveleva et al.™, which the au-
thors assigned to deprotonated bridge oxygen species. However,
based on our analysis, this process has no direct relation to the
OER, because the bridge oxygen are “spectator” species during
the OER cycle. The OER-relevant top oxygen sites are passivated
due to protonation in the pre-OER region.

The formation of the OER-active state of the top oxygen species
occurs in the pronounced peak of the simulated CV between 1.3-
1.4Vnug, which, including the OO energy correction, shifts to
the range 1.45-1.55VNyE, in excellent agreement with the exper-
imental OER onset on IrO, (110) in acidic electrolyte '8 Thermo-
dynamically, the top oxygen state would transform from proto-
nated *OH straight to *OO, see Figure . However, the OER drives
the surface out of equilibrium in this potential range, and the sur-
face state becomes dependent on the kinetics and RDS of the OER
mechanism. We argued that the O,-desorption step would be
rate-limiting for the conventionally considered mechanism, with
a significantly larger activation energy than the H,O-dissociation
step. In such a case, the *OOH and *OO intermediates would
equilibrate with all “upstream” species of the OER pathway, in
particular the *OH and *O surface states, and the top surface
sites would become fully covered with *OO0, see Figure M. The
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same would hold for the novel mechanism if the O,-evolution
step (BS9) was rate-limiting. However, we saw from the NEB cal-
culations that at OER-relevant potentials the formation of *OOH
in the H,O-dissociation step (BS3) is more likely the RDS of the
novel mechanism, so that the surface state equilibrates primar-
ily among the upstream species of *OH and *O. This would re-
sult in a dominant *O-coverage in the OER potential range above
1.5VnNuE, see SI Figure S4, in agreement with the spectroscopic
findings by Pedersen et al.®™>. The *OOH and *OO entities lie
“downstream” of the RDS towards the OER product side, result-
ing in a low, kinetically controlled surface coverage, for which
reason the spectroscopic detection of such species®® is challeng-
ing.

Different studies have highlighted the central role of elec-
trophilic surface oxygen atoms with a certain radical charac-
ter ZL2E5758 for the OER mechanism on iridium oxides. Based
on the spectroscopic observation of “O'~” species, Pfeifer et al.®®
and Saveleva et al."™® have suggested an oxygen-anion redox cy-
cle, in contrast to the conventional notion of a transition-metal-
cation redox cycle. However, none of the proposed OER mecha-
nisms to date is consistent with such a perspective, because, even
if temporarily in an “O'~” state, the active surface oxygen species
follow a unidirectional oxidation sequence until they become part
of the evolving O, molecule. Furthermore, the existence of co-
ordinately unsaturated Ir* species after the O,-evolution step is
implied in any of these mechanisms, so that the actual redox
cycle is provided by iridium cations rather than surface oxygen
anions. The novel OER mechanism closes this consistency gap
by establishing a fully closed anion redox cycle of top surface
oxygen species on IrO,(110) that represent the fixed adsorp-
tion sites along the OER pathway. The Ir cations underneath
the top oxygen sites preserve their full oxygen coordination at
all stages and thus only indirectly participate in the OER mecha-
nism. As a consequence, the saturated Ir species merely undergo
screened, indirect changes of their oxidation state. In particular,
the novel mechanism does not involve partially reduced “Ir''*”
species (corresponding to Ir*) at any stage. These findings explain
the spectroscopically observed constancy of the iridium oxidation
state and the absence of iridium cation species in a reduced oxi-
dation state during OER on IrO, . The novel mechanism thus
completes the paradigm shift away from a metal-cation redox cy-
cle to an oxygen-anion redox cycle as the key element of OER
electrocatalysis on crystalline iridium oxide, with possible conse-
quences also for other metal oxide catalysts. The suppression of
the conventional O,-desorption step indicates a rather weak re-
ducibility of crystalline IrO,. In other words, it is a certain resis-
tance of IrO, against reduction that favors the novel OER mecha-
nism over the conventional one. This conclusion is supported by
the fact that besides rutile-structure IrO,, no other binary oxides
of Ir are known, in particular no reduced binary oxide like, e.g.,
Ir,055%. The novel mechanism provides an efficient pathway for
the OER to proceed at the oxygen-covered surface of a weakly
reducible oxide. We consider this insight to be of fundamen-
tal importance for strategies towards the discovery of advanced
metal-oxide-based OER catalysts.

