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1 Computational Details

To comprehend the elementary steps of the oxygen evolution reaction (OER) over 1rO2(110), we
apply electronic structure calculations in the density functional theory (DFT) approximation as
implemented in the Vienna Ab Initio Simulation Package (VASP)-3. To visualize and construct
the unit cell and slab models, the VESTA software is used*.

Initially, we optimize the bulk structure of rutile IrO2 and obtain unit cell dimensions of a = b =
4.50 A and ¢ = 3.15 A. These values closely resemble experimental reports from the literature (a
=b=451A, c=3.16 A).5 Subsequently we construct a (2x1) surface slab model along the (110)
direction with the aid of VESTA. Benchmark calculations were performed to optimize the plane-
wave basis set cutoff energy (ENCUT), the k-point mesh, and the lattice constants of the crystal
structure. In our study, we use ENCUT = 440 eV and a 7 x 7 x 1 I'-centered k-point mesh to
sample the Brillouin zone for the numerical integration in the reciprocal space. A 5-layered
asymmetric slab model is chosen for the determination of free energies for adsorbate structures
on-top of the (2x1) 1rO2(110) surface. While the atoms in the lower two layers are fixed, all
atoms of the upper three layers including adsorbates are allowed to freely relax. To minimize
interactions between periodic images, a vacuum gap of at least 12 A is incorporated along the
surface normal direction.

For the description of the electronic structure, the Perdew-Burke-Ernzerhof (PBE)® and revised
PBE (RPBE)’ exchange correlation functionals are employed, along with the DFT-D3 method of
Grimme et al.8 to correct the obtained energetics in terms of dispersion effects. Additionally, a
dipole correction in the direction perpendicular to the surface is included in our calculations due
to the choice of an asymmetric slab model. We make use of projector augmented wave (PAW)
pseudopotentials® with the cutoff energy specified in the above for the plane-wave-basis set. The
Methfessel-Paxton smearing method is applied for the atomic structure optimization with a
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smearing width of 0.20 eV. The convergence criterion for forces and convergence of the total
energy along the self-consistent field (SCF) is set to 0.01 eV/A and 1076 eV, respectively.

To describe the impact of the aqueous electrolyte on the adsorption free energies, we apply a
continuum model in the realm of implicit solvation by referring to the VASPsol package.%! The
relative permittivity of water and the Debye length are set to 78.4 and 3.0 A (corresponding to 1
M bulk electrolyte concentration), respectively.

Electrochemical experiments are carried out under constant potentials whereas the most popular
approach to determine adsorption free energies refers to canonical DFT calculations (constant
charge). To this end, we apply grand canonical DFT calculations by applying a calibrated
standard hydrogen electrode (SHE) within VASPsol. We adopt the reported electrochemical
potential of an electron with respect to SHE (ue5HE), which amounts to —4.66 eV at 0 V vs. SHE.*?
For the assessment of electronic structure alterations and comprehension of charge state
variations during the electrocatalytic processes of OER, we apply Bader charge analysis using the
Henkelman Group script!? designed for VASP.

2 Pourbaix Diagram of 1rO2 (110)

2.1 Pourbaix diagrams in electrocatalysis

In the following, we discuss the construction of a Pourbaix diagram for the 1rO2(110) surface
under OER conditions. This is achieved by the connection of DFT calculations, analyzed by
means of the computational hydrogen electrode (CHE) approach'4, with a thermodynamic-
electrochemical evaluation of adsorption free energies for different adsorbate structures.t>%’
Pourbaix diagrams indicate the energetically most stable surface structure as a function of the
applied electrode potential, U, and pH. To gain insight into the surface structure of a single-
crystalline IrO2(110) model electrode under OER conditions, we determine the adsorption free
energies for a variety of surface configurations containing the *OH, *O, *OOH, and *OO
adsorbates on coordinatively unsaturated Ir surface sites, as these species are reconciled with
intermediate structures during the OER. Thereafter, we minimize the free energies of the various
surface phases as a function of U and pH, and the thermodynamically preferred surface
configuration with the lowest free energy is displayed in the Pourbaix diagram.

It is a common consensus in the theoretical electrochemistry community that the energetically
favored surface phase at the equilibrium potential of an electrocatalytic process is used as the
active surface configuration for the modeling of mechanistic pathways'®-26, While our current
study builds upon this notion, we go one step beyond this approximation in that we model the
mechanistic pathways over a variety of different surface phases that reveal a similar energetics
(cf. Figure 1b-e in the main text). This finding is further discussed in the main text of our article,
and in the following we provide a thorough mathematical framework for the determination of ab
initio Pourbaix diagrams.
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2.2 Mathematical framework

2.2.1 Adsorption processes and reference states

DFT-based Pourbaix diagrams are constructed based on a thermodynamic evaluation of reaction
equations for a well-defined reference state. On the one hand, we select the stoichiometric
IrO2(110) surface — 20ur + 2*cus — as a reference (cf. Figure S1). In this surface phase, the
coordinatively unsaturated (cus) Ircus Sites are vacant, while the iridium bridge (br) sites, Iror, are
capped by surface oxygen, Obr.

Adsorption processes can take place on both the Ircus and Iror sites; e. g., the formation of a
hydroxyl adsorbate, *OH, on-top (ot) of Ircus (abbreviated *cus) reads:

*ous + H20(1) =2 *cus-OHot + H*(ag) + €~ (1)

obr

/ /Irbr

Ircus

o oﬁgﬂ

Figure S1. Two uppermost layers of the stochiometric (2x1) IrO2(110) surface. The surface comprises two distinct
types of Ir atoms, cus and bridge sites. In the stoichiometric IrO2(110) surface, cus sites are unoccupied, while bridge
sites are oxygen-covered. This is labeled as Ircus (Short: *cs) and Oy, respectively.

As the determination of the free energy of liquid water by DFT calculations is error-prone, we
use gaseous water at T = 298.15 K and p = 0.035 bar as a reference state. This is justified by
referring to the equilibrium between water vapor and liquid water at the specified temperature
and pressure. Following the formalism of the CHE approach, the reference state for a proton-
electron pair at U = 0 V vs. SHE (standard hydrogen electrode), pH = 0, T = 298.15, and pH2 = 1
atm refers to gaseous hydrogen by referring to the equilibrium of equation (2):

H*@aq + € = % Hog) (2)

Hence, it is sufficient to calculate a hydrogen molecule by DFT as the chemical potentials of the
hydrated proton and the electron are elegantly connected to the free energy of Ha:

u(H* o) + u(€) = > G(Haw) )
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2.2.2 Determination of adsorption free energies

Calculating the Gibbs free-energy change (AG) for an adsorption process such as specified in
equation (1) is paramount for the construction of surface Pourbaix diagrams. In case of several
adsorbates in the (2x1) unit cell, the respective equations are simply combined; e. g., for the
formation of *OH and *O on-top of two adjacent Ircus sites, we arrive at:

2 *cus + 2 H20(1) 2 *cus-OHot + *cus-Oot + 3 H¥(aq) + 3 €~ 4)
The corresponding AG value for the adsorption processes reads:
AG(0,0) = G(*cus-OHot + *cus-Oot) + 1.5 G(H2) — G(2 *cus) — 2 G(H20) (5)

The term (0,0) in equation (5) indicates that this AG value refers to zero electrode potential and
zero pH. For all possible adsorbate structures, AG(0,0) values can be obtained by DFT
calculations when evaluating equation (6):

AG(0,0) = AEiot +AEzpe ~TAS (6)

Here, AEwt denotes the difference in the electronic energy between the adsorbate-covered surface
and the stoichiometric 1rO2(110) surface including the respective reference states:

AEtot = E(*cus-OHot + *cus-Oot) + 1.5 E(H2) — E(2 *cus) — 2 E(H20) (7)

AEzpe indicates the difference in the zero-point energy between the adsorbate-covered surface
and the stoichiometric 1rO2(110) surface including the respective reference states. This term is
determined by frequency calculations for the reference molecules and the surface slabs where the
two bottom two layers were fixed and the uppermost three layers and adsorbates are allowed to
freely relax:

AZPE = ZPE(*eus-OHot + *eus-Oot) + 1.5 ZPE(H2) — ZPE(2 *eus) — 2 ZPE(H20) (8)

Finally, the term TAS refers to the entropic change upon adsorption. For the IrO2(110) surface
and intermediates, the vibrational entropy, Svib, of adsorbates is determined by evaluating
equation (9):

hv;/kgT
SR /kpT_{

TSyib = kpNaT X —In (1 — e~ "vi/ksT) ©9)

For the reference molecules water and gaseous hydrogen, the standard entropies, S°, are taken
from thermodynamic data tables.** We obtain for the change in entropy during the adsorption
process:

AS = Svib(*cus-OHot + *cus-Oot) + 1.5 SO(HZ) — Svib(2 *cus) — 2 SO(HZO) (10)
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By counting the number of transferred protons, v(H*), and electrons, v(e’), in each adsorption
process, it is possible to translate the AG(0,0) values to potential-dependent free-energy changes:

AG(pH, U) = AG(0,0) — v(H") ksT(In10)pH — v(e’)eU (11)
For instance, for the formation of the *cus-OHot + *cus-Oot phase in equation (4), we infer:
AG(pH, U) = AG(0,0) — 3 ksT(In10)pH — 3eU (12)

In equations (11) and (12), e and ks denote the elementary charge and Boltzmann’s constant,
respectively. Note that the term ksT(In10) amounts to 0.059 V for T = 298.15 K.

By minimizing the AG(pH, U) values for all possible adsorbate configurations of the (2x1)
IrO2(110) surface, the energetically preferred surface phase as a function of U and pH is derived,
which is depicted in the Pourbaix diagram (cf. Figure 1 in the main text).

2.2.3 SHE vs. RHE: A matter of convenience

While the standard hydrogen electrode (SHE) is often used as the reference for the applied
electrode potential, U, in Pourbaix diagrams, we point out that it is possible to translate equation
(11) to the RHE (reversible hydrogen electrode) scale when considering the following
correlation:

UsHe = Urre + ksT(In10) pH (13)
Therefore, we obtain for the evaluation of free-energy changes for adsorption processes:
AG(UrrE) = AG(0,0) — v(e)eUrHE (14)

Note that this transformation is only reasonable if the adsorbate structures formed reveal the same
number of transferred protons, v(H*), and electrons, v(e’), in the adsorption process. This
prerequisite is obviously met for all OER adsorbates (*OH, *O, *OOH, and *O), and to this end
we discuss the Pourbaix diagrams and reaction mechanisms on the RHE rather than the SHE
scale.

2.3 Pourbaix diagram of 1rO2(110) under anodic reaction conditions

We construct surface Pourbaix diagrams for the 1rO2(110) surface under OER conditions by
utilizing in-house scripts?’ that facilitate the analysis of the free-energy changes for various
surface configurations as obtained by equation (14). All surface structures considered in this
work including their free-energy changes are listed in Table S1. To account for a comparison
between different exchange correlation functionals, we report the free energies for both the PBE
and RPBE representations.
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Table S1. Free-energy changes, AG(0,0), of different surface configurations with respect to the reference structure
20y + 2* s Using the PBE and RPBE functionals.

Structure AG(0,0) AG(0,0)
[eV] [eV]
PBE RPBE
200 + 2*cus 0 0
Reference
1 20Hpr + 2*cus-OHot -2.59 -2.19
2 20Hor + 1*cus-OHot 1*cus-Oot -0.96 -0.56
3 10Hbr10br + 2*cus-OHot -1.55 -1.15
4 20Hbr + 2*cus-Oot 0.71 1.12
5) 10Hbr10br + 1*cus-OHot 1*cus-Oot 0.11 0.50
6 20br + 2*cus-OHot -0.33 0.07
7 10OHbr100r + 2*cus-Oot 1.80 2.19
8 200 + 1*cus-OHot 1*cus-Oot 1.43 1.83
9 200r + 2*cus-Oot 3.09 3.55
10 200r + 1*cus-Oot 1*cus-OOHot 4.42 5.03
11| 1O0br1OOHbr + 1*cus-Oot 1*cus-OOHot H moves to 1*cus-Oot H moves to 1*cus-Oot
12 10br1O0OHbr + 2*cus-Oot 5.09 5.68
13 200 + 2*cus-OOHot 6.62 7.51
14 200Hour + 2*cus-Oot 7.36 8.17
15 10br100Hbr + 2*cus-OOHot 7.94 9.09
16 200Hobr + 1*cus-Oot 1*cus-OOHot H moves to 1*cus-Oot H moves to 1*cus-Oot
17 200Hour + 2*cus-OOHot 11.01 12.40
18 20Hopr + 2%cus -1.59 -1.72
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Figure S2. Pourbaix diagram for a IrO2(110) surface under anodic reaction conditions. Only the thermodynamically
preferred surface phase with the lowest free energy is indicated. The white dotted line represents the equilibrium
potential of the OER; that is, U%ger = 1.23 V vs. RHE. Panels a) and b) refer to the PBE and RPBE functionals,
respectively.

Figure S2 illustrates that there are only minor quantitative differences in the preferred surface
structure when employing the PBE or RPBE functionals in the DFT calculations. Various surface
configurations turn out to be stable under anodic conditions, ranging from a fully hydroxylated
surface (20Hor + 2*cus-OHot) to partially hydroxylated surfaces (LOHbr 10br + 2*cus-OHot or 20br
+ 2*cus-OHot) or partially OOH-covered surfaces (20br + 1*cus-OOHot 1*cus-Oot O 10br 1OOHbr +
2*ws-OOHot). The respective potential range where these surfaces are energetically preferred can
vary up to about 200 mV on the RHE scale between the two different functionals, which is still
within the error bars of conventional DFT approaches.

To this end, we consider multiple surface structures, ranging from hydroxylated to oxygen-
covered, and OOH-covered surfaces (cf. section 3 of the Sl or Figure 1b-e in the main text) to
comprehend the elementary steps of the OER over 1rO2(110). All further calculations were
performed with the PBE functional as the above comparison of the Pourbaix diagrams reveals
that there are no qualitative differences between the PBE and RPBE descriptions.

3 Mechanistic Pathways for Oxygen Evolution Reaction (OER)

In our mechanistic study, we factor a variety of different reaction mechanisms into the analysis,
following the previous work by one of the authors.?® Reaction equations for the elementary steps
of each pathway are provided in the following.

3.1 Mononuclear mechanism

The mononuclear mechanism consists of the subsequent formation of the *OH, *O, and *OOH
intermediates:'81°
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*eus + H20 — *cus-OHot + H + € (15)

*cus-OHot — *cus-Oot + H + € (16)
*eus-Oot + H20 — *cus-OOHot + H* + € 17)
*cussOOHot — *cus + O2(g) + H + € (18)

3.2 Bifunctional I mechanism

The bifunctional | mechanism differs from the mononuclear mechanism in that instead of the
*OOH adsorbate, the *OO0 intermediate is formed by transferring one proton to a neighboring cus
or bridge site.?