As a unique feature, the novel mechanism involves both the



formation and the cleavage of O-O bonds. In fact, it is the
splitting of the O-O bond in the Ir*OO entities during the O,-
evolution step (BES9) which closes the redox cycle of the oxygen
species in the remaining Ir*O entities. The electronic character
of the stable top oxygen species must therefore not only enable
a facile formation of an O-O bond by water nucleophilic attack
in step (BSH), but also a facile splitting of this bond in the sub-
sequent O,-evolution step (RSY). This aspect is highly relevant
for an analysis of scaling relations and volcano-plots™I,I%,20,60
that typically employ the adsorption energies of *OH, *O, and
*OOH intermediates on coordinately unsaturated transition metal
atoms as descriptors. According to the novel mechanism, how-
ever, the Ir-O bond of the top Ir*O entities never gets broken.
Instead, it is the adsorption energies of H, OH, and O on the fixed
top oxygen atoms that govern the energetics along the OER path-
way, while the strength of the Ir-O bond only plays an indirect
role. Moreover, since the novel OER mechanism does not re-
quire the breakage of an Ir-O bond, it decouples OER kinetics
from metal oxide stability, which is determined by the strength
of the Ir-O bond. This explains why high OER activity can be
combined with catalyst stability for the case of crystalline IrO, °.
It is interesting to note that mixed-metal-oxide catalysts, such as
La,LilrOg/La,IrOg, which contain iridium cations in a higher for-
mal oxidation state up to IrVI*, involve an iridium-cation redox
cycle with the formation of oxygen vacancies during OER, result-
ing in structural decomposition of the catalyst®. In contrast, the
stable oxygen-anion redox cycle on the weakly reducible IrO, en-
ables the unique combination of OER activity and structural sta-
bility. The combination of an only weak reducibility of the bulk
oxide with an electrophilic oxygen surface termination thus ap-
pears a promising principle for the design and discovery of ad-
vanced OER catalysts providing both superior activity and stabil-
ity.

Finally, our findings could also have consequences for the dis-
covery of novel electrocatalyst materials for the oxygen reduc-
tion reaction (ORR). We established the deprotonated *O-covered
IrO,(110) surface as the stable active state of the electrocatalyst
during OER. By reversing the direction of the novel OER mecha-
nism, it appears possible, at least in principle, to design electro-
catalysts for the reverse ORR that operate in the oxidized surface
state. This could enable higher operation potentials than conven-
tional ORR catalysts, which require reduced transition-metal sites
to be available.

Conclusions

In summary, we found that the “classical” OER mechanism on
IrO,(110) proceeds differently than presently assumed. Instead
of the conventionally considered O,-desorption step, the O,
molecule evolves in an association step from two neighboring
Ir*OO0 entities via an intriguing Ir*OOOO*Ir transition state. At
practical OER potentials, the dissociative water adsorption at the
*O-covered surface is the rate-determining step, but close to the
equilibrium potential, the availability of Ir*OO surface motifs for
the O,-evolution step becomes the overall thermodynamic bot-
tleneck along the OER pathway. The fixed top oxygen atoms
at the IrO,(110) surface are the active sites of the catalytic cy-

cle, and the surface iridium atoms remain fully coordinated at all
stages. The novel mechanism thus corresponds to a fully closed
oxygen-anion redox cycle, representing a paradigm shift in OER
electrocatalysis and consistently explaining recently reported re-
sults from in situ/operando X-ray spectroscopy experiments. Fur-
thermore, our results provide an explanation for the surprising
combination of activity and stability for crystalline IrO,, because
the OER occurs without requiring the breaking of Ir-O bonds.
Optimizing the strength of the metal-oxygen bond for stability
therefore does not necessarily jeopardize the OER activity, which
is highly relevant for the design of advanced OER catalysts com-
bining performance in both activity and stability.
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