*eus + Opr + H20 — *cus-OHot + Opr + H* + & (19)
*cus-OHot + Obr — *aus-Oot + Opr + H* + & (20)
*us-Oot + Opr + H20 —> *aus-000t + OHpr + H*+ & (21)
*cus-O00t + OHbr — *aus + Opr + Og(g) + H* + & (22)

3.3 Bifunctional Il mechanism

In contrast to the bifunctional I mechanism, the bifunctional Il mechanism?°?22% consists of a
chemical reaction step, in which the second water molecule is adsorbed to the surface without the
direct release of a proton-electron pair:

*eus + Opr + H2O — *cus-OHot + Opr + HT + € (23)
*eus-OHot + Opr — *cus-Oot + Opr + H* + € (24)
*2us-Oot + Opr + H20 — *cus-OOHot + OHpyr (25)
*eussOOHot + OHpr — *cussOOHot + Opr + HT + € (26)
*2us-OOHot + Obr — *cus + Opr + Ogg) + H* + € (27)

3.4 Oxide mechanism

The oxide mechanism?® commences from two adjacent oxygen adsorbates (*O), and gaseous
oxygen is formed by the chemical recombination of the outermost oxygen atoms of two adjacent
*OO0 intermediates:

*cus-Oot *cus-Oot + H20 — *cus-OOHot *cus-Oot + HT + € (28)
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*cuss-OOHot *cus-Oot + H20 — *cus-OOHot *cus-OOHot + H + € (29)

*cus-OOHot *cus-OOHot — *cus-OOHot *cus-OO0t + H + € (30)
*cus-OOHot *cus-O00t — *cus-O0o0t *cus-O00t + H + € (31)
*eus-O0o0t *cus-OO0t — *cus-Oot *cus-Oot + OZ(g) (32)

3.5 Binuclear mechanism
In the binuclear mechanism,?*% two adjacent oxygen adsorbates (*O) recombine by a chemical
step to release the product gaseous oxygen:

*eus + *cus + H2O — *cus-OHot + *cus + HF + € (33)
*eus-OHot + *cus + H2O — *cus-OHot + *cus-OHot + H™ + € (34)
*cus-OHot + *cus-OHot — *cus-Oot + *cus-OHot + H* + € (35)
*cus-Oot + *cus-OHot — *cus-Oot + *cus-Oot + H* + €7 (36)
*eus-Oot + *cus-Oot — *cus + *cus + O2(g) (37)

The above pathways are modeled for the following four surface configurations of IrO2(110):

a) Fully hydroxylated surface (20Hur + 2*cus-OHot)

b) Partly hydroxylated surface (200br + 2*cus-OHot)

¢) Fully oxygen-covered surface (20br + 2*cus-Oot)

d) Partly OOH-covered surface (20br + 1*cus-OOHot 1*cus-Oot)

This choice is based on the Pourbaix diagram of Figure S2 as the free-energy differences
between the respective phases can be less than 0.1 eV in the potential window of U=14-16V
vs. RHE, indicating that all these phases can potentially contribute to the formation of gaseous
oxygen during the OER. A sketch of the uppermost layer for the fully oxygen-covered (2x1)
IrO2(110) surface is given in Figure S3.

Electrocatalytic activity for each pathway is assessed by the activity descriptor Gmax(U) as
introduced in a recent contribution.?®3® While the most popular activity descriptor in the
electrocatalysis community refers to the thermodynamic overpotential, »#7p,'4% the difference
between 1o and Gmax(U) refers to the fact that ;1o renders activity predictions at the equilibrium
potential of an electrocatalytic process whereas Gmax(U) allows potential-dependent activity
analyses. Due to relying on the concept of a free-energy span model,® Gmax(U) captures
overpotential and Kinetic effects at least to a qualitative extent in the thermodynamic evaluation
of adsorption free energies. In addition, this descriptor is further complemented with a measure
for sensitivity: only if two pathways reveal a difference in Gmax(U) of at least by 200 meV at a
fixed electrode potential, it can be concluded unambiguously that the pathway with the lower
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Gmax(U) is operative.?® This is the reason why we adopt the concept of Gmax(U) rather than the
notion of zto in our mechanistic analysis for the OER over 1rO2(110).

Irbr
Figure S3. Uppermost layer of the fully oxygen-covered (2x1) 1rO(110) surface. Note that this representation of the
surface is used in the following for the mechanistic discussion of the various pathways.

Ircus

4 OER over the fully hydroxylated 1rO2(110) surface

4.1 Mononuclear Mechanism

The mononuclear mechanism comprises the formation of the *OH (step 1), *O (step 2), and
*OOH (step 3) intermediates, which is followed by the subsequent release of the product Oz (step
4). Table S2 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S4a, with a visual representation of
the elementary steps in Figure S4b. In the potential range of 1.23 V to 1.53 V vs. RHE, the
limiting free-energy span is reconciled with *cus-OHot — *cus-Oot — *cus-OOHot — *cus + O2 due
to the strong adsorption of the *OH intermediate.

Table S2. Energetic evaluation of the mononuclear mechanism on the fully hydroxylated IrO,(110) surface (cf.
Figure 1b in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 | AGz | AGs | AGa Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V |133V 143V |153V|1.63V
-0.53 1.65 1.44 2.36 1.76 1.46 1.16 0.86 0.73
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Figure S4. a) Free-energy diagram for the mononuclear mechanism on the fully hydroxylated IrO2(110) surface at
1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and
green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the
free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear mechanism, as described in Section 3.1, on the fully hydroxylated
IrO»(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

4.2 Bifunctional I mechanism

While the first two steps of the bifunctional I mechanism are identical to the mononuclear
pathway, the third and fourth steps differ compared to the mononuclear description (cf. section
3.2 or Figure S5b). Table S3 compiles the free-energy changes for each elementary stepat U =0
V vs. RHE and the activity descriptor Gmax(U) at different applied electrode potentials under
OER conditions. The corresponding free-energy diagram is depicted in Figure S5a. Similar to
the mononuclear mechanism, the descriptor Gmax(U) is governed by the span *cus-OHot + Obr —
*cus-Oot + Obr — *cus-OO0o0t + OHor — *cus + Obr + Oz in the potential range of 1.23 V to 1.53 V vs.
RHE.

Table S3. Energetic evaluation of the bifunctional I mechanism on the fully hydroxylated 1rO»(110) surface (cf.
Figure 1b in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AG4 Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V |133V | 143V [153V |163V
-0.24 1.66 1.42 2.09 1.47 1.17 0.87 0.57 0.46
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Figure S5. a) Free-energy diagram for the bifunctional | mechanism on the fully hydroxylated IrO,(110) surface at
1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and
green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the
free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional I mechanism, as described in Section 3.2, on the fully hydroxylated
IrO»(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

4.3 Bifunctional Il mechanism

In the bifunctional Il mechanism, the *OOH intermediate is formed by a chemical rather than an
electrochemical reaction step (cf. section 3.3 or Figure S6b). Table S4 compiles the free-energy
changes for each elementary step at U = 0 V vs. RHE and the activity descriptor Gmax(U) at
different applied electrode potentials under OER conditions. The corresponding free-energy
diagram is depicted in Figure S6a. Similar to the mononuclear mechanism, the descriptor
Gmax(U) is governed by the span *cus-OHot + Obr — *cus-Oot + Obr — *cus-OOHot + OHor — *cus-
OOHot + Obr — *cus + Obr + O2 in the potential range of 1.23 V to 1.53 V vs. RHE.

Table S4. Energetic evaluation of the bifunctional 1l mechanism on the fully hydroxylated 1rO,(110) surface (cf.
Figure 1b in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG:1 AG2 AGs AG4 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]

123V | 133V | 143V |153V|163V
-0.24 1.66 0.39 1.01 2.11 1.47 1.17 0.87 0.57 0.48
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Figure S6. a) Free-energy diagram for the bifunctional 1l mechanism on the fully hydroxylated IrO,(110) surface at
1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and
green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the
free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional 1l mechanism, as described in Section 3.3, on the fully hydroxylated
IrO»(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

4.4 Oxide Mechanism

The oxide mechanism requires complete oxygen coverage at the cus sites (cf. section 3.4). Even
if we consider that initially, the *OH adsorbates are transformed to *O, we observe that one of
the intermediate structures in the oxide pathway containing the *OOH adsorbate is unstable.
Therefore, we conclude that the oxide mechanism is unlikely for the fully hydroxylated 1rO2(110)
surface.

4.5 Binuclear Mechanism

The binuclear mechanism consists of the chemical recombination of two neighboring *O
adsorbates (cf. section 3.5 or Figure S7b). Table S5 compiles the free-energy changes for each
elementary step at U = 0 V vs. RHE and the activity descriptor Gmax(U) at different applied
electrode potentials under OER conditions. The corresponding free-energy diagram is depicted in
Figure S7a. Similar to the mononuclear mechanism, the descriptor Gmax(U) is governed by the
free-energy span of the *OH intermediate to the product O: in the potential range of 1.23 V to
1.53V vs. RHE.
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Table S5. Energetic evaluation of the binuclear mechanism on the fully hydroxylated 1rO,(110) surface (cf. Figure
1b in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes of each
step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AG4 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]
123V |133V 143V 153V |163V

-0.47 -0.53 1.65 1.65 2.62 3.46 3.26 3.06 2.86 2.66
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Figure S7. Aa Free-energy diagram for the binuclear mechanism on the fully hydroxylated 1rO2(110) surface at 1.23
V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and green
solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the free-
energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the binuclear mechanism, as described in Section 3.5, on the fully hydroxylated
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

4.6 Assessment of solvation effects by VASPsol

Electrocatalytic reactions such as the OER take place at electrified solid/ liquid interfaces,
indicating that the aqueous solvent may have a non-negligible effect on the energetics of the
electrochemical process. Despite this, there is no unifying framework of how to account for the
surrounding aqueous phase in DFT calculations. While Chan and coworkers® reported that the
application of continuum solvation methods do not necessarily provide more accurate energetics
than gas-phase DFT calculations, we qualitatively assess the impact of solvation on the
mononuclear OER by an implicit description as implemented in the VASPsol package.'®!! Table
S6 compiles the calculated free-energy changes neglecting or including solvation, their
differences, and the difference in the activity descriptor Gmax(U). While the quantitative impact of
solvation on the free-energy changes does not exceed 0.20 eV, it is evident that the value of the
activity descriptor Gmax(U) remains virtually constant. This finding suggests that, for the fully
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hydroxylated IrO2(110) surface, gas-phase DFT calculations provide a reliable energetic
representation of the OER.

Table S6. Comparing the energetics of gas-phase DFT calculations and DFT including implicit solvation by means
of VASPsol for the elementary steps of the mononuclear OER mechanism on the fully hydroxylated IrO»(110)
surface. Note that AAG; (j = 1, 2, 3, 4) indicates the free-energy difference of the free-energy changes for the
continuum solvation approach and gas-phase DFT. Likewise, AGmax(U) denotes the difference in the activity
descriptor Gmax(U) for the continuum solvation approach and gas-phase DFT.

AG1 AG2 AGs3 AG4
[eV] [eV] [eV] [eV]
Gas-phase DFT -0.53 1.65 1.44 2.36
DFT + VASPsol -0.50 1.46 1.61 2.35
AAGj = AGj; VASPsol AGj; gas AGmax (U) - (Gmax(U))VASPsol - (Gmax(U))gas
[eV] [eV]
AAG, | AAG, AAG3 AAG, 1.23V [ 133V | 143V | 1,53V | 1.63V
0.03 -0.19 0.17 -0.01 -0.03 -0.03 -0.03 0.04 -0.01

5 OER over the partly hydroxylated 1rO2(110) surface

5.1 Mononuclear Mechanism

Table S7 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and the
activity descriptor Gmax(U) at different applied electrode potentials under OER conditions. The
corresponding free-energy diagram is depicted in Figure S8a, with a visual representation of the
elementary steps in Figure S8b. While the activity descriptor Gmax(U) is governed by the span
*eus-OHot — *cus-Oot — *cus-OOHot — *cus + O2 at U = 1.23 V vs. RHE, the limiting free-energy
span switches to *cus-OOHot — *cus + O2 for larger applied overpotentials (U = 1.53 V vs. RHE).

Table S7. Energetic evaluation of the mononuclear mechanism on the partly hydroxylated IrO,(110) surface (cf.
Figure 1c in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 | AG2 | AGs | AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V ]133Vv[143Vv][153Vv[163V
022 | 175 | a1 | 227 | 145 | 115 | 085 | 075 | 065
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Figure S8. a) Free-energy diagram for the mononuclear mechanism on the partly hydroxylated IrO,(110) surface at
1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and
green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the
free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear mechanism, as described in Section 3.1, on the partly hydroxylated
IrO»(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

5.2 Bifunctional I mechanism

Table S8 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and the
activity descriptor Gmax(U) at different applied electrode potentials under OER conditions. The
corresponding free-energy diagram is depicted in Figure S9a. Similar to the mononuclear
mechanism, the activity descriptor Gmax(U) is governed by the span *cus-OHot + Obr — *cus-Oot +
Obr — *cus-O0o0t + OHbr — *cus + Opr + O2 at U = 1.23 V vs. RHE, whereas the limiting free-
energy span switches to *cus-OOot + OHbr — *cus + Ouwr + O2 for larger applied overpotentials (U =
1.53 V vs. RHE).

Table S8. Energetic evaluation of the bifunctional I mechanism on the partly hydroxylated 1rO»(110) surface (cf.
Figure 1c in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AG3 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V ([(133V|[143V|153V 163V
-0.22 1.75 1.18 2.21 1.45 1.15 0.85 0.68 0.58
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Figure S9. a) Free-energy diagram for the bifunctional 1 mechanism on the partly hydroxylated IrO»(110) surface at
1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and
green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the
free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional 1 mechanism, as described in Section 3.2, on the partly hydroxylated
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

5.3 Bifunctional Il mechanism

Table S9 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and the
activity descriptor Gmax(U) at different applied electrode potentials under OER conditions. The
corresponding free-energy diagram is depicted in Figure S10a. Similar to the mononuclear
mechanism, the activity descriptor Gmax(U) is governed by the span *cus-OHot + Obr — *cus-Oot +
Obr — *cussOOHot + OHbr— *cus-OOHot + Obr — *cus + Obr + O2 at U = 1.23 V vs. RHE, whereas
the limiting free-energy span switches t0 *cus-OOHot + Obr — *cus + Obr + O2 for more anodic
conditions (U = 1.53 V vs. RHE).

Table S9. Energetic evaluation of the bifunctional 1l mechanism on the partly hydroxylated IrO,(110) surface (cf.
Figure 1c in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AGy AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]

123V 133V 143V |153V|163V
-0.22 1.75 0.00 1.11 2.28 1.45 1.15 0.85 0.75 0.65
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Figure S10. a) Free-energy diagram for the bifunctional I mechanism on the partly hydroxylated IrO,(110) surface
at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue
and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional Il mechanism, as described in Section 3.3, on the partly hydroxylated
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

5.4 Oxide Mechanism

In contrast to the fully hydroxylated 1rO2(110) surface, we observe that the oxide mechanism (cf.
section 3.4 or Figure S11b) can take place in a partly hydroxylated environment of the active
site. Table S10 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE
and the activity descriptor Gmax(U) at different applied electrode potentials under OER
conditions. The corresponding free-energy diagram is depicted in Figure S11a. In contrast to the
other mechanisms, the activity descriptor Gmax(U) is governed by the formation rather than the
decomposition of the *OOH intermediate from the *O-covered surface.

Table S10. Energetic evaluation of the oxide mechanism on the partly hydroxylated IrO,(110) surface (cf. Figure 1c
in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes of each
step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AGi | AG2 | AG:s | AGs | AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]

123V [133V 143V |153V|163V
1.33 2.19 0.71 0.67 0.01 1.07 0.87 0.76 0.66 0.56
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Figure S11. a) Free-energy diagram for the oxide mechanism on the partly hydroxylated IrO,(110) surface at 1.23 V
and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and green
solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the free-
energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the oxide mechanism, as described in Section 3.4, on the partly hydroxylated IrO,(110)
surface. Numbers next to the arrows indicate the step sequence, and each structure represents the corresponding
reaction intermediate.

5.5 Binuclear Mechanism

Table S11 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S12a. In the potential range of 1.23
V to 1.53 V vs. RHE, the descriptor Gmax(U) is governed by the free-energy span of the *OH
intermediate to the product Oo.

Table S11. Energetic evaluation of the binuclear mechanism on the partly hydroxylated 1rO»(110) surface (cf.
Figure 1c in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG:1 AG2 AGs3 AG4 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]

123V 133V |[143V|153V]|163V
-0.10 -0.22 1.75 1.66 1.83 2.78 2.58 2.38 2.18 1.98
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Figure S12. a) Free-energy diagram for the binuclear mechanism on the partly hydroxylated IrO,(110) surface at
1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and
green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the
free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the binuclear mechanism, as described in Section 3.5, on the partly hydroxylated
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

5.6 Assessment of solvation effects by VASPsol

Table S12 compiles the calculated free-energy changes neglecting or including solvation, their
differences, and the difference in the activity descriptor Gmax(U). While the quantitative impact of
solvation on the free-energy changes does not exceed 0.30 eV, the value of the activity descriptor
Gmax(U) is particularly unchanged in the potential range of 1.23 V to 1.43 V vs. RHE.

Table S12. Comparing the energetics of gas-phase DFT calculations and DFT including implicit solvation by means
of VASPsol for the elementary steps of the mononuclear OER mechanism on the partly hydroxylated IrO,(110)
surface. Note that AAG; (j = 1, 2, 3, 4) indicates the free-energy difference of the free-energy changes for the
continuum solvation approach and gas-phase DFT. Likewise, AGmax(U) denotes the difference in the activity
descriptor Gmax(U) for the continuum solvation approach and gas-phase DFT.

AG1 AG2 AG3 AGa
[eV] [eV] [eV] [eV]
Gas-phase DFT -0.22 1.75 1.11 2.27
DFT + VASPsol -0.21 1.55 1.40 2.18
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AAGJ' = AGj; VASPsol - AGj; gas AGm::lx (U) = (Gmax(U))VASPsol - (Gmax(U))gas
[eV] [eV]

AAG, | AAG, | AAG, | AAG, | 123V [ 133V | 143V [ 153V | 1.3V

0.01 -0.20 0.29 -0.09 -0.01 -0.01 -0.01 -0.10 -0.10

6 OER over the fully oxygen-covered IrO2(110) surface

6.1 Mononuclear mechanism

Table S13 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S13a, with a visual representation
of the elementary steps in Figure S13b. While the activity descriptor Gmax(U) is governed by the
span *cus-OHot — *cus-Oot — *cus-OOHot — *cus + O2 at U = 1.23 V vs. RHE, the limiting free-
energy span switches to *cus-OOHot — *cus + O2 for larger applied overpotentials (U = 1.53 V vs.
RHE).
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Figure S13. a) Free-energy diagram for the mononuclear mechanism on the fully oxygen-covered IrO»(110) surface
at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue
and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear mechanism, as described in Section 3.1, on the fully oxygen-covered
IrO»(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.
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Table S13. Energetic evaluation of the mononuclear mechanism on the fully oxygen-covered 1rO»(110) surface (cf.
Figure 1d in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV]

1.23 1.33 1.43 1.53 1.63
0.03 1.66 1.29 1.93 1.20 0.90 0.60 0.41 0.31

6.2 Bifunctional I mechanism

Table S14 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S14a. Similar to the mononuclear
mechanism, the activity descriptor Gmax(U) is governed by the span *cus-OHot + Obr — *cus-Oot +
Obr — *cus-OO0ot + OHor — *cus + Opr + O2 at U = 1.23 V vs. RHE, whereas the limiting free-
energy span switches to *cus-OOot + OHbr — *cus + Obr + O2 for larger applied overpotentials (U =
1.53V vs. RHE).
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Figure S14. a) Free-energy diagram for the bifunctional I mechanism on the fully oxygen-covered 1rO»(110) surface
at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue
and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional I mechanism, as described in Section 3.2, on the fully oxygen-covered
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.
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Table S14. Energetic evaluation of the bifunctional 1 mechanism on the fully oxygen-covered IrO(110) surface (cf.
Figure 1d in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV]

1.23 1.33 1.43 1.53 1.63
0.02 1.66 1.33 1.91 1.21 0.91 0.61 0.38 0.28

6.3 Bifunctional 11 mechanism

Table S15 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S15a. Similar to the other
mechanisms, the activity descriptor Gmax(U) is governed by the span *cus-OHot + Obr — *cus-Oot +
Obr — *cuss-OOHot + OHbr — *cus-OOHot + Obr — *cus + Obr + Oz at U = 1.23 V vs. RHE, whereas
the limiting free-energy span switches t0 *cus-OOHot + Obr — *cus + Obr + O2 for more anodic
conditions (U = 1.53 V vs. RHE).
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Figure S15. a) Free-energy diagram for the bifunctional Il mechanism on the fully oxygen-covered IrO,(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional 1l mechanism, as described in Section 3.3, on the fully oxygen-covered
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.
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Table S15. Energetic evaluation of the bifunctional 11 mechanism on the fully oxygen-covered IrO2(110) surface (cf.
Figure 1d in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AG4 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]

1.23 1.33 1.43 1.53 1.63
0.02 1.66 0.14 1.18 1.90 1.21 0.91 0.61 0.39 0.27

6.4 Oxide mechanism

Table S16 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S16a. In contrast to the other
mechanisms, the activity descriptor Gmax(U) is governed by the formation rather than the
decomposition of the *OOH intermediate from the *O-covered surface. We note that the obtained
results are identical to the partly hydroxylated surface in section 5.4 due to the following reason:
the partly hydroxylated phase first needs to be transformed into a fully oxygen-covered surface,
which refers to the reference structure of this section.
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Figure S16. a) Free-energy diagram for the oxide mechanism on the fully oxygen-covered 1rO,(110) surface at 1.23
V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and green
solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the free-
energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the oxide mechanism, as described in Section 3.4, on the fully oxygen-covered IrO,(110)
surface. Numbers next to the arrows indicate the step sequence, and each structure represents the corresponding
reaction intermediate.
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Table S16. Energetic evaluation of the oxide mechanism on the fully oxygen-covered IrO2(110) surface (cf. Figure
1d in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes of each
step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AG4 AGs Gmax(U)
[eV] [eV] [ev] | [eV] [eV] [eV]

123V |[133V |143V|153V | 163V

1.33 2.19 0.71 0.67 0.01 1.07 0.87 0.76 0.66 0.56

6.5 Binuclear mechanism

Table S17 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S17a. In the potential range of 1.23
V to 1.53 V vs. RHE, the descriptor Gmax(U) is governed by the free-energy span of the *OH
intermediate to the product Oo.

a) b)
2y H20
= U =123V vs. RHE S
—— U=1.53Vvs. RHE H* 4+ e 28 ~HY+e"
(2) #°
1 '| ? 1
?o -&a' ?o 2 20
Gax = 2.78 6V P P S )

(] RI-2 C
S RI-3
0l
> ) 7%
£ W Grnax = 2.18 eV e A (1), @
] % A e—— sz
w \‘—\ 4 & o H+ +e
"2 3 — ; R ?O ) -a»ﬂ

e o2 oo SR
RI-1 RI-4
—
-3 e 02( ) RI-5
—_— - 4
80
P 400 =0
-4/ = - = = > . u -0
4 RI-1 RI-2 RI-3 RI-4 RI-5 RI-6 >\ P
Reaction Coordinate l\ H*+e
RI-1= *cus+ =“cus RI-3 = *cus'OHot+ *cus'OHot RI-5 = *cus'oot+ *cus'oot
RI-2 = *cus'OHot * *cus RI-4 = *cus'oot+ *cus'OHot RI-6 =*cus + *cus+ OZ(g)

Figure S17. a) Free-energy diagram for the binuclear mechanism on the fully oxygen-covered IrO,(110) surface at
1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and
green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the
free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the binuclear mechanism, as described in Section 3.5, on the fully oxygen-covered
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.
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Table S17. Energetic evaluation of the binuclear mechanism on the fully oxygen-covered IrO2(110) surface (cf.

Figure 1d in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes

of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AG4 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]

123V |133V 143V 153V |163V
-0.10 -0.22 1.75 1.66 1.83 2.78 2.58 2.38 2.18 1.98

6.6 Assessment of solvation effects by VASPsol

Table S18 compiles the calculated free-energy changes neglecting or including solvation, their
differences, and the difference in the activity descriptor Gmax(U). While the quantitative impact of
solvation on the free-energy changes does not exceed 0.25 eV, the value of the activity descriptor
Gmax(U) is unchanged for large overpotentials (U > 1.53 V vs. RHE).

Table S18. Comparing the energetics of gas-phase DFT calculations and DFT including implicit solvation by means
of VASPsol for the elementary steps of the mononuclear OER mechanism on the fully oxygen-covered IrO2(110)
surface. Note that AAG; (j = 1, 2, 3, 4) indicates the free-energy difference of the free-energy changes for the
continuum solvation approach and gas-phase DFT. Likewise, AGmax(U) denotes the difference in the activity
descriptor Gmax(U) for the continuum solvation approach and gas-phase DFT.

AG1 AG2 AGs3 AG4
[eV] [eV] [eV] [eV]
Gas-phase DFT 0.03 1.66 1.29 1.93
DFT + VASPsol -0.09 1.57 1.54 1.90
AAGJ' = AGj; VASPsol AGj; gas AGmax (U) - (Gmax(U))VASPsol - (Gmax(U))gas
[eV] [eV]
AAG, | AAG, | AAG, | AAG, | 123V | 133V | 143V | 153V | 163V
-0.12 -0.09 0.25 -0.03 0.12 0.12 0.12 0.01 -0.04

6.7 Assessment of constant potential DFT

Catalytic processes at electrified solid/ liquid interfaces take place at constant potential (grand
canonical ensemble) rather than at constant charge (canonical ensemble) conditions, though the
latter refers to the application of the CHE approach. To qualitatively assess the impact of the
different ensembles on activity predictions, we adopt the mononuclear description on the fully
oxygen-covered IrO2(110) surface and compare the constant potential and constant charge
descriptions at U = 1.43 V vs. RHE. Note that the application of the grand canonical approach
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also contains the inclusion of implicit solvation by VASPsol package whereas the canonical
description relies on gas-phase DFT. Table S19 compiles the calculated free-energy changes in
the canonical and grand canonical ensembles at U = 1.43 V vs. RHE as well as the activity
descriptor Gmax(U = 1.43 V). Given that the difference in Gmax(U = 1.43 V) is only 0.02 eV, we
conclude that it is sufficient to apply the constant charge formalism in the realm of the CHE
approach to study the elementary steps of the OER over IrO2(110).

Table S19. Comparing the energetics of gas-phase DFT calculations and grand canonical DFT (GC-DFT) including
implicit solvation by means of VASPsol for the elementary steps of the mononuclear OER mechanism over the fully
oxygen-covered 1rO»(110) surface at U = 1.43 V vs. RHE.

AG1 AG2 AG3 AGy Gmax(U)
V1 | eV | [V | [eV] [eV]
Uu=143V
Gas-phase DFT -1.40 0.23 -0.14 0.50 0.60
GC-DFT -1.06 0.33 -0.69 0.62 0.62

7 OER over the partly OOH-covered IrO>(110) surface

7.1 Mononuclear mechanism

Table S20 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S18a, with a visual representation
of the elementary steps in Figure S18b. The activity descriptor Gmax(U) is governed by the span
*oussOHot — *cus-Oot — *cuss-OOHot in the potential range of U = 1.23 V to 1.53 V vs. RHE.

Table S20. Energetic evaluation of the mononuclear mechanism on the partly OOH-covered 1rO»(110) surface (cf.
Figure le in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AG4 Gmax(U)
[evl | [evl | [ev]l | [eV] [eV]

123V 133V | 143V | 153V |163V
-0.23 1.88 2.19 1.07 1.61 1.41 1.21 1.01 0.81
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Figure S18. a) Free-energy diagram for the mononuclear mechanism on the partly OOH-covered 1rO»(110) surface
at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue
and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear mechanism, as described in Section 3.1, on the partly OOH-covered
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

7.2 Bifunctional I mechanism

Table S21 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S19a. Similar to the mononuclear
mechanism, the activity descriptor Gmax(U) is governed by the span *cus-OHot + Obr— *cus-Oot +
Obr — *cus-O0o0t + OHbr — *cus + Opr + O2 in the potential range of U = 1.23 V to 1.53 V vs.
RHE.

Table S21. Energetic evaluation of the bifunctional | mechanism on the partly OOH-covered IrO»(110) surface (cf.
Figure le in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG: AG2 AG3 AG4 Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V |[133V|143V |[153V | 163V
-0.23 1.88 1.35 1.91 1.46 1.16 0.86 0.56 0.28
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Figure S19. a) Free-energy diagram for the bifunctional I mechanism on the partly OOH-covered IrO(110) surface
at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue
and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional I mechanism, as described in Section 3.2, on the partly OOH-covered
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

7.3 Bifunctional Il mechanism

Table S22 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S20a. The activity descriptor
Gmax(U) is governed by the span *cus-OHot + Obr — *cus-Oot + Obr — *cus-OOHot + OHbr — *cus-
OOHot + Ogr in the potential range of U =1.23 V to 1.53 V vs. RHE.

Table S22. Energetic evaluation of the bifunctional 1l mechanism on the partly OOH-covered 1rO»(110) surface (cf.
Figure le in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes
of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG: AG2 AGs3 AG4 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]
123V 133V |[143V|153V]|163V

-0.23 1.88 0.33 1.86 1.07 1.61 1.41 1.21 1.01 0.81
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Figure S20. a) Free-energy diagram for the bifunctional 11 mechanism on the partly OOH-covered 1rO2(110) surface
at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue
and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional Il mechanism, as described in Section 3.3, on the partly OOH-covered
IrO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

7.4 Oxide mechanism

Table S23 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S21a. In contrast to the other
mechanisms, the activity descriptor Gmax(U) is governed by the formation rather than the
decomposition of the *OOH intermediate from the *O-covered surface. We note that the obtained
results are identical to the partly hydroxylated and fully oxygen-covered surfaces in sections 5.4
and 6.4, respectively.

Table S23. Energetic evaluation of the oxide mechanism on the partly OOH-covered IrO»(110) surface (cf. Figure
1e in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy changes of each
step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AGi | AG2 | AG:s | AGs | AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV] [eV]

123V [133V 143V |153V|163V
1.33 2.19 0.71 0.67 0.01 1.07 0.87 0.76 0.66 0.56
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Figure S21. a) Free-energy diagram for the oxide mechanism on the partly OOH-covered IrO(110) surface at 1.23
V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis. Blue and green
solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows indicate the free-
energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the oxide mechanism, as described in Section 3.4, on the partly OOH-covered IrO,(110)
surface. Numbers next to the arrows indicate the step sequence, and each structure represents the corresponding
reaction intermediate.

7.5 Binuclear mechanism

The binuclear mechanism consists of the chemical recombination of two adjacent *O adsorbates.
Due to the presence of the *cuis-OOHot intermediate on the neighboring cus site, we conclude that
the binuclear mechanism cannot proceed on the partly OOH-covered surface due to the lack of
surface oxygen, *cus-Oot, ON the cus sites.

7.6 Assessment of solvation effects by VASPsol

Table S24 compiles the calculated free-energy changes neglecting or including solvation, their
differences, and the difference in the activity descriptor Gmax(U). While the quantitative impact of
solvation on the free-energy changes is less than 0.20 eV, we observe that there is a constant
difference of 0.15 eV for the values of the activity descriptor Gmax(U) for the two different
approaches.
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Table S24. Comparing the energetics of gas-phase DFT calculations and DFT including implicit solvation by means
of VASPsol for the elementary steps of the mononuclear OER mechanism on the partly OOH-covered 1rO»(110)
surface. Note that AAG; (j = 1, 2, 3, 4) indicates the free-energy difference of the free-energy changes for the
continuum solvation approach and gas-phase DFT. Likewise, AGmax(U) denotes the difference in the activity
descriptor Gmax(U) for the continuum solvation approach and gas-phase DFT.

AG: AG2 AGs AG4
[eV] [eV] [eV] [eV]
Gas-phase DFT -0.23 1.88 2.19 1.07
DFT + VASPsol -0.23 1.71 2.22 1.22
AAG]' = AGj; VASPsol AGj; gas AGmax (U) - (Gmax(U))VASPsol - (Gmax(U))gas
[eV] [eV]
AAG, | AAG, AAG3 AAG, 123V | 133V | 143V | 153V | 163V
0 -0.17 0.03 0.15 -0.15 -0.15 -0.15 -0.15 -0.15

8 Elementary steps of Walden pathways

All the reaction mechanisms discussed so far rely on the notion that the unoccupied metal site,
*eus, 1S formed after product formation. However, it is also possible that product desorption and
reactant adsorption proceed simultaneously, giving rise to so-called Walden pathways.3* In these
mechanisms, the metal site is always occupied with an adsorbate and does not become vacant in
the course of the catalysis.

The term Walden inversion is coined from the field of organic chemistry where it refers to the
concurrent removal of a leaving group and adsorption of the reactant with an inversion of the
stereochemistry.® Interestingly, this scenario can also be transferred to surface reactions in
heterogeneous catalysis, as recently highlighted by two different groups.343

In the following, we provide reaction equations for the elementary steps of the mononuclear-
Walden and bifunctional-Walden mechanisms. Please note that we did not consider the oxide-
Walden and binuclear-Walden pathways in our study due to the following reason: the oxide- and
binuclear-Walden mechanisms require two adjacent active sites to form the product Oz by a
chemical recombination of two neighboring oxygen species. To account for the notion of the
Walden inversion in that the metal site is always capped by an adsorbate, it would require the
concurrent adsorption of two water molecules on the adjacent active sites during the desorption
of the product O2. We conclude that such a scenario is unlikely due to steric reasons, considering
that about 50 % of the surrounding of the active *cus site is unavailable due to the bulk structure
underneath. To this end, we purport that only for a single-site mechanism with one main active
site such as the mononuclear and bifunctional descriptions, a Walden inversion mechanism can
take place for heterogeneous electrocatalysts.
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8.1 Mononuclear-Walden mechanism

*cus-OHot — *cus-Oot + H* + &

*cus-Oot + H2O — *cus-OOHot + HY + €

*cus-OOHot — *cus-OQ00t + H* + &

*eus-O0o0t + H20 — *cus-OHot + O2(g) + H" + €

8.2 Bifunctional-Walden mechanism

*eus-OHot + Opr — *cus-Oot + Opr + H* + &

*cus-Oot + Opr + H20 — *cus-OOot + OHpr + H+ €

*cus-O00t + OHpr — *cus-OO0t + Opr + H + €

*eus-OQ00t + Opr + H2O — *cus -OHot + Opr + Oz(g) +H*+ e

9 Walden pathways over the fully hydroxylated 1rO>(110) surface
9.1 Mononuclear-Walden mechanism

The mononuclear-Walden consists of the sequential formation of the *O (step 1), *OOH (step 2),
and *O0 (step 3) adsorbates, followed by the simultaneous release of Oz and formation of the
*OH adsorbate in the final step (step 4). Table S25 compiles the free-energy changes for each
elementary step at U = 0 V vs. RHE and the activity descriptor Gmax(U) at different applied
electrode potentials under OER conditions. The corresponding free-energy diagram is depicted in
Figure S22a, with a visual representation of the elementary steps in Figure S22b. While the
activity descriptor Gmax(U) is governed by the span *cus-OHot — *cus-Oot — *cus-OOHot for
U = 1.23 V vs. RHE, the limiting span switches to *cus-OHot — *cus-Oot at larger applied

overpotentials (1.53 V vs. RHE).

Table S25. Energetic evaluation of the mononuclear-Walden mechanism on the fully hydroxylated IrO2(110) surface
(cf. Figure 1b in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy

(38)
(39)
(40)

(41)

(42)
(43)
(44)

(45)

changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG: AGs AG4 Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V |133V 143V 153V |1.63V
1.65 1.44 1.02 0.81 0.63 0.43 0.23 0.12 0.02
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Figure S22. a) Free-energy diagram for the mononuclear-Walden mechanism on the fully hydroxylated 1rO,(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear-Walden mechanism, as described in Section 8.1, on the fully
hydroxylated 1rO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents
the corresponding reaction intermediate.

9.2 Bifunctional-Walden mechanism

The bifunctional-Walden differs from the mononuclear-Walden mechanism in that the formation
of the *OOH intermediate is circumvented (cf. section 8.2). Table S26 compiles the free-energy
changes for each elementary step at U = 0 V vs. RHE and the activity descriptor Gmax(U) at
different applied electrode potentials under OER conditions. The corresponding free-energy
diagram is depicted in Figure S23a, with a visual representation of the elementary steps in
Figure S23b. While the activity descriptor Gmax(U) is governed by the span *cus-OHot + Opr—
*eus-Oot + Obr — *cus-OOo0t + OHpr for U = 1.23 V vs. RHE, the limiting span switches to *cus-OHot
+ Obr — *aus-Oot + Opr at larger applied overpotentials (1.53 V vs. RHE).

Table S26. Energetic evaluation of the bifunctional-Walden mechanism on the fully hydroxylated IrO,(110) surface
(cf. Figure 1b in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy
changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG? AGs3 AG4 Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V 133V |[143V |153V |163V
1.66 1.42 1.08 0.77 0.62 0.42 0.23 0.13 0.03
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Figure S23. a) Free-energy diagram for the bifunctional-Walden mechanism on the fully hydroxylated 1rO,(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional-Walden mechanism, as described in Section 8.2, on the fully
hydroxylated 1rO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents
the corresponding reaction intermediate.

10 Walden pathways over the partly hydroxylated 1rO2(110) surface

10.1 Mononuclear-Walden mechanism

Table S27 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S24a, with a visual representation
of the elementary steps in Figure S24b. The activity descriptor Gmax(U) is governed by the span
*cus-OHot — *cus-Oot in the potential range of U = 1.23 V to 1.53 V vs. RHE.

Table S27. Energetic evaluation of the mononuclear-Walden mechanism on the partly hydroxylated 1rO,(110)
surface (cf. Figure 1c in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-
energy changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG: AGs AG4 Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V 133V |143V |153V |163V

1.75 1.12 1.22 0.83 0.52 0.42 0.32 0.22 0.12
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Figure S24. a) Free-energy diagram for the mononuclear-Walden mechanism on the partly hydroxylated IrO,(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear-Walden mechanism, as described in Section 8.1, on the partly
hydroxylated 1rO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents
the corresponding reaction intermediate.

10.2 Bifunctional-Walden mechanism

Table S28 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S25a, with a visual representation
of the elementary steps in Figure S25b. The activity descriptor Gmax(U) is governed by the span
*cus-OHot + Obr — *cus-Oot + Obr in the potential range of U = 1.23 V to 1.53 V vs. RHE.

Table S28. Energetic evaluation of the bifunctional-Walden mechanism on the partly hydroxylated IrO2(110) surface
(cf. Figure 1c in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-energy
changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AG3 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V |133V 143V 153V |1.63V
1.75 1.18 1.16 0.83 0.52 0.42 0.32 0.22 0.12
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Figure S25. a) Free-energy diagram for the bifunctional-Walden mechanism on the partly hydroxylated 1rO,(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional-Walden mechanism, as described in Section 8.2, on the partly
hydroxylated 1rO2(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents
the corresponding reaction intermediate.

11 Walden pathways over the fully oxygen-covered IrO2(110) surface

11.1 Mononuclear-Walden mechanism

Table S29 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S26a, with a visual representation
of the elementary steps in Figure S26b. The activity descriptor Gmax(U) is governed by the span
*eus-OHot — *cus-Oot — *cussOOHot for U = 1.23 V vs. RHE, and for larger overpotentials the
limiting span switches to *cus-OHot — *cus-Oot.

Table S29. Energetic evaluation of the mononuclear-Walden mechanism on the fully oxygen-covered 1rO2(110)
surface (cf. Figure 1d in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-
energy changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AG3 AG4 Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V ([(133V|[143V |153V|163V
1.66 1.33 1.12 0.80 0.53 0.33 0.23 0.13 0.03
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Figure S26. a) Free-energy diagram for the mononuclear-Walden mechanism on the fully oxygen-covered IrO»(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear-Walden mechanism, as described in Section 8.1, on the fully oxygen-
covered IrO,(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

11.2 Bifunctional-Walden mechanism

Table S30 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S27a, with a visual representation
of the elementary steps in Figure S27b. The activity descriptor Gmax(U) is governed by the span
*eus-OHot + Obr — *cus-Oot + Obr — *cus-OOot+ OHpr for U = 1.23 V vs. RHE, and for larger
overpotentials the limiting span switches to *cus-OHot + Obr — *cus-Oot + Obr.

Table S30. Energetic evaluation of the bifunctional-Walden mechanism on the fully oxygen-covered IrO,(110)
surface (cf. Figure 1d in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-
energy changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 | AG2 | AGs | AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V [133Vv[143Vv][153Vv 163V
166 | 132 | 113 | 080 | 052 | 033 | 023 [ 013 | 0.03
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Figure S27. a) Free-energy diagram for the bifunctional-Walden mechanism on the fully oxygen-covered IrO,(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional-Walden mechanism, as described in Section 8.2, on the fully oxygen-
covered IrO,(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

12 Walden pathways over the partly OOH-covered IrO>(110) surface

12.1 Mononuclear-Walden mechanism

Table S31 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S28a, with a visual representation
of the elementary steps in Figure S28b. The activity descriptor Gmax(U) is governed by the span
*cus-OHot — *cus-Oot — *cus-OOHot in the potential range of U = 1.23 V to 1.53 V vs. RHE.

Table S31. Energetic evaluation of the mononuclear-Walden mechanism on the partly OOH-covered 1rO2(110)
surface (cf. Figure le in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-
energy changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG1 AG2 AGs3 AGs Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V | 133V [ 143V |153V | 163V
1.88 2.19 0.71 0.13 1.61 1.41 1.21 1.01 0.81
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Figure S28. a) Free-energy diagram for the mononuclear-Walden mechanism on the partly OOH-covered IrO(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the mononuclear-Walden mechanism, as described in Section 8.1, on the partly OOH-
covered IrO,(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.

12.2 Bifunctional-Walden mechanism

Table S32 compiles the free-energy changes for each elementary step at U = 0 V vs. RHE and
the activity descriptor Gmax(U) at different applied electrode potentials under OER conditions.
The corresponding free-energy diagram is depicted in Figure S29a, with a visual representation
of the elementary steps in Figure S29b. The activity descriptor Gmax(U) is governed by the span
*cus-OHot + Obr — *cus-Oot + Obr — *cus-OO0ot + OHbr — *cus-OO0o0t + Obr for U = 1.23 V vs. RHE,
and for larger overpotentials the limiting span switches to *cus-OHot + Obr — *cus-Oot + Obr.

Table S32. Energetic evaluation of the bifunctional-Walden mechanism on the partly OOH-covered 1rO»(110)
surface (cf. Figure le in the main text) by the framework of the descriptor Gmax(U). The table indicates the free-
energy changes of each step at U = 0 V vs. RHE and Gmax(U) values at different applied electrode potentials (U).

AG: AG2 AG3 AG4 Gmax(U)
[eV] [eV] [eV] [eV] [eV]

123V |133V|[143V|153V |1.63V
1.88 1.35 1.55 0.13 1.09 0.79 0.49 0.35 0.25
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Figure S29. a) Free-energy diagram for the bifunctional-Walden mechanism on the partly OOH-covered IrO,(110)
surface at 1.23 V and 1.53 V vs. RHE. The reaction intermediates of the mechanistic cycle are labeled on the x-axis.
Blue and green solid lines indicate intermediates’ free energies at 1.23 V and 1.53 V, respectively. Colored arrows
indicate the free-energy span governing Gmax(U), with the respective value displayed.

b) Schematic illustration of the bifunctional-Walden mechanism, as described in Section 8.2, on the partly OOH-
covered IrO,(110) surface. Numbers next to the arrows indicate the step sequence, and each structure represents the
corresponding reaction intermediate.
